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FOREWORD

The Lewis Research Center is the National Aeronautics
and Space Administration's principal field installation for
research and development of advanced aerospace-propulsion
and power-generating systems. As such, a substantial part
of the Center's activities is devoted to progress in the tech-
nology of aircraft propulsion. This work includes such di-
verse areas as components, controls, energy efficient
engine designs, and noise and pollution reduction.

The results of this work are published as NASA reports
and as articles in the technical journals. In addition, an
occasional technical conference assists us in communicating
more directly with others in the engineering field. Accord-
ingly, this conference on aircraft engine emissions was held
to present the results of recent and current work.

Bruce T. Lundin
Director
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I. ENVIRONMENTAL PROTECTION AGENCY
AIRCRAFT EMISSIONS STANDARDS

George D. Kittredge

Environmental Protection Agency
Office of Mobile Source Air Pollution Control

In late 1970 the Clean Air Act was amended (ref. 1) to require the Ad-
ministrator of the Environmental Protection Agency (EPA) to ""establish
standards applicable to aircraft of any air pollutant from any class or classes
of aircraft or aircraft engines which in his judgment cause or contribute to
or are likely to cause or contribute to air pollution which endangers the pub-
lic health or welfare.'" As a prerequisite to the establishment of aircraft
emissions standards, the EPA was further required to conduct ''. . .a study
and investigation of emissions of air pollutants from aircraft in order to de-
termine:

A. the extent to which such emissions affect air quality in air quality

control regions throughout the United States, and

B. the technological feasibility of controlling such emissions. . .''

The study was conducted and a report was published in December 1972
(ref. 2) that summarizes the basic information supporting the need for air-
craft emissions standards.

The background against which this study was conducted includes the EPA
Ambient Air Quality Standards (ref. 3), which are summarized in table I-1.
For the purposes of this paper, only the ""primary'' (health related) standards
are shown. Of the six pollutants, only the first three, carbon monoxide (CO),
hydrocarbons (HC), and nitrogen oxides (NOx), are influenced significantly
by aircraft.

With the publication of these ambient air standards on January 30, 1971,
each of the 50 states was given 9 months to develop plans for implementing
programs to achieve these air quality levels. These implementation plans
have all been submitted, reviewed, and in many cases rewritten by EPA.

The states have established emissions standards for most categories of



existing stationary pollutant sources, as measures to reduce emissions
from sources other than surface vehicles and aircraft. In addition, some
states are establishing programs of mandatory emissions inspections and
repairs for motor vehicles to help ensure that vehicles manufactured to meet
Federal emissions standards maintain their low emissions in actual use.

At the Federal level, emissions standards have been established for
newly manufactured passenger cars, motorcycles, engines that power com-
mercial vehicles, and aircraft engines. Further, the Federal government
has also established emissions standards for certain categories of newly con-
structed stationary pollution sources, large power-generation plants, for
example, to make certain that the best available technology is employed in
their initial design.

In spite of all these measures, it is apparent that many cities in this
country will not achieve the Ambient Air Quality Standards for many years.
Therefore, many sources of the pollutant species covered by the Ambient
Air Quality Standards, which by themselves may appear small, must be
brought under control. Aircraft are an example of such a source.

The purpose of reviewing this background is to show that, while the air-
craft emissions regulations may seem stringent and may cause complications
to aircraft manufacturers and users, they are a necessary part of the overall

program for achieving and maintaining the level of air quality that is required
in the United States.

IMPACT OF AIRCRAFT OPERATION ON AIR QUALITY

To evaluate the influence of aircraft on air quality, it was first necessary
to develop reliable emissions data on all aircraft powerplants commonly en-
countered in the United States. This was accomplished through a series of
studies involving over 390 engine tests at 10 different test sites. Although
problems were encountered in the durability and integrity of the sampling
and measuring systems, extensive data were obtained, summarized, and
analyzed statistically in a report prepared by Cornell Aeronautical Labor-
atory (ref. 4) that provided the basic information on emissions factors for
engine types in service in the United States in 1971. These emissions factors



were used in subsequent EPA studies to document the influence of aircraft
operations at individual airports. They are currently being updated, however,
using new data developed by the manufacturers.

These emissions factors, adjusted for typical times in each engine oper-
ating mode for specific metropolitan airports in the United States, were com-
bined with the necessary supporting data on aircraft flight statistics to de-
velop airport emissions levels for use in evaluating community air quality
impact. Reference 1 describes the use of mathematical modeling as a tool
for projecting the impact of aircraft operations on air quality. The present
discussion covers only the information summarized in table I-2, which shows
emissions densities for two United States airports located in large metro-
politan areas that have serious air pollution problems.

At the time of the study, 1970, the Los Angeles airport was already a
more dense emitter per unit area of the three pollutants than the rest of the
Los Angeles area. The contribution of aircraft operations alone was slightly
above the contribution of other sources in other parts of Los Angeles. Pro-
jected to 1980 with no aircraft controls, the total emissions for the metro-
politan area declined because of the automobile emissions standards and other
control measures that are being taken. However, the emissions from air-
craft increased because of the growth in flight activity projected for this
airport, so that aircraft alone showed much higher emissions densities than
those for other parts of the Los Angeles metropolitan area.

For Washington, D.C., in 1970, the emissions from aircraft alone
amounted to somewhat lower densities than for the metropolitan area, al-
though the total airport emissions were about the same as those for the
metropolitan area. For 1930, however, total airport emissions densities
were above those for the rest of the area, again reflecting the influence of
the automobile regulatory program. This trend persisted even when aircraft
operations alone were considered.

In summary, the study showed that the local influence on air quality of
aircraft operations appears to be comparable to the influence of other sources
in large cities, and it will get worse if aircraft (and other sources in and
around the airport) are not controlled. Thus, in air quality terms, the justi-
fication for aircraft emissions standards is based on the need to protect
against future degradation in the environment, particularly in areas where



airport activities are growing and where other sources are being brought
under control.

A paper presented to the Air Pollution Control Association in 1973
(ref. 5) goes more deeply into the development of the air quality justification
for aircraft emissions standards.

AIRCRAFT ENGINE EMISSIONS STANDARDS

With the foregoing background, and with the decision made to develop
emissions standards applicable to aircraft powerplants, the next consider-
ation was the basic elements of such standards.

Engine Classification

First, aircraft and aircraft engines had to be classified in a2 manner con-
sistent with their design, performance, and functions, with due considera-
tion to the relative potential for reducing their emissions and the relative
need to do so. It was decided that the standards should apply to engines and
not to aircraft, since in the aerospace industry the two are in all cases built
by different manufacturers and the technology for reducing emissions is
largely under the control of the engine builder.

Table I-3 shows the complete engine classification system developed for
the EPA standards. The distinction between class T1 (small engines) and
class T2 (large engines) is necessary because of differences (1) in the ability
to reduce emissions in small as opposed to large combustors, (2) in other
engine design considerations such as pressure ratio, and (3) in the different
markets the two classes serve. The standards can then take into consider-
ation the lesser impact of the smaller engines on community air pollution
problems, since they are used mostly for irregular business travel as
opposed to scheduled airline service. A special class (T3) was set aside for
the Pratt & Whitney JT3D engine, basic powerplant for the B 707 and DC 8
aircraft, to facilitate establishing a special smoke standard and retrofit
schedule. The same applies to class T4, the Pratt & Whitney JT8D engine,



basic powerplant for the B 727/737 and DC 9 aircraft. Class T5, applicable
only to engines designed for supersonic commercial aircraft, is necessary
because the thermodynamic cycles that are practicable for SST engines are
not as low in fuel consumption as other large engines (T2), which means that
for the same combustor design technology they cannot be expected to achieve
as low mass emissions over a reference operating cycle. Class P1, con-
sisting of opposed piston engines only, is necessary because of the distinctly
different types of emissions and technological problems applicable to these
types of engines, as well as their smaller impact on community air pollution.
Class P2, consisting of turboprop engines only, is necessary because of un-
certainties over the equivalency between propeller thrust and jet thrust, the
small sizes of some of these engines, and the types of market that they
serve. It is recognized of course that, in some cases, the same ''core'' en-
gine and combustor may find itself in both class T1 and P2 applications.
Class APU covers auxiliary power units used for onboard power generation in

some aircraft.

Engine Operating Conditions

Next, it was necessary to specify the engine operating conditions to be
used for measuring and expressing pollutant emissions. For this purpose it
was decided to use a landing/takeoff (LTO) cycle including all operations
below 3000-foot altitude, which was selected as a limiting altitude above
which the pollutants emitted would not be expected to diffuse downward and
contribute to community air quality problems. The times at each aircraft
operating mode were chosen to be typical of high-activity periods at major
United States metropolitan airports. With this approach, the times in the
basic engine operating modes came out as listed in table I-4 for the various
engine classes.

This approach required additionally that a uniform manner for specifying
engine power settings be selected that corresponds to the operating modes
identified in table I-4. Based on advice from airlines, other aircraft oper-
ators and the FAA, the engine power settings to be used on test stands for
simulation of each aircraft operating mode were specified as shown in
table I-5.




Expression of Emissions Performance

The next item to be considered was the form of expressing the emissions
data for the purposes of setting standards. Four possible ways in which this
might be done, using the emissions measurements at each power setting in
the LTO cycle, are :

(1) Concentration, ppm by volume

(2) Ratio of mass pollutant to mass of fuel consumed

(3) Mass pollutant over LTO cycle

(4) Ratio of mass pollutant to thrust-hours, both over LTO cycle
Item 1, pollutant concentration, has the advantage of being easy to use, but
it provides no guide to the mass pollutant emissions levels for the engine.
Item 2, mass pollutants emitted divided by mass fuel consumed (or emissions
index), provides a reliable guide to the cleanliness of the combustion system
in a given engine, but not to the emissions impact of the complete engine,
since different engines have different fuel consumption characteristics.
Therefore, while this approach is extremely useful to combustion system de-
signers, it is not the most suitable for regulatory purposes. Item 3, total
mass emissions over the LTO cycle, is of course the most useful form of
expression if one is interested in estimating airport emissions from oper-
ations data on different aircraft and engines. However, for regulatory
purposes, this would be somewhat cumbersome, because each engine would
have to be assigned a different emissions standard in proportion to its rated
thrust or power level.

It was decided that the form of emissions parameter shown as item 4
would be adopted for the purposes of the EPA aircraft engine emissions
standards. By normalizing the emissions over the LTO cycle with a thrust
or horsepower term, a ''figure of merit'" is obtained that relates the emis-
sions behavior of the complete engine to its ability to do useful work for
society. This is similar to the emissions parameter used by the EPA for
standards applicable to truck and bus engines.



Emissions Measurement

Some mention should be made of the status of the technology for accurate
sampling and measurement of pollutants in the exhaust emitted by aircraft
gas turbine engines. The tests undertaken in 1971 to develop the data cited
earlier disclosed a number of detailed problems relating to the adequacy of
the sampling system for collecting and delivering a representative sample of
gases to the measurement instruments, plus other problems, lesser in mag-
nitude, with the instruments themselves. Therefore, studies have continued
since that time to resolve these problems and to improve test variability.
One such study, which was conducted under EPA sponsorship, is described
in references 6 and 7. The work of the Society of Automotive Engineers,
Technical Committee E-31, ''Aircraft Exhaust Emissions Measurements, "
has from the start been an important source of basic information and advice
from knowledgeable engineers in industry and government on the establish-
ment of standardized sampling and measurement procedures.

Other work to improve the precision of the emissions data has been
carried out by government and industry laboratories on the development of
correction factors for ambient temperature, humidity, and (less important)
pressure. The Environmental Protection Agency has sponsored several in-
vestigations by qualified private laboratories on such environmental effects.
These data are presently undergoing analysis and will be reported in the
near future. Since most engine laboratories that routinely do emissions
testing have independently developed their own correction factors for ambient
conditions, the EPA has recently solicited information from these organiza-
tions for review prior to taking any action to amend the Aircraft Engine
Emission Standards to specify correction procedures for ambient conditions.

Emissions Control Technology

Next, it was necessary to consider the technology that could be applied
to reduce aircraft engine emissions in response to the Clean Air Act require-
ment quoted on page 1. The report prepared in response to this requirement
(ref. 2) concluded that for engines of existing design the most promising




approaches for reducing emissions involve (1) combustor design changes,
(2) use of divided fuel supply so as to permit operating only part of the
engine combustors at low power settings (sector burning), (3) increased air
bleed rates, and (4) water injection for nitrogen oxides control. The emis-
sions reductions achievable by these techniques were estimated to range
from 50 to 70 percent for the different pollutant species.

Accordingly, emissions standards based on this type of technology were
proposed on December 12, 1972 (ref. 8). Public hearings were held to en-
tertain comments on the proposed standards early in 1973, followed by final
promulgation on July 17, 1973 (ref. 9). The standards promulgated were
influenced heavily by the comments received at the public hearings and by
the research goals for low-emissions aircraft combustors developed in-
dependently during this period by NASA and the Air Force.

No more will be said in this paper about technology for reducing emis-
sions, since that is the major topic addressed in the other papers. The
current EPA views with respect to technology for reducing emissions have
been recently summarized in reference 10, which incorporates the results
of an analysis by EPA technical staff of the progress made by manufacturers
of aircraft gas turbine engines in their efforts to reduce emissions to meet
the EPA emissions standards. While this analysis may lead to a proposal
for changes to some of the standards or their implementation dates, that
subject is not addressed in the present paper.

Regulatory Levels and Schedules

Table I-6 shows the schedule for the various emissions standards estab-
lished by the EPA on July 17, 1973. The first four of these requirements
are already in effect, and only minor problems have been encountered during
their implementation. These have mainly been a need by some operators
for extensions in time for compliance because of difficulties in obtaining
parts and in scheduling the shop work for installing them.

The smoke standard applicable to class T3 engines (JT3D) was changed
on December 15, 1976, to extend the date by which low-smoke combustors
must be installed on in-service engines from January 1, 1973, to September 1,
1981, with 90-percent compliance required by September 1, 1980. This




action was taken in response to a petition by the Air Transport Association
because of developmental problems with the low-smoke replacement com-
bustors.

The remainder of the discussion deals mostly with the gaseous emis-
sions standards scheduled to become effective for 1979 on all newly produced
engines and the 1981 standards, which will apply to advanced-design, newly
certified engines after that date. These are the standards that are the most
directly relevant to the scope of this conference.

Table I-7 lists the specific requirements applicable to all engine classes
for engines newly manufactured after January 1, 1979. The standards apply
both to the newly produced engines and to those engines throughout their
service life. In addition, it was proposed at the time of promulgating these
standards that they also be made applicable to class T2 engines of greater
than 29 000-1b thrust that are in service by January 1, 1983. This proposal
was the subject of public hearings in January 1976 and the comments are
still under review by EPA technical staff.

As mentioned earlier, the requirements applicable to small turbojet
engines are more lenient than those applicable to larger engines, because of
less available technology, smaller markets, and lesser pollutant impact.

Further, the requirements applicable to engines designed for propulsion
at supersonic flight speeds (ref. 11) are significantly less stringent than for
other commercial engines, because the engine cycles practicable for super-
sonic flight are inherently less efficient and more highly polluting during
low -altitude operations such as those specified in the EPA LTO cycle. There-
fore, using equivalent emissions control technology, SST engine emissions
will be 3 to 5 times those of subsonic engines of comparable performance.

Table I-8 lists the more stringent gaseous emissions standards applica-
ble to newly certified aircraft gas turbine engines after January 1, 1981.
Here, it is assumed that the engine will have been designed from its in-
ception with emissions control in mind. Therefore, more-advanced com-
bustor designs reflecting the most optimum emissions control approaches
can be considered from the very beginning. In addition, other aspects of
the basic engine design, such as pressure ratio, bypass ratio, allowable
combustor volume, and pressure drop, can also be considered as they in-
fluence the capability of the engine to meet the emissions control targets.
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At the time these standards were first proposed, December 1972, con-
sideration was also given to methods for reducing the amount of time spent
by commercial aircraft under engine idle and taxi situations at large metro-
politan airports. It was stated earlier in this paper (p. 5) that the LTO cycle
devised for expression of emissions standards corresponds to peak traffic
periods with resultant long delay situations at certain United States airports.
Obviously, any practical way of reducing such nonproductive engine idle time
during traffic delays would not only reduce emissions of hydrocarbons and
carbon monoxide very substantially but would result in very meaningful fuel
savings as well. It was estimated that approximately 60 million gallons of
fuel per year could be saved in the United States, with commensurate emis-
sions reductions, through application of readily available measures, such as
partial engine taxi operations. Even more could be saved with longer range
approaches, such as towing or moving the aircraft in some other fashion not
requiring operation of the propulsion engines or through more extensive use
of buses or mobile lounges to carry passengers to the aircraft at locations
close to the runway. An Advanced Notice of Proposed Rule Making was pub-
lished (ref. 12) by the EPA in December 1972 that solicited comments on the
feasibility of these techniques. The comments led to a cooperative demon-
stration program with the Air Transport Association (ATA) and FAA in 1973
to study the effectiveness of partial engine taxi operations and to NASA and
FAA sponsored studies on aircraft towing, powered landing gear, etc. At
the present time, however, the LTO cycle expressed in the standards is
still believed to be realistic of peak traffic periods and delay situations at
busy metropolitan airports.

CONCLUDING REMARKS

The development of the U.S. Environmental Protection Agency standards
for control of emissions from commercial and private aircraft has been des-
cribed. It is shown that the air quality impact of aircraft will rise in future
years, relative to emissions from other sources in large U.S. cities, unless
their emissions are reduced. Studies of methods available for emissions re-
duction and emissions testing showed that the engineering state of the art is
adequate to support the promulgation of standards. The form of the standards,




expressed as mass emissions over a landing/takeoff cycle divided by the
impulse (or power) developed by the engine, is believed to relate equitably
the stringency of control to the work produced by aircraft engines during
operations in proximity to airports, with due allowance for specific engine
classes having special technological or economic constraints.
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UNITED STATES AMBIENT AIR QUALITY STANDARDS*

Pollutant
Carbon Monoxide

Hydrocarbons
(except methane)

Nigrogen Dioxide

Sulfur Dioxide

Particulates

Oxidant

*Primsry standards only.

Description

10 milligrams/meter3
(maximum 8-hour concentration
once per year)

40 milligrams/meter3

/(maximum l-hour concentration

once per year)

160 micrograms/metet3
(maximum 3-hour concentration
once per year)

100 micrograms/meter3
(annual arithmetic mean)

80 micrograms/metet3
(annual arithmetic mean)

365 microgramslmeter3
(maximum 24-hour concentration
once per year)

75 micrograms/meter3
(annual geometric mean)

260 micrograms/meter3
(maximum 24-hour concentration
once per year)

160 micrograms/meter3
(maximum l-hour concentration
once per year)

Source, ref. 3.

Table I-1.
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EMISSION DENSITIES FOR AIRPORTS VERSUS URBAN AREAS

LOS ANGELES METROPOLITAN AREA

L0S ANGELES AIRPORT - ALL EMISSION SOURCES
LOS ANGELES AIRPORT - AIRCRAFT ONLY
WASHINGTON D.C. METROPOLITAN AREA
NATIONAL AIRPORT - ALL EMISSION SOURCES

NATIONAL AIRPORT - AIRCRAFT ONLY

EMISSION DENSITIES, TONS/miz-day

< 1970 > - 1980 =
AREQ CARBON HYDRO- NITROGEN CARBON HYDRO- NITROGEN
mi MONOXIDE CARBONS OXIDES MONOXIDE CARBONS OXIDES
1250.0 T2 2.0 1.0 2.8 0.9 0.8
3.9 20.6 103 2.0 19.1 4.0 56
3.9 31.2 8.8 el 13.0 3.4 4.9
61.0 12’5 157 147, 3.3 4 1+3
1.0 10.2 2.4 4L/ 9D 2.1 1.9
1.0 6.6 17 4:0 8.3 2.0, 1. &
Table I-2

ENGINE CLASSIFICATION SYSTEM FOR EPA STANDARDS

SYMBOL DESCRIPTION

L TURBOJET/TURBOFAN LESS THAN 8000-1b THRUST

T2 TURBOJET/TURBOFAN GREATER THAN 8000-1b
THRUST (EXCEPT JT8D AND JT3D)

T3 P&W JT3D

T4 P&W JT8D

T5 TURBOJET/TURBOFAN ENGINES FOR SUPERSONIC
ATIRCRAFT

Pl OPPOSED PISTON ENGINES

P2 TURBOPROP ENGINES

APU AUXILIARY POWER UNITS

14

Table I-3.




LANDING/TAKEOFF CYCLE FOR EXPRESSION OF
AIRCRAFT ENGINE EMISSIONS DATA

AIRCRAFT OPERATING

MODE

TAXI OoUT

TAKEOFF

CLIMBOUT

DESCENT

APPROACH

TAVT TN

T15..P2

ENGINE CLASS

12, 3, 4

75 Pl

TIME IN MODE, MIN

19 19
RG) o7
225 252
N/A N/A
4.5 4.0
7/2300) 750
Table I-4.

19 12
1.2 .3
2.0 5.0
1.2 N/A
2.3 6.0
7.0 4.0

ENGINE POWER SETTINGS FOR EMISSIONS MEASUREMENTS

ATRCRAFT OPERATING
MODE

TAXI OUT
TAKEOFF
CLIMBOUT
DESCENT
APPROACH

TAXI IN

1

ENGINE CLASS

M SPANE T2,° 35 4
(€D} 0
100 100
90 85
N/A N/A
30 30
(@) (€D)

MANUFACTURER'S RECOMMENDED.

TS [ W%
1) 1)
100 100

65  (2)

15  N/A

34 40
(1) (1)

2MANUFACTURER'S RECOMMENDED, MUST BE BETWEEN 75 AND
100 PERCENT RATED POWER.

Table I-5.
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SCHEDULE OF EMISSION STANDARDS APPLICABLE TO ATRCRAF1

CLASS

T4

T2, T3, T4

T1, P2

T2 (ABOVE 29,000
LB THRUST)

T3

T1, T2, P2

71,172, I3, T4
P2, APU

Pl

TS

T2

T3

T5

;NEW AND IN USE.
3NEW ONLY.
IN USE ONLY.

MAX. SMOKE NUMBER OF 30l

AFTER JAN. 1, 1974
PROHIBITION OF FUEL VENTING1
AFTER JAN. 1, 1974
PROHIBITION OF FUEL VENTINGl
AFTER JAN. 1, 1975

MAX. SMOKE NUMBER BASED ON THRUST2
RATING AFTER JAN. 1, 1976

2
MAX. SMOKE NUMBER OF 25 AFTER
JANUARY 1, 1978

MAX. SMOKE NUMBER BASED ON THRUST
(HORSEPOWER) RATINGZ AFTER JAN. 1, 1979

GASEOUS EMISSIONS STANDARDS FOR.
SUBSONIC ENGINES OF EXISTING DESIGN
MANUFACTURED AFTER JAN. 1, 1979

2

GASEOUSZEMISSIONS STANDARDS FOR PISTON
ENGINES™ MANUFACTURED AFTER DECEMBER 31, 1979

GASEOUS EMISSIONS AND SMOKE STANDARDS
FOR SUPERSONIC ENGINES OF EXISTING
DESIGNZ MANUFACTURED AFTER JAN. 1, 1980

GASEOUS EMISSIONS STANDARDS FOR
SUBSONIC ENGINES OF NEW DESIGN? CERTIFIED
AND MANUFACTURED AFTER JAN. 1, 1981

MAX. SMOKE NUMBER OF 253 AFTER
SEPTEMBER 1, 1981

GASEOUS EMISSIONS AND SMOKE STANDARDS
FOR SUPERSONIC ENGINES OF NEW DESIGN 2
CERTIFIED AND MANUFACTURED AFTER

JAN. 1, 1984

Table I-6.




GASEOUS EMISSION STANDARDS APPLICABLE TO NEWLY
MANUFACTURED AIRCRAFT GAS TURBINE ENGINES

ENGINE CLASS POLLUTANT*
HC co NO_ EFFECTIVE DATE
T1 TURBOJET/TURBOFAN LESS THAN 1.6 9.4 357 JAN. 1, 1979
8000 LB THRUST
T2 TURBOJET/TURBOFAN GREATER .8 4.3 3.0
THAN 8000 LB THRUST
(EXCEPT JT8D AND JT3D)
T3 P&W JT3D - .8 4.3 3.0
T4 P&W JT8D .8 4.3 3.0
P2 TURBOPROP ENGINES 4.9 2268 ¥ 1259 Y
T5 TURBOJET/TURBOFAN ENGINES 3.9 + 3001 9.0 JAN. 1, 1980
FOR SUPERSONIC AIRCRAFT
P1 PISTON ENGINES 1294250 1.5 DEC. 30, 1979
APU AUXILIARY POWER UNITS A 5.0 3.0 JAN. 1, 1979

*nq" STANDARDS AS LB/1000 LB THRUST-HOUR/CYCLE;
"P," STANDARDS AS LB/1000 HORSEPOWER-HOURS/CYCLE;
"Pl" STANDARDS AS LB/1000 RATED HORSEPOWER/CYCLE;
APU STANDARDS AS LB/1000 HORSEPOWER.

Table I-7.
GASEOUS EMISSION STANDARDS APPLICABLE TO NEWLY

CERTIFIED AIRCRAFT GAS TURBINE ENGINES

ENGINE CLASS POLLUTANT

HC* CO* NOx* EFFECTIVE DATE

T2 0.4 3.0 3.0 JAN. 1, 1981
T5 1.0 7.8 5.0 JAN. 1, 1984

%
EXPRESSED AS LB POLLUTANT/1000 LB
THRUST-HOUR/CYCLE.

Table I-8.
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II. EMISSIONS REDUCTION TECHNOLOGY PROGRAM

Robert E. Jones

National Aeronautics and Space Administration
Lewis Research Center

The Clean Air Act of 1970 empowered the Environmental Protection
Agency (EPA) to set standards for the allowable emissions levels of aircraft
gas turbine engines. The standards were issued in July 1973 and become
effective in 1979. As early as mid-1971, NASA decided to begin a major
program in emissions reduction technology. Work in this area would consist
of continuing in-house research on low-emission concepts as well as con-
tracted research with the major aircraft engine manufacturers. This paper
is an overview of the contracted Emissions Reduction Technology Program.
Subsequent papers present the results of the contract efforts.

The Emissions Reduction Technology Program was begun with two firm
objectives in mind. First, it was essential to investigate new combustor con-
cepts that had the potential for significantly lower emissions levels. Con-
siderable research with existing combustors had shown that present concepts
would not meet all the 1979 EPA standards and that new approaches were
needed. Such new concepts would have to be developed to their full potential,
not only from an emissions standpoint but also from the standpoint of con-
ventional performance goals. Second, having once achieved this potential, it
would be necessary to measure the combustor emissions reduction in an
engine test. A successful engine test would show whether the combustor con-
cept could be installed in an engine and meet the required engine operating
constraints while producing fewer emissions. Engine testing was required
to achieve the needed pressure levels and to avoid extrapolation of emissions
levels from lower pressures. And finally, an engine test would highlight
those areas of the combustor that needed further development.

The approach taken was to award multiphase contracts to the engine
manufacturers. These phases of combustor emissions research consisted of
screening, refining, and engine testing. The first phase would consist of
screening many combustor concepts to determine those having the most po-
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tential for lower emissions. The best concepts would be further developed
during the refinement phase, where combustor performance as well as
emissions reduction would be emphasized. Finally, the best, or most engine-
ready, combustor would be installed and tested in an engine.

PROGRAM PLAN

As conceived, the Emissions Reduction Technology Program would de-
velop technology for representative engines in each of the EPA engine classes
shown in table II-1. With the exception of the T4 class, which consists solely
of the JT8D family of engines, competitive contracts were awarded in each
class. Table II-1 gives the EPA classes, the engines, and the manufacturers
that participated in this program. The program conducted on the T2 class
engines was called the Experimental Clean Combustor Program and began in
January 1973. The engines in the other EPA classes were studied as parts of
the Pollution Reduction Technology Program, which began in mid-1974. The
other EPA engine classes - P1, T3, and T5 - were not studied as a part of this
program. The emissions technology for the P1 class, aircraft piston engines,
is discussed in another paper. The T3 class consists solely of the JT3D family
of engines, and the T5 class refers to engines for supersonic aircraft and
presently covers only the Olympus engine in the Concorde SST.

The emissions goals of these programs were to meet the 1979 EPA Air-
craft Engine Emissions Standards. Shown in table II-2 are the 1979 EPA
standards for the three gaseous pollutants and smoke for each of the engines
in the program. The engines are arranged in order of increasing compressor
pressure ratio. The EPA standards are expressed in EPA parameter values
for the specified landing/takeoff (LTO) cycle. The production engine values
are given as a percentage of the EPA standard values. In general, production
engine values exceed the standards by several hundred percent. Therefore,
to meet the EPA standards, the combustor technology must have the potential
for significantly lower emissions levels than those of existing engines. There
are a few instances where emissions standards were already achieved - the

nitrogen oxides (NOX) level for the P2 engine class and smoke for the T2
engine class.



The other program goals are the usual combustor performance goals
and are shown in table II-3. A high combustion efficiency is required and
must be maintained; pressure losses must be reasonable and within present
practice; exit temperature pattern factors must be low; and the combustor
must be as capable of altitude relight as the production engine combustor.
Finally, the combustor should have adequate durability. Durability testing
was not part of this program, but the combustor design must incorporate
those durability features and approaches that have been employed in the
past. One additional constraint was applied - that all combustor concepts
fit within the present engine combustor casing envelope. This constraint
was to ensure that the final combustors could be tested in present engines
with a minimum of change and that therefore ary future use of these com-
bustors would be expedited.

ENGINE EMISSION CHARACTERISTICS

Emission characteristics common to all engine classes are shown in
figure II-1. This figure is a plot of production engine emissions as a func-
tion of takeoff thrust level. The LTO cycle points are identified on the
abscissa with their associated thrust levels. The ordinate values were ob-
tained by summing the species emission index values over the LTO cycle
and are shown as the percentage contribution of each cycle point. Emissions
from all engine classes conform very well to this trend. Virtually all the
hydrocarbon (THC) and carbon monoxide (CO) emissions are generated at
low power, primarily at engine idle. The levels of these pollutants are ‘
much reduced at approach power setting and virtually disappear at higher \
power levels. Typical production aircraft engines have combustion in-
efficiencies at idle of 4 to 12 percent. This accounts for the high level of
hydrocarbon and CO emissions at the idle condition. To reduce these
emissions, combustor technology efforts must emphasize increased com-
bustion efficiency at idle. In practice, large reductions in hydrocarbon and
CO emissions have been achieved with relatively minor combustor changes.
On the other hand, NOx emissions are lowest at engine idle and increase
as engine power increases. To minimize NO, emissions, combustor re-
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search efforts have emphasized the higher power operating conditions. The
combustor modifications that reduce NOx cannot be easily implemented as
significant changes are needed. To reduce NOx emissions, the flame tem-~
peratures must be lowered and the residence time of gases at high temper-
atures shortened.

Emissions of NOx are a strong function of engine compressor pressure
ratio and its associated discharge air temperature. Figure II-2 shows
emissions of NOX for conventional engine combustors compared with two
advanced combustors that were developed here at Lewis. These data were
obtained in 1972, and the strong effect of inlet-air temperature on NOx is
evident. Results like these, obtained with advanced technology combustors,
showed that substantial NOx emission reductions are possible.

EARLY EMISSIONS RESEARCH

Advanced combustor research to obtain low emissions included a variety
of approaches. Multiple-burning-zone combustors, specifically the double-
annular and swirl-can modular combustors, were investigated. Both air-
assist and air-blast fuel injection techniques were studied to evaluate their
potential for emissions control. Controlled combustion was studied by vary-
ing the fuel and air schedules to advanced combustors.

The double-annular combustor shown in figure II-3 has two concentric
burning zones. This short-combustor concept was originally developed by
Pratt & Whitney. Air is ducted into the burning zones through ram scoops.
This results in very rapid mixing of cold air with hot combustion gases. The
result is lower levels of NOx emissions, as shown in figure II-2.

Another advanced combustor is the swirl-can combustor shown in fig-
ure II-4. The swirl-can modular combustor consists of 120 individual
modules. Each module has three main parts - a carburetor where fuel and
air are mixed, a swirler located at the end of the carburetor tube, and a
bluff-body flame stabilizer plate. The many small recirculation zones
quickly mix air and combustion products, which produces low NOx emissions.
Figure II-5 shows a swirl-can combustor.

One example of advanced fuel injection techniques is the air-assist noz-
zle. During idle operation, fuel is sprayed from a duplex fuel nozzle



through the small-flow primary nozzle. The spray from the primary nozzle
is often coarse, consisting of large-diameter drops, sometimes poorly dis-
tributed. The air injected around the primary nozzle through swirlers mixes
poorly with the fuel spray. This combination of effects - large drops and poor
mixing - results in high levels of hydrocarbon and CO emissions. A very
small amount of air bled from the engine compressor and injected through
the unused secondary fuel nozzle reduces droplet size, improves uniformity
of the spray, and reduces engine idle emissions. Figure II-6 shows how this
is done. At idle, air is bled from the compressor and passed through a
small supercharger. This high-pressure air flows through the unused sec-
ondary fuel manifold and out through the secondary passages in the fuel noz-
zle. Tests were conducted on a JT8D combustor and bill-of-material fuel
nozzle. Figure II-7 shows the air-assist reduction of idle emissions.
Emissions of hydrocarbons and CO are given on the ordinate and the injected
air differential pressure on the abscissa. Air-assist fuel injection dramat-
ically lowers these emissions - hydrocarbons were decreased by a factor of
8 and CO by nearly a factor of 4. The amount of air injected is quite small,
being less than 0.5 percent of the combustor airflow rate at the maximum
differential pressure.

Other attempts to improve idle emissions used the double-annular com-
bustor shown in figure II-3. Fuel scheduling involved using only one annulus
for combustion during idle operation. Finer and more uniform fuel sprays
were obtained by injecting all the fuel through one-half the number of nozzles.
As described previously, this improves combustion and reduces emissions of
hydrocarbons and CO by decreasing drop size and improving uniformity of the
spray. Figure II-8 compares emissions of the double-annular combustor em-
ploying fuel scheduling and combined fuel plus airflow scheduling. Emissions
reductions are shown as percentages of the unaltered-combustor values.
Though it was not as successful as air assist, the emissions with fuel sched-
uling only were reduced considerably. Air scheduling varied the airflow
passing through the combustion zone. In the double-annular combustor, some
air was allowed to bypass the burning zones, simulating a variable combustor
geometry effect. Bypassing air increases the local fuel-air ratio in the burn-
ing zones, and the greater heat release reduces idle emissions. As shown
in figure II-8, this technique combined with fuel scheduling reduced idle
emissions to well below the baseline values.
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Figure II-9 shows the status of engine NOx emissions at the start of this
program. The takeoff-power NOX emission index for the engines in this
program is shown as a function of the combustor inlet-air temperature. The
associated engine pressure ratio is also shown on the abscissa. The com-
bined effect of increasing pressure and combustor inlet-air temperature is
to increase the NO, emissions. For comparison, the NO, emission levels
obtained with the NASA swirl-can combustor are also shown. These data,
taken prior to the start of this'program, showed that significant NOx re-
ductions are possible, although at the cost of considerable combustor mod-
ification.

PROGRAM STATUS

The program schedule (fig. II-10) shows that the T2 engine class pro-
gram is now nearly completed. This program, conducted on combustors for
the JTI9D and CF6-50 engines, consisted of the three phases described pre-
viously: screening, ‘refining; and engine testing. The program conducted
on the JT8D engine combustor is also completed and was taken only through
the screening phase. The T1 engine program at Garrett AiResearch is still
underway and is nearing the end of the refining phase. Engine tests are
planned for mid-1978. The combustor for the TFE-731 engine is a reverse-
flow combustor. The program conducted with the Detroit Diesel Allison
Division of General Motors used the 501-D22A engine. The combustor for
this turboprop engine is a can. As shown in the schedule, the first phase of
a planned three-phase program has been completed. The combustor refining
and engine testing phases were not considered necessary because tests with
the can combustor were conducted at actual engine conditions and achieved
all the desired program goals with some margin. -

The overall Emissions Reduction Technology Program encompassed a
wide variety of combustor types: two large annular combustors for the JT9D
and CF6 engines; can combustors of varying sizes for the JT8D and 501-D22A
engines; and the small reverse-flow combustor for the TFE-731 engine.

To achieve significant emissions reductions in these combustors, a
variety of approaches were employed. Multiple burning zones, improved
fuel injection, and air staging were used together or individually in the com-



bustors investigated. Multiple-burning-zone concepts consisted mostly of
dividing the combustor into a pilot zone and a main combustion zone. The
pilot zone was used for low-power engine idle, was designed for an equiva-
lence ratio near 1, and incorporated delayed mixing to ensure complete
combustion and low hydrocarbon and CO emissions. This pilot zone also
served to stabilize combustion from the main zone, which was used for high-
power operation. This main zone was designed to operate fuel lean and to
employ quick mixing to minimize emissions of NOx. Both series- and
parallel-burning-zone combustors were studied and are described in detail
in subsequent papers.

Improved fuel injection techniques were designed to reduce emissions
by improving the uniformity of the fuel-air mixture in order to eliminate fuel-
rich regions and the resulting high flame temperatures. In addition, better
local control of the fuel-air ratio was possible by staging the combustion
process. In each zone the required fuel-air ratio could be optimized, and
thus pollutant levels would be minimized.

Combustion air staging primarily investigated the benefits of variable
combustor geometry. The concepts studied were variations in swirler blade
angle and dilution hole area. By varying the combustor geometry, it was
possible to control local fuel-air ratios to those values needed to minimize
pollutants for each engine operating condition. In addition, the effect of in-
creased engine bleed was studied as a way to increase local fuel-air ratios
during engine idle.

This brief overview explains the approach taken in the Emissions Re-
duction Technology Program and some of the emissions reduction concepts
that were used.

EXPERIMENTAL CLEAN COMBUSTOR PROGRAM

The remainder of this paper summarizes the completed phases of the
Experimental Clean Combustor Program - combustor screening and refining.
The next two papers describe the subsequent engine testing and results in de-
tail.

A wide variety of combustor concepts were screened. The swirl-can
modules mentioned previously, along with premixing concepts, were in-
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vestigated. Both axially and radially staged combustors were studied, as
was simulated variable combustor geometry. Several concepts attempted to
utilize the benefits of premixing and prevaporizing the fuel.

Figure II-11 shows the various combustor tested at Pratt & Whitney and
figure II-12 the combustors tested at General Electric during combustor
screening (phase I). The Vorbix combustor of figure II-11 employs axially
staged combustion zones; a swirl-can combustor similar to an NASA design
and a radially staged premixing combustor were tested at Pratt & Whitney.
General Electric test combustors (fig. II-12) included lean-dome versions of
the standard CF6 combustor, a swirl-can combustor consisting of two rows
of modules, a radially and axially staged combustor employing premixing in
the outer or main zone passage, and a double-annular combustor. A total
of 32 combustor configurations were tested during phase I at Pratt & Whitney
and 34 configurations at G.E. The concepts carried into combustor refine-
ment (phase IT) at Pratt & Whitney were the Vorbix combustor and a hybrid
combustor. The hybrid had the good low-power zone of the staged premixing
combustor mated to the good high-power capability of the swirl cans. At
G.E. the radially and axially staged and double-annular combustors were
studied during phase II.

Figures II-13 and II-14 show the combustors developed in phase II and
selected for the engine tests (phase III). The production engine combustor
is shown at the top in each figure for comparison. The combustor pollution
reduction concepts that were employed in these advanced combustors in-
cluded the use of multiple burning zones, air-blast atomizers, enhanced
mixing, and fuel staging. For both combustors the pilot zones were optimized
to reduce idle emissions and the main zones were optimized to reduce high-
power NOx emissions.

The results of the phase II refinement for these combustors are shown
in table I1-4. The emissions for the baseline combustor and the advanced
technology combustor are expressed as percentages of the EPA standard.
The EPA parameter (EPAP) values for the advanced combustors were ob-
tained by extrapolation to actual engine operating conditions from test rig
conditions. At that time this extrapolation represented the best estimate of
each combustor's emissions reduction capability. The Vorbix combustor
was estimated to meet EPA standards for unburned hydrocarbons and NOx
and as failing to meet the CO standard. A change in the pilot-zone volume



was needed and was used in the phase III engine tests. Such an increase
should reduce CO levels to a point below the EPA standard. The double-
annular combustor met the CO and hydrocarbon emissions, failing only to
meet the NOX emission. The projected level of NOX was some 43 percent
below that of the baseline combustor. This failure to meet the standard
highlights a specific problem area of NOX emissions, that of engine pres-
sure ratio. As illustrated previously, higher engine pressure ratio in-
creases NOx emissions due to the combined effects of pressure and inlet-air
temperature on flame temperature. Advanced technology can reduce the NOx
emissions, but eventually pressure ratio effects may dominate. Comparing
NOx emissions from the JT9D engine and the CF6 engine reflects the pres-
sure ratio trend. The Vorbix combustor in the JT9D-7 at a pressure ratio
of 22 meets the EPA standard; the double-annular combustor in the CF6-50
at a pressure ratio of 30 fails to meet the standard.

The Emissions Reduction Technology Program was begun to determine
whether low-emissions combustor concepts could be adapted to existing gas
turbine engines. The program is nearly complete; and subsequent papers
review the progress and status of those efforts.
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EMISSIONS REDUCTION TECHNOLOGY PROGRAM

SCOPE
EPA ENGINE CLASS ENGINE MANUFACTURER
T1 - TURBOFAN < 8000 Ib TH | TFE-731-2 | GARRETT AIRESEARCH
T2 - TURBOFAN > 8000 Ib TH | CF6-50 GENERAL ELECTRIC
JT9D-7 PRATT & WHITNEY
T4 - JT8D ENGINES JT8D-17 | PRATT & WHITNEY
P2 - TURBOPROP 501-D22A | DETROIT DIESEL ALLISON
CS-77-394
Table I1-1.
EMISSION GOALS
1979 EPA STANDARDS
ENGINE| ENGINE THC co NO, SMOKE
CLASS
STD |PROD?| STD [PRODA|STD |PROD3|STD |PROD?
P2 |501-D22A [ 4.9 | 306 |26.8| 118 [12.9| 48 |29 | 189
TI |TFE-731 | 16| 331 | 9.4| 180 | 3.7| 162 | 40 | 118
T4 [JT8D-17 | .8 500 [ 4.3{ 356 [ 3.0{ 260 {25 { 120
T2 | JT9D-7 .8 488 | 4.3| 198 | 3.0| 197 |20 | 50
T2 | CF6-50 .8 538 | 4.3| 251 | 3.0 257 |19 | 68
d4PRODUCTION VALUES, % OF EPA STANDARD.
CS-77-393

Table II-2.




PERFORMANCE GOALS

PARAMETER ENGINE MODE PROGRAM GOAL
COMBUSTION EFF | ALL 99%+
CRUISE 6%

PRESSURE LOSS
PATTERN FACTOR
ALTITUDE RELIGHT

TAKEOFF/CRUISE | 0.25

WINDMILLING ENGINE RELIGHT ENVELOPE

DURABILITY

ADEQUATE AT ALL ENGINE CONDITIONS

CS-69628
Table IT-3.

SUMMARY OF CLASS PROGRAM RESULTS
PHASE II: COMBUSTOR REFINEMENT

THC | €O | NOy

EMISSION LEVEL, %
OF 1979 EPA STANDARD

PRATT & WHITNEY JT9D-7 ENGINE:

CONVENTIONAL COMBUSTOR 4388 | 198 | 197
VORBIX COMBUSTOR B 11 i3
GENERAL ELECTRIC CF6-50 ENGINE:
CONVENTIONAL COMBUSTOR 538 I "1 25T
DOUBLE-ANNULAR COMBUSTOR 3 70 | 142
Table II-4.
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TYPICAL ENGINE EMISSION CHARACTERISTICS
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Figure II-1.
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Figure II-3.

EXPERIMENTAL MODULAR COMBUSTOR
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Figure I1-4.
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HIGH TEMPERATURE SWIRL CAN COMBUSTOR
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EFFECT OF IMPROVING FUEL ATOMIZATION
80

60

EMISSION INDEX, , |
g/kg FUEL g

20— co

| I THC

0 10 20 30
AIR-ASSIST DIFFERENTIAL PRESS., psid

CS-73153

Figure II-7.
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Figure II-8.
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OXIDES OF NITROGEN EMISSION
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EMISSIONS REDUCTION TECHNOLOGY PROGRAM SCHEDULE
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VORBIX COMBUSTOR
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Figure II-11.

COMBUSTOR CONCEPTS FOR THE CF6 ENGINE
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Figure IT-12.
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III. STATUS OF THE NASA/GENERAL ELECTRIC EXPERIMENTAL
CLEAN COMBUSTOR PROGRAM - PHASE III
Donald W. Bahr

General Electric Company
Aircraft Engine Group

The primary objectives of the NASA/General Electric Experimental
Clean Combustor Program are
(1) To generate and demonstrate the technology required to design and
develop advanced commercial, conventional-takeoff-and-landing
(CTOL) aircraft engines with significantly lower pollutant exhaust
emissions levels than those of current-technology engines
(2) To demonstrate the attainment of the target pollutant emissions
reductions in tests of an advanced commercial aircraft turbofan
engine
The intent of this three-phase program is to attain the target pollutant
emissions reductions by developing advanced combustor designs rather than
by using special engine operational techniques and/or water injection methods.
The program is aimed at generating advanced combustor design technology
that is primarily applicable to advanced commercial CTOL aircraft engines
with high cycle pressure ratios, in the range 25 to 35. It is also intended
that this technology be applicable to advanced military aircraft engines.
Because the smoke emission levels of advanced commercial and military
aircraft engines have already been reduced to low values, the primary focus
of the program is on reducing the levels of the gaseous pollutant emissions.
While this NASA /General Electric program is specifically directed toward
providing advanced combustors for use in the General Electric CF6-50
engine, this technology is also intended to be generally apphcable to all
advanced engines with large thrust.
Phases I and II of the program have been completed and phase III is
currently in progress. The key objective of phase III is to evaluate in
CF6-50 engine tests the preferred combustor design concept evolved in

37



38

phases I and II. To date, the phase III activities have included design and
component development efforts in preparation for these CF6-50 engine tests.
All preparatory efforts were completed in May 1977, and engine testing is
scheduled to begin in June 1977. This report describes the phase III com-
bustor design, the new fuel supply and control system components required
to permit the use of this combustor in the CF6-50 demonstrator engine, and
the development status of the demonstrator-engine combustor configuration.

CF6-50 ENGINE AND COMBUSTOR

The NASA/General Electric Experimental Clean Combustor Program
has been specifically directed toward developing an advanced low-emissions
combustor for use in the various models of the G.E. CF6-50 engine. The
CF6-50 engine family is the higher power series of the two CF6 high-bypass-
ratio turbofan engine families that have been developed by General Electric.
The other series is the CF6-6 engine family. Models of the CF6-50 engines
are in commercial service as the powerplants for the McDonnell Douglas
DC-10 series 30 Tri-Jet long-range intercontinental aircraft, the Airbus
Industrie A300B aircraft, and the Boeing 747-200 aircraft. The basic CF6-50
engine is a dual-rotor, high-bypass-ratio turbofan comprising a high-pressure
compressor with variable stators; an annular combustor; a two-stage, air-
cooled, high-pressure turbine; and a coaxial front fan driven by a low-
pressure turbine. The CF6-50 engine is shown in figure III-1.

The CF6-50C engine model operating parameters were selected as the
combustor design and test conditions. At standard-day, sea-level-static
takeoff conditions, the rated thrust of the CF6-50C engine model is 222 kilo-
newtons, the combustor inlet air pressure is 29.8 atmospheres, and the
inlet air temperature is 820 K. The high inlet temperature and pressure
make the attainment of low oxides of nitrogen (NOx) emissions levels a
formidable problem. The nominal idle power setting of this engine model
is 3.4 percent of takeoff thrust, which is low compared with most in-service
engines. At this idle power setting the combustor inlet air temperature is
only 429 K and the inlet air pressure is 2.9 atmospheres. Accordingly, the
attainment of low carbon monoxide (CO) and total unburned hydrocarbon (THC)
emissions levels is also a difficult problem.



The combustor configuration used in production CF6-50 engines is a
high-performance design with demonstrated low exit-temperature pattern
factors, low pressure loss, high combustion efficiency, and low smoke
emission at all operating conditions. The key features of this combustor
are its low-pressure-loss step diffuser, its carbureting swirl-cup dome
design, and its short burning length. The short burning length reduces the
amount of liner cooling air required, which, in turn, improves its exit-
temperature pattern and profile factors. The step diffuser design provides
very uniform, steady airflow distributions into the combustor.

This combustor contains 30 vortex-inducing axial swirler cups, one for
each fuel nozzle. The combustor consists of four major sections that are
riveted together into one unit and spot welded to prevent rivet loss: the cowl
assembly, the dome, and the inner and outer liner skirts. The combustor
is mounted on the cowl assembly by 30 equally spaced radial mounting pins.
The inner and outer skirts each consist of a series of circumferentially
stacked rings that are joined by resistance-welded and brazed joints. The
liners are film cooled by air that enters each ring through closely spaced
circumferential holes. Three axial planes of dilution holes on the outer
skirt and five planes on the inner skirt are employed to promote additional
mixing and to lower the combustor exit temperatures.

LOW-EMISSIONS COMBUSTOR DESIGN CONCEPTS

In phase I, four advanced combustor design concepts were evaluated in
full-annular combustor component tests. Specifically, CF6-50 engine-size
versions of NASA swirl-can-modular combustors, lean dome single-annular
combustors, double-annular combustors, and radially and axially staged
combustors were evaluated. The best results were obtained with the latter
two design concepts.

Based on these results, the double-annular combustor and the radially
and axially staged combustor designs were selected for further development
in phase II. Both low-emissions combustor designs feature two discrete
combustion stages; a pilot stage to provide proper combustion at low-engine-
power operating conditions to yield low CO and THC emissions, and a main
stage to limit NOX emissions at high-engine-power operating conditions.
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In both designs, all fuel is supplied to the pilot stage at low-engine-power
operating conditions. At the higher-engine-power operating conditions,
both the pilot and main stages are fueled. The two design approaches differ
in the physical arrangement and design philosophy of the main combustion
stage.

In phase II, the double-annular combustor was identified as the most
promising coricept and was selected for further development and refinement
in the remaining phase II efforts. A schematic drawing and photograph of
this prototype double-annular combustor are presented in figures III-2 and
-3, respectively.

As is shown in figure III-2, the double-annular combustor comprises
two annular primary-burning zones, in parallel, separated by a short
centerbody. Thirty fuel nozzles are used in each annulus. The outer
annulus is the pilot stage and is always fueled. The inner annulus is the
main stage and is fueled only at higher-engine-power operating conditions.
The fuel flow splits at idle and takeoff conditions are shown in figure III-2.
The airflow distribution is highly biased to the main stage in order to reduce
both idle and high-power emissions. The pilot-stage airflow is specifically
sized to provide nearly stoichiometric fuel-air ratios and long residence
times at idle power settings, thereby minimizing CO and THC emissions.

At high-power operating conditions, most of the fuel is supplied to the main
stage. In this stage, the combustion gas residence times are very short.
Also, at high-power operating conditions, lean fuel-air ratios are maintained
in both stages to minimize NOX and smoke emissions.

Based on the phase II results, a second-generation version of this ad-
vanced combustor design, with more sophisticated and flightworthy mechani-
cal design features, was defined for use in the CF6-50 demonstrator-engine
tests of phase III. This second-generation combustor configuration was
needed because the prototype configuration used in phases I and II was not
suitable for use in an actual engine installation. The prototype configuration
was designed only for component testing. As such, the features incorporated
into this design to accommodate differential thermal growths, pressure loads,
vibration loads, and mechanical assembly were not adequate to permit the
use of this combustor in engine tests.

A schematic drawing and photograph of the demonstrator-engine com-
bustor are presented in figures III-4 and -5, respectively. The aerothermal




design features of this demonstrator engine combustor were patterned after
those of the prototype combustor. In addition, advanced aeromechanical
design features derived from other General Electric programs were incor-
porated into its design. Machined-ring cooling-air slots are used through-
out the dome and liners for improved cooling-air effectiveness. Included in
the mechanical arrangement were features for adequate differential thermal
growth, assembly, and mechanical stiffness. With this design, both the
pilot- and main-stage fuel nozzles can be installed through the existing fuel
nozzle ports of the engine, with the combustor installed. This important
design feature permits the existing engine outer casing to be used without
modification. The main-stage fuel nozzles are connected to the existing
CF6-50 engine fuel manifold. The pilot-stage fuel nozzles are connected to
a new fuel manifold.

In table III-1, the key aerothermal design parameters of the two double-

annular combustors and a current production CF6-50 combustor are compared.

The combustor airflow distributions of the two advanced combustors are
quite similar, as are the pilot- and main-stage velocities. Their key
dimensions are also similar, although the domes of the demonstrator-engine
combustor are about 20 percent higher than that of the prototype combustor.
These higher domes are needed to accommodate the movements of the swirl-
cup slip joints.

As is shown in table III-1, much less of the available combustor airflow
is used for liner cooling in the two advanced combustors than in the current
production CF6-50 combustor. This design feature was incorporated to
permit more use of the available airflow as dome airflow in order to mini-
mize primary-zone fuel-air ratios at high-power operating conditions.

From the results obtained to date with the prototype combustor and on the
heat transfer design studies conducted with the demonstrator-engine com-
bustor, satisfactory liner performance is expected in the engine tests. The
liner cooling airflow can be decreased because of the reduced combustion
gas temperatlires and associated lower flame radiation levels of the double-
annular combustor. For similar reasons, the quantity of combustor airflow
used for exit-temperature profile control was greatly reduced in the two
advanced combustors.
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FUEL FLOW CONTROL DESIGN CONCEPT

Using a double-annular combustor in the CF6-50 engine requires the
proper fuel flow splits over the entire range of engine operating conditions.
Accordingly, a fuel flow splitter was designed in phase II and was developed
and evaluated in phase III. This splitter was designed to be added to the
existing CF6-50 engine fuel control system. As is schematically shown in
figure II-6, this splitter divides the total fuel flow between the pilot-stage
manifold and the main-stage manifold, in the proportions required at each
total fuel flow level or throttle setting. The splitter is shown in figure III-7.
It is designed to provide the required fuel flow splits in the CF6-50 engine
only at sea-level operating condi‘ions. Additional features would have to be
incorporated into its design to also accommodate cruise operating conditions .

One of the objectives of the phase III engine demonstration tests is to
determine the optimum main-stage fuel flow cut-in point and the optimum
fuel flow split between stages. Both exhaust emissions levels and engine
operating characteristics, particularly the acceleration and deceleration
characteristics will be determined as a function of fuel flow split. Accord-
ingly, features have been incorporated in this fuel flow splitter to permit
the remote scheduling of both cut-in and flow split after cut-in. As is sche-
matically illustrated in figure III-6, both of these important operating param-
eters can be remotely adjusted from the engine test cell operating console.

OVERALL PHASE II DEVELOPMENT STATUS

In phase III, all design, hardware procurement, and component testing
required in preparation for the CF6-50 demonstrator-engine tests have been
completed. During May 1977, the combustor and the required new fuel con-
trol and supply systems components were installed in a CF6-50 engine.

Engine testing is scheduled to start in June. In addition to an extensive series
of checkout and development tests of the demonstrator-engine combustor,
checkout and development testing of the fuel flow splitter, the complete new
fuel supply system with its two manifolds, and a new exhaust gas sampling
and traversing system for use in the demonstrator-engine tests were success-
fully completed.




Initial component checkout tests of the demonstrator-engine combustor
showed its performance and operating characteristics to be, for the most
part, virtually the same as those of the phase II prototype configuration.

It also met satisfactorily all engine installation and assembly requirements.
In one important performance aspect, however, its characteristics were
different from those of the phase II prototype configuration - its CO and THC
emissions levels were substantially higher.

After this finding, an extensive series of diagnostic and development
tests of the combustor were conducted in an effort to reduce its CO and THC
emissions levels at idle. Several pilot-stage modifications were defined and
evaluated. Fuel spray characteristics, swirl-cup geometry, and outer-liner
dilution airflow distribution were systematically varied to correct the defi-
ciencies and to more precisely duplicate the pilot-stage design of the phase II
prototype combustor. Some CO and THC emissions reductions were realized
from these efforts, but levels equivalent to those of the phase II prototype
combustor were not attained. It now appears that higher CO and THC emis-
sions levels at idle must be associated with some slight differences in the
pilot-stage liner and centerbody cooling airflows and in the penetration
characteristics of the main-stage dilution airflow, which is introduced by
holes in the inner cooling liner. The exact causes of these higher CO and
THC levels can probably be identified with additional testing and subsequently
corrected. However, the required corrections will involve some significant
reworking of the pilot-stage dome assembly and its cooling liner assembly.
It was decided to proceed with the demonstrator-engine tests without devoting
more time and effort to correcting the idle emissions level deficiencies.

At this stage in the development of this advanced combustor, it is more im-
portant to determine its overall performance and operating characteristics
in an actual engine than to additionally delay these tests for more component
testing to further reduce the idle emissions levels.

EMISSIONS CHARACTERISTICS OF DOUBLE-ANNULAR COMBUSTORS
The CO and THC emissions characteristics of the phase II prototype and

phase III demonstrator-engine double-annular (D/A) combustors, as deter-
mined in full-annular component tests, are presented in figures III-8 and -9,
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respectively. Included for comparison are the emissions levels, as measured
in both full-annular component and engine tests, of the current production
CF6-50 combustor, which is a single-annular (S/A) configuration. For the
current production CF6-50 combustor, the component and engine test re-
sults for CO emissions are in reasonably close agreement. Agreement is
somewhat poorer for THC emissions. These comparisons suggest that the
CO and THC emissions levels of the phase III demonstrator-engine combustor
in the CF6-50 engine tests might be slightly lower than those attained in the
component tests.

As is shown in figures III-8 and -9, respectively, the CO and THC emis-
sions of the phase III demonstrator-engine combustor are higher than those
of the phase II prototype combustor at the nominal CF6-50 engine idle power
setting of 3.4 percent of takeoff power but significantly lower than those of
the current production CF6-50 combustor. Also at higher idle power settings,
CO and THC emissions with the demonstrator-engine combustor rapidly de-
crease. Thus, a CO emission level of 20 grams per kilogram of fuel burned,
which is the approximate value needed at idle to meet the 1979 CO standard
for class T2 engines, is attained at an idle setting of 7 percent. The needed
THC level of 4 g/kg is attained at an idle setting of 5 percent.

In both figures III-8 and -9, the low-power emissions levels of the
phase II prototype combustor are represented by a data point at the 3. 4-
percent idle power setting, since data were generally not obtained during
phase II at other idle power settings. However, during phase II, emissions
data were obtained at this idle power setting in several different tests of
basically similar combustor configurations. The idle emissions results
obtained in these phase II investigations are summarized in figures ITI-10 and
-11. The data presented in both figures were obtained with seven test con-
figurations at combustor inlet operating conditions equivalent to those of the
engine at the 3. 4-percent idle power setting. These data were obtained over
a range of combustor fuel-air ratios to obtain parametric information and
well-characterized curves. As is shown, at the.actual fuel-air ratio (0.011)
of the engine at this nominal idle power setting, CO and THC emissions
indices of about 20 and 2 g/kg, respectively, were consistently obtained.

Accordingly, the CO and THC emissions levels shown in figures ITI-8
and -9 at the 3. 4-percent idle power setting were repeatedly obtained with
the phase II prototype combustor. These low CO and THC emissions levels



at idle are, therefore, considered to be very representative of the levels
obtainable with the double-annular combustor. Based on these well-
demonstrated CO and THC emissions characteristics, it is fully believed
that the pilot-stage design of the phase III demonstrator-engine combustor
can, with additional component development effort, be successfully modified
and adjusted to provide these same low CO and THC emissions levels.

The NOx emissions characteristics of the phase II prototype combustor
and the phase ITI demonstrator-engine combustor, as determined in full-
annular component tests, are presented in figure III-12. As is shown, the
NOx levels of the two advanced combustor configurations are in close agree-
ment and are significantly lower than those of the current production CF6-50
combustor. At the high-power operating conditions, NO A emissions index
reductions of 40 to 50 percent were attained with the two double-annular
combustor configurations. Small reductions were also attained at the ap-
proach (30 percent of takeoff thrust) operating conditions. At idle, no re-
ductions were attained since, at this operating condition, the operation of
the double-annular combustor is essentially the same as that of a convention-
al single-annular combustor. '

The NOX emissions level data obtained in full-annular component and
engine tests of the production CF6-50 combustor are included in figure III-12.
These data are also in close agreement. In'all cases, the full-annular com-
bustor component test data, taken at the simulated high-power operating
conditions, were corrected to adjust for the lower combustor operating
pressures used in these tests. Standard pressure correction techmques
developed at General Electric were used.

The smoke emission characteristics of the phase II prototype combustor
and the phase III demonstrator-engine combustor as measured in full-annular
component tests, are presented in figure III-13. The smoke levels of the
two advanced combustor configurations are quite similar and are slightly
lower than that of the current production CF6-50 combustor, as measured
in both full-annular component and engine tests. With all three combustors,
the measured smoke levels are quite low at all engine power settings. These
low smoke levels are well below the visibility threshold and the applicable
EPA smoke emission standard for a class T2 engine of this thrust rating.
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EPAP CHARACTERISTICS OF DOUBLE-ANNULAR COMBUSTORS

The EPA parameters (EPAP's) of the two double-annular combustors
and of the current production CF6-50 combustor are presented in figure III-14.
Included in this figure are the 1979 EPA standards specified for class T2
engines. The EPAP's are presented as a function of the idle power setting
assumed for use in the overall landing/takeoff (L TO) cycle prescribed by the
EPA for determining EPAP values. For all three combustor configurations,
using higher idle power settings in these EPAP determinations results in
significant reductions in the CO and THC EPAP values. Smaller reductions
also result in the NOX EPAP values. For the CO and THC emissions, this
strong dependence of EPAP value on idle power setting is due to the combined
effects of the reduced emissions indices at idle and the increased thrust-
hours as the idle power setting is increased.

For these reasons, the CO and THC EPAP's of the phase III demonstrator-
engine combustor are not as low as those of the phase II prototype combustor
configuration. However, the demonstrator-engine combustor EPAP's are
still significantly lower than the production combustor EPAP's, especially
when compared with the production combustor EPAP values based on full-
annular component data. Comparisons of this kind are believed to be more
valid since they are based entirely on component test data for both com-
bustors. With the phase III demonstrator-engine combustor, the applicable
CO and THC standards are met with idle power settings of about 7 and 4 per-
cent, respectively. With the phase II prototype combustor, the applicable
CO and THC standards are met even with the low idle power setting of 3.4
percent. As mentioned previously, the CO and THC EPAP's of the phase III
demonstrator combustor probably can, with additional development, be re-
duced to EPAP's as low as those of the phase II prototype combustor.

As is shown in figure ITI-14, the NOx EPAP values of the two advanced
combustor configurations are essentially the same and are significiantly
lower than those of the current production CF6-50 combustor. However,
even with significant NOX EPAP reductions, the applicable EPA standard is
not met with the double-annular combustors when they are used in the CF6-50
engine. As described in the preceding discussion, using this advanced
staged combustor in any given engine application generally reduces NOx
emissions indices by about 50 percent at the high-power operating conditions,



as compared with the emissions indices obtainable with conventional-
technology combustors at these operating conditions. In the approach oper-
ating mode, percentage reductions are smaller and, at idle, little or no per-
centage reduction is attained. Thus, percentage reductions in the resulting
EPAP values are slightly smaller than those for the two high-power operating
modes. Typically, NOx EPAP reductions of about 40 percent can be realized
in any given turbofan engine application.

With NOx EPAP reductions of this order, the applicable EPA standard
for NOX emissions cannot be attained for a very high-cycle-pressure-ratio
turbofan engine like the CF6-50 engine. Because of its 30:1 pressure
ratio at takeoff, the NOx EPAP of the current production CF6-50C engine
model is about 7.7. Therefore, a percentage reduction of more than 60 is
needed in the NOx emission indices at all four of the prescribed modes of
the EPA landing/takeoff cycle to meet the applicable standard. Reductions
of this magnitude do not appear attainable with the double-annular combustor.
However, for turbofan engines with lower cycle pressure ratios, of 25 or
less, using a double-annular combustor would generally be expected to re-
sult in compliance with the applicable NOX standard for class T2 engines.

CONCLUDING REMARKS

As assessment of the current development status of the double-annular
combustor, based on the results of the phases II and III component develop-
ment efforts, is presented in table III-2. The double-annular combustor
meets most key performance and operating requirements. Considering the
relatively early state of development of this advanced combustor design con-
cept, this status is generally quite good. However, in its current form,
the phase III demonstrator-engine combustor is still deficient in three key
performance aspects.

First, some additional improvement is needed to meet the applicable
CO and THC emissions standards with the phase III demonstrator-engine
combustor at the normal engine idle power setting of 3.4 percent of takeoff
thrust. However, these standards were consistently met with the phase II
prototype combustor; and, therefore, these standards should also be met
with the phase ITI demonstrator-engine combustor with additional development
effort.

47



Second, additional reductions in its NOX emissions levels are needed.
Large further reductions in NOx emissions levels are not, however, con-
sidered likely with the existing double-annular combustor. Thus, the
development status for this performance aspect is shown in table III-2 in
the major further development category. While some small further reduc-
tions in NOX emissions levels of the phase III demonstrator-engine combustor
may be attainable, the applicable NOX emissions standard will probably not
be met in the CF6-50 engine application even if these additional reductions
are realized. The use of a staged combustor like the double-annular com-
bustor in the CF6-50 engine results in significant NOX emissions level reduc-
tions. However, because of the high (30:1) cycle pressure ratios of the
CF6-50 engine family, these lower NOX emissions levels still do meet the
applicable standard. In general, based on the parametric data taken in
phases II and III, using a double-annular combustor in large turbofan en-
gines with cycle pressure ratios greater than about 25 will not result in full
compliance with the applicable NOx standard. For large turbofan engines
with cycle pressure ratios less than about 25, NOx EPAP values closely
approaching the applicable standard can generally be expected when a double-
annular combustor is used.

Third, further improvements are needed in the exit-temperature pro-
file characteristics of the phase III demonstrator-engine combustor.
Normally, this development task would be relatively easy; but in this ad-
vanced combustor design concept, there is very little remaining combustor
airflow available for exit-temperature profile trimming.

The development status assessment presented in table III-2 is, of course,
based entirely on component test results. Additional development concerns,
particularly in those engine performance aspects concerned with transient
operation, should be identified in the forthcoming demonstrator-engine test
series. However, based on the assessments presented in table III-2, fur-
ther design and development efforts are needed in order to provide a fully
demonstrated combustor design concept for use in the CF6 engines in these
key areas:

(1) For the combustor: Emission of CO and THC must be reduced
further at idle and approach. Exit-temperature distributions must be im-
proved. Main-stage fuel nozzle plugging must be prevented.

(2) For the fuel flow splitter: The flow splits required at cruise must
he provided.



Further reductions are needed in CO and THC emissions levels at idle
of the existing phase III demonstrator-engine combustor. Development
efforts must also be expanded to attain lower CO emission levels in the
approach mode, when both the pilot and main stages of the combustor are in
operation. At present, operation of both stages of the existing phase III
demonstrator-engine combustor in the approach mode results in relatively
high CO emission indices and, thus, high CO EPAP values. In determining
the EPAP values presented in figure III-14, pilot-stage operation only in the
approach mode was assumed. From an aircraft and engine operational
standpoint, staging of the combustion process at any flight condition is un-
desirable. Preferably, the main stage should be in operation at power
settings just above ground idle and before the aircraft is airborne. To
accommodate this operational need, additional features will be required in
the double-annular combustor to provide lower CO emission levels in the
approach mode with both the pilot and main stages in operation.

Improvements are needed in the exit-temperature distributions of the
existing phase III demonstrator-engine combustor. In addition, the need is
anticipated for features to prevent carbon deposition and resulting plugging
within its main-stage fuel nozzles. Possible problems of this kind are
anticipated since fuel nozzles are inoperative at some engine operating
conditions. Without some added features, any residual fuel in the nozzles
might cause plugging when the main stage is shut down. This development
concern will be investigated in more detail in the forthcoming demonstrator-
engine tests.

The fuel flow splitter represents still another key design and develop-
ment need. The existing fuel flow splitter, which will be used in the
demonstrator-engine tests, is designed only for sea-level operation. Con-
siderable sophistication and complexity will be needed to accommodate
cruise operating conditions. The design and development of a suitable de-
vice to handle the necessary fuel flow splitting functions at all ground level
and cruise operating conditions of the CF6 engines is expected to be a major
undertaking.

Following these design and development efforts to provide a fully devel-
oped and demonstrated prototype combustion system, we can begin to evolve
versions of this system, including the necessary fuel flow control elements,
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for use in production CF6 engines. The major tasks involved in the design,
development, and demonstration of such combustion systems for use in
production CF6 engines are

(1) Design definition

(2) Component development testing

(3) Engine development testing for performance and cyclic endurance

(4) Engine flight testing

(5) Certification testing

(6) Flight service evaluation testing
Flight service evaluation tests, which cannot be started until after the engine
with the new combustion system is certified, are expected to be quite exten-
sive because of the magnitude of the combustor and engine design changes
associated with using the double-annular combustor. These tests are,
therefore, expected to take at least 2 years to complete. Accordingly, the
total time span of these tasks will probably be 5 years or more.



Key Design Parameters
of CF6-50 Combustors

Double Annular

Single
Annular Phases | & Il Phase I
Production Prototype Demonstrator
e Airflow Distribution, % Wc
Primary Combhustion
Overall 48.9 74.5 76.4
Pilot Stage — 24.5 25.8
Main Stage — 50.0 50.6
Liner Cooling 3.7 20.7 21.6
Profile Trim 19.4 4.8 2.0
e Velocities, m/s
Dome, Overall 12 — —_
Pilot Dome — 11 10
Main Dome — 29 29
e Dome Height, cm
Overall 1.4 — b
Pilot Stage — 5.7 741
Main Stage — 5.3 6.1
o Combustion Length, cm 34.8 32.5 32.5
Table ITI-1.

Assessment of Double Annular
Combustor Development Status

Further Major Further
Meets Development Development
Requirements Needed Needed

e Emission. Levels

HC X
NOx X
Smoke

e Ground Starting

e Altitude Relight

o Main Stage Crossfiring
e Pressure Loss

X X X X X X

e Combustion Efficiency

e Exit Temperature X
Profile/Pattern Factor

o Metal Temperature

>x X

e Acoustic Resonance

e Carboning X

Table III-2.



General Electric CF6-50 High Bypass
Turbofan Engine

Takeoff Thrust 222 KN

P3 29.8 ATM
T3 820 K
Figure III-1.
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Figure III-2.
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Double
Annular
Combustor

Figure III-3.

Demonstrator
Double Annular Combustor

Main Stage Dome Assembly

Figure III-4.
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Demonstrato.
Double
Annular
Combustor

Figure III-5.
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Figure III-6.
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Demonstrator Engine
Fuel Flow Splitter

Figure III-7.
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Figure III-8.
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HC Emission Results/Status
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Figure III-9.
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Prototype D/A Combustor — Phase I
HC Emission Results at Idle
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IV. POLLUTION REDUCTION TECHNOLOGY PROGRAM
FOR CLASS T4(JT8D) ENGINES
R. Roberts,” A. J. Fiorentino,” and L. A. Diehl"

The Pollution Reduction Technology Program for can-annular com-
bustors was conducted to generate and demonstrate the technology required
to develop commercial gas turbine engines with reduced exhaust emissions.
This program was directed to can-annular combustor systems for the JT8D
engine family (EPA class T4). The Pratt & Whitney JTED-17 was selected
as the reference engine, although the technology developed will be applicable
to other engines with can-annular combustor systems. This engine is the
current production version of the JT8D engine, which is in widespread use
throughout the commercial transport fleet. The JT3D turbofan engine is an
axial-flow, dual-spool, moderate-bypass-ratio design. It has a two-stage
fan, a four-stage low-pressure compressor driven by a three-stage low-
pressure turbine, and a seven-stage high-pressure compressor driven by a
single-stage high-pressure turbine. Figure IV-1 is a cross section of the
JT8D-17 showing the mechanical configuration. Key specifications for this
engine are listed in table IV-1.

The JT8-17 combustor section consists of nine combustion chambers in
a can-annular arrangement. Each chamber contains one centrally located
duplex fuel nozzle. Two of the chambers are equipped with spark igniters.
The nine combustion chambers are interconnected by tubes for flame propa-
gation during starting. Each combustion chamber is of welded construction
comprised of a series of formed sheet-metal cylindrical liners. Each cham
ber is supported at the front by the fuel nozzle strut and a mount lug and at
the rear by a sliding joint at the face of the turbine inlet transition duct. A
cross-sectional schematic of the JT8D-17 combustor is shown in figure IV-2
and its key operating parameters are listed in table IV-2.

*Pratt & Whitney Aircraft Group, United Technologies Corporation,
TNASA Lewis Research Center,
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Standards issued by the Environmental Protection Agency (EPA) (ref. 1)
establish maximum emission levels in a gas turbine engine exhaust for car-
bon monoxide (CO), total unburned hydrocarbons (THC), oxides of nitrogen
(NOy), and smoke at altitudes below 915 meters. The 1979 EPA standards
for class T4 were adopted as program goals. The gaseous pollution goals,
summarized in table IV-3, are expressed as integrated EPA parameters
(EPAP's) that represent a weighted average of emission index (g/kg fuel) at
the operating points of idle, approach, climb, and sea-level takeoff (SLTO)
over a specified landing/takeoff (LTO) cycle.

The emission indices (EI) listed in table IV-4 are one set of hypothetical
values that would meet the program EPAP goals. These values are consistent
with the program combustion efficiency goal of 99 percent and exhibit a trend
with engine power level that might be expected from a successful low-emissior
combustor concept. Due to the summation procedure involved in the deter-
mination of the EPAP, numerous other hypothetical EI values would also
satisfy the EPAP goals. Comparison with the baseline rig emission levels
measured from the JT8D-17 production combustor shown in table IV-4 indi-
cates the magnitude of reduction required. Except for the total unburned
hydrocarbons at high-power settings (SLTO and climb) and the smoke number,
substantial reductions in pollutant levels are required to meet the goals.

Inasmuch as smoke emissions have been reduced to below the visible
threshold on current commercial engines, this work focused primarily on
reductions of oxides of nitrogen, carbon monoxide, and total hydrocarbons.
These reductions in pollutant emissions were to be accomplished while meet-
ing requirements for altitude relight, durability, and other performance and
operational parameters.

The overall program was accomplished by means of the design, fabrica-
tion, experimental combustor rig testing, and assessment of results for a
series of three successively more advanced combustor concepts. The three
concepts evaluated under this program represent increasing potential for
achieving the program emissions goals but with attendant increases in com-
plexity, difficulty of development, and adaption to an operational engine.
Program element I consisted of minor modifications to the existing single-
stage JT8D combustor and fuel system. These modifications included
evaluation of airblast fuel nozzles, changes in the basic airflow distribution



of the JT8D combustor, and a carburetor tube premixing scheme. In all,
six configurations were evaluated. Program element II evaluated nine ad-
vanced versions of the Vorbix (vortex burning and mixing) combustor con-
cept. Vorbix combustors previously evaluated under the NASA/P&W Experi-
mental Clean Combustor Program and other P&W programs have exhibited
potential for significant emissions reductions. Relative to program ele-
ment I, element II hardware was more complex and more difficult to adapt
to an operational engine. Program element III evaluated a two-stage com-
bustor concept that employs prevaporized fuel as a means of controlling
flame stoichiometry for attaining minimum emissions levels. Emphasis
was placed on NO, reduction at high-power operating conditions. This pro-
gram element, while having the highest potential for meeting the program
goals, represented great difficulty in development and adaptation to the
JT8D engine.

Values are given in SI or U.S. Customary Units. The measurements and
calculations were made in U.S. Customary Units.

TEST RIG AND INSTRUMENTATION

A schematic of the JT8D combustor rig is presented in figure IV-3. This
rig simulates a 40° sector of the JT8D engine including compressor discharge,
diffuser struts, and air-cooled turbine entrance transition duct. In addition,
provisions were made for extracting outside-diameter (OD) and inside-
diameter (ID) bleeds in amounts representative of the turbine cooling air re-
quirements of the JT8D-17 engine. This allowed a more precise simulation
of the JT8D-17 engine operating conditions. Combustor exit gas samples
were withdrawn through a fixed sample port array mounted in an air-cooled
vane pack. The vane pack, shown in figure IV-4, comprises seven JT8D
first-stage turbine vanes. The five center vanes were each instrumented
with five sampling ports. The 25 sampling ports were connected to a com-
mon plenum in order to provide a representative gas sample. The sampling
ports were additionally used to measure average combustor exit total pres-
sure. The five center vanes were also instrumented with two thermocouples
each, located near the center of each vane, to concentrate measurements in
the expected areas of highest temperature.

61



62

Gas samples were analyzed by using equipment and techniques that,
with minor exceptions, conformed to the EPA requirements described in
reference 1. Smoke concentrations in the combustor exhaust were meas-
ured with a smoke meter that conformed to the specifications of the SAE
ARP 1179 (ref. 2). Details of the test facility and gas analysis instrumen-
tation are presented in references 3 and 4.

TEST CONDITIONS

The combustor rig test conditions selected for this program match the
actual JT8D-17 engine operating conditions specified by the EPA for the cal-
culation of EPAP's. These test conditions, listed in table IV-5, correspond
to idle, approach, climb, and SLTO. All testing was conducted with fuel that
conformed to the American Society for Testing and Materials (ASTM) Jet-A
specifications. Parametric variations of combustor fuel-air ratio were in-
vestigated for most of the combustor concepts at both the idle and SLTO
operating conditions. At intermediate- and high-power conditions, the pilot-
to-main fuel flow split was varied for most of the two-stage configurations,
while the total fuel was maintained constant. The resulting data permitted
identification of the optimum fuel distribution between the pilot and main
burning zones on the basis of competing NO,, combustion efficiency, and
smoke levels.

COMB USTOR CONFIGURATIONS TESTED
Element I Combustor Configurations

The objective of the element I program was to determine the magnitude
of emission reduction obtainable with minimal changes to existing combustion
section hardware. The fuel-air mixture in a conventional, direct-injection
combustor may be characterized as nonhomogeneous, with a wide spectrum
of local equivalence ratios. The key ingredients for emissions improvement
in such a combustor are improved control of the burning fuel-air mixture
equivalence ratio, through improved fuel-air mixture preparation, and




manipulation of the combustor primary- and secondary-zone air schedules.
Since element I was confined to single-stage concepts, a compromise be-
tween the competing requirements for control of idle and high-power emis-
sions was necessary. The modifications investigated include airblast fuel
nozzles, fuel-air carburetion, and changes to the primary-zone airflow
distribution. Table IV-6 lists the six configurations tested in element I.

Two airblast nozzles were chosen for investigation. Nozzle I is a scaled
version of a nozzle that had demonstrated some effectiveness in reducing
high-power smoke and low-power CO and THC emissions in an earlier engine
development program. The nozzle is a dual-orifice type comprising a
conventional pressure-atomizing primary surrounded by an annular airblast
secondary. The second airblast nozzle configuration was selected during
the test phase of this contract because of very favorable low-power emis-
sions produced during another engine development program. This nozzle,
shown in figure IV-5 with the lean front-end configuration (I-4), incorporates
a pressure-atomizing primary and an airblast secondary and is similar in
concept to airblast nozzle I. A significant design difference is that this noz-
zle tip features a dynamic air feed, whareas nozzle I relies on a static air
feed. The airflow distribution shown in figure IV-5 and later figures is based
on percentage of total combustor airflow. Liner cooling airflow is not indi-
cated in the figures.

The carburetor tube concept, shown in figure IV-6, was intended to pro-
vide additional improvement in fuel-air mixture preparation. The carburetor
tube design features three annular air streams for control of radial fuel dis-
tribution and primary-zone stoichiometry. The original configuration was
developed through testing at a high-pressure fuel spray facility. An air gap
and radial inflow swirler at the head of the carburetor tube were incorporated
to eliminate wall wetting of the premixing tube. Primary-zone mixing is
enhanced by a counterrotating secondary air swirler located at the carburetor
tube exit. Air from the diffuser exit is channeled directly to this flame
stabilizing swirler through an annulus concentric with the carburetor tube. A
suitable low-blockage pressure-atomizing nozzle was selected for this com-
bustor.

The element I configurations may be classified in terms of the primary-
zone airflow distribution as either ''lean'' or ''rich'' when compared with
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the baseline JT8D-17 production combustor. These terms imply deviation
from the baseline rather than an absolute value of average primary-zone
equivalence ratio. These concepts proceeded from prior experience where
high-power NOx was reduced by approximately 30 to 50 percent (ref. 5).
However, since the fuel and air typically were not well mixed, excessively
lean or rich mixtures, on a bulk basis, were required before the NOx re-
duction was achieved. This approach compromises other aspects of burner
operation. Lean front-end burners tend to have problems with lighting, lean
blowout, altitude relight, and low-power emissions. Rich front-end burners
tend to produce excessive smoke and carbon, while improving CO and THC
at idle. The approach taken in this program was to combine improved fuel
preparation, either by means of an airblast nozzle or carburetor tube, with
a less-extreme lean or rich air schedule change. A general emissions pre-
diction model (ref. 6) was utilized to analytically select specific air distri-
bution arrangements for fabrication and testing.

Element II - Advanced Vorbix Combustor Concept

The second program element consisted of testing nine configurations of
the two-stage advanced Vorbix combustor concept. The configurations are
summarized in table IV-7. A schematic and photograph representative of
combustor configurations II-2 to II-9 are shown in figure IV-7. Features of
the Vorbix concept are an appropriately sized swirl-stabilized pilot zone, a
reduced-height throat section axially separating the pilot and main burning
zones, and an array of swirlers for the introduction of main-zone combustion
air. Main-combustion-zone fuel is introduced at the throat location. In the
present can-annular form, six cold-to-hot gas interfaces created by the hot
pilot gas and the air inflow from the six air injection swirlers are arranged
circumferentially about the burner centerline. The relatively large amount
of air introduced through the main swirlers, coupled with an increased mix-
ing rate at the hot-to-cold gas interface, acts to minimize residence time in
the high-temperature reaction zone.

The element II Vorbix combustor concept differs significantly from pre-
vious Vorbix designs in the manner in which the main fuel is supplied and in-
jected into the burning zone. In the present design, main fuel is mixed with



air at the front of the combustor, swirled about the exterior of the pilot
through two carburetor tubes, and then injected into the hot pilot gas at the
throat section through a circumferential array of holes. The objective of
the element II test program was to optimize the Vorbix concept by experi-
mentally evaluating those design parameters thought to be of importance.
With reference to table IV-7, major design parameters investigated were
throat velocity, location and flow rate of main-zone swirlers, and amount
and distribution of dilution air.

Element III - Prevaporizing-Premixing Combustor Concept

The objective of element III was to design and test a concept that had
the highest probability of meeting the program goals, with particular em-
phasis on NOX. It was considered permissible to require high complexity
and difficulty of application to an operational engine. Previous research
work (ref. 7, e.g.) has indicated that the requisite approach for ultimate
NO, reduction at high power is to burn a highly homogeneous fuel-air mix-
ture at a lean equivalence ratio. However, previous attempts to provide
premixed lean combustion in practical hardware by direct injection of liquid
fuel into a premixing passage directly upstream of the burning zone have not
successfully achieved a homogeneous vapor-phase mixture condition. This
is due to physical limitations on vaporization and mixing rates, constrained
by an upper limit on premixing passage residence time imposed by auto-
ignition considerations.

The two-stage concept selected for element III is shown in figure IV-8.
This concept represents an attempt to improve fuel-air homogeneity in the
main burning zone by vaporizing the fuel prior to its injection into the pre-
mixing passages, thereby eliminating fuel vaporization as a rate-limiting
step. The approach taken was to regeneratively heat the fuel while it is
maintained above the critical pressure of approximately 22 atm. The hot
liquid fuel is allowed to flash vaporize upon injection into the premixing pas-
sages. The premixing tubes were sized to allow maximum residence time
for mixing within the constraints of autoignition (ref. 8).

Regenerative heating of the fuel eliminated the need for an auxiliary
energy source and presented the possibility of further NO, reduction by pilot
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heat extraction. The regenerative heat exchanger was sized to provide fuel
temperatures from 590 to 700 K at SLTO operation with the pilot burning at
an equivalence ratio of 0. 75.

The five configurations tested in element III are presented in table IV-8.
Testing of configurations ITI-1 and III-2 was limited to idle operation due to
durability problems encountered with a premixing type of pilot-zone design.
To expedite the program, a pilot design derived from the element II Vorbix
concept was adopted for configurations III-3 to III-5. For the fixed-geometry
element III concept, a low main-zone equivalence ratio at approach and other
low-power operating points will tend to produce unstable operation and poor
combustion efficiency. Configurations III-4 and III-5, therefore, evaluated
the effect of staging only three of the six main fuel injectors. An alternative
approach to improving part-power operation in a fully premixed combustor
system would be to incorporate a variable-geometry premixing tube air-
metering area. However, variable geometry was not investigated in this
program.

DATA CALCULATION PROCEDURE

The raw emissions data generated at each test condition were transmitted
directly to an on-line computer for processing. The voltage response of the
gaseous constituent analyzers was first converted to an emission concentra-
tion based on the calibration curves of each instrument and then used to cal-
culate emission indices, carbon balance fuel-air ratios, and combustion
efficiency. The equations used for these calculations were equivalent to these
specified in SAE ARP 1256 (ref. 9).

Adjustment Procedure

While every effort was made to set exact design conditions for the test
runs, it was rarely possible to set test conditions to precisely match the de-
sign point fuel-air ratio. Therefore, the data have been corrected to design
condition by interpolation, using plots of emission concentration as a function
of metered fuel-air ratio. The data for NO, have been corrected for humidity



at all operating conditions by means of the exponential humidity term in the
following equation. Where correction of the NOx data to design point condi-
tions was not possible by interpolation, extrapolation was accomplished by
using the additional terms in the following equation (ref. 10). These cor-
rections were small, generally not exceeding 5 percent.

05
18. 8(H -H ) P
= meas corr t4, corr
NOL Elyopy = (NOL B opg) [e } B
t4, meas
& Vref, meas Tt5, corr e(Tt4’ corr'Tt4, meas)/288 &

Vref, corr Tt5, meas

NOx EI emission index of oxides of nitrogen
Pt 4 inlet total pressure, atm

Tiy inlet total temperature, K

Vot reference velocity, m/sec
H inlet specific humidity, g HZO/g air
Tt5 combustor exit temperature, K

corr relates to value at corrected condition

meas relates to value at measured condition

EPA Parameter Calculation

The EPA emissions standards for aircraft engines are expressed in
terms of an integrated EPA parameter (EPAP). This parameter combines
emissions rates at specified engine idle, approach, climb, and takeoff oper-
ating modes, integrated over a specified landing/takeoff cycle (ref. 1). The
equation for this calculation is
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(Ibm pollutant/1000 Ibf thrust-hr/LTO cycle)

(2)

where
EI emission index, lbm pollutant/1000-Ibm fuel
time at engine mode, min

net thrust, 1b

),jrﬂ-
sz

g fuel flow rate, Iom/hr

e

emission category (CO, THC, NOx)
j = engine mode (idle, approach, climb, SLTO)

Substituting JT8D-17 engine performance parameters into equation (2) yields

EPAPi = 0.3366 EIi idle T 0. 1256 EI.

i, approach + 0. 1969 EI.

dle i, climb

+0.0777 EIi, SLTO

RESULTS AND DISCUSSION
Element I Results

The emission test results for the element I configurations are presented
in table IV-9, with goal and baseline values included for comparison. The
EPAP values indicate that the air-blast nozzle configurations are capable of
significantly reducing CO and THC, with slight reductions in NOx. Only the
THC value met the program goal, with the best CO level slightly above the
goal. The NOX level remained well above the goal for the airblast nozzle



configurations. The exhaust smoke level was slightly over the goal for the
best configurations. The carburetor tube configurations, designed to reduce
high-power NOx levels by achieving lean fuel-air burning through improved
fuel preparation, reduced the NOX EPAP 30 percent below the baseline. The
CO and THC EPAP's are quite high for the carburetor tube scheme due to
high CO and THC levels at low-power operation. Very low values of smoke
number were measured, as is consistent with lean, well-mixed operation at
high power.

The graphical presentation of the element I results, shown in figure IV-9,
indicates that the better element I configurations bear a common relation-
ship to the peak primary-zone equivalence ratio calculated from the analyt-
ical model (ref. 6). This peak equivalence ratio occurs in the immediate
vicinity of the fuel nozzle and is affected by the inflow of air around the noz-
zle and subsequent fuel droplet evaporation. The air-blast nozzle configura-
tions were optimized for good low-power emission characteristics, while the
carburetor tube was optimized for good high-power emissions and smoke
characteristics. Figure IV-9 illustrates a basic shortcoming of single-stage
combustor designs. The inlet condition or combustor design changes that
minimize NOX formation tend to increase the CO and THC levels, and con-
versely, CO and THC at idle decline sharply as primary-zone equivalence
ratio is increased. The NOX and smoke at high power exhibit inverse
characteristics. These data suggest that there is limited potential for over-
all emissions control with a single-stage combustor and that a two-stage
combustor or other advanced concept is necessary for simultaneous control
of low- and high-power emissions. The lower slope of the NOx trend and
the leveling off at lean equivalence ratio are indicative of the difficulty in
creating a uniform fuel-air mixture with direct liquid fuel injection.

Element II Results

The emission test results for the nine element II configurations are
presented in table IV-10. These results indicate that the advanced Vorbix
combustor concept is capable of substantial reductions in all three gaseous
emissions. The CO and NOX levels were reduced to approximately 50 per-
cent of the baseline values but were still above the EPAP goals. The THC

69




level was reduced to below the EPA standard. A review of the smoke num-
bers presented in table IV-9 reveals that only one configuration achieved the
goal of 25. However, the final configurations should meet the goal with
modest additional development.

Since the Vorbix combustor concept employs two burning zones, the re-
sults presented in table IV-10 correspond to specific values of pilot-to-main
fuel split at each of the simulated engine power settings. The pilot-to-main
fuel distribution was a primary test variable, and data were selected for in-
clusion in the EPAP calculation on the basis of best simultaneous control of
all three gaseous emissions. Both burning zones were fueled at the climb
and SLTO operating conditions, while only the pilot zone was fueled at the
idle and approach power settings. Figure IV-10 summarized the effects of
varying pilot-to-main fuel split at the approach, climb, and SLTO conditions
for configuration II-9. At approach, all three emission indices decreased
when all of the fuel was introduced through the pilot nozzle. At climb and
SLTO, increasing the percentage of pilot fuel sharply reduced THC and CO
emissions while increasing NOX at a lower rate.

Figure IV-11 illustrates the strong effect of throat velocity on emissions
levels for three configurations (II-4, 5, and 6), where this parameter was
varied by throat diameter change only. An examination of the figure reveals
that THC and CO emission indices are reduced significantly at both idle and
SLTO as throat velocity is decreased. The NOX emission index at SLTO in-
creased at a much lower rate with reduction in throat velocity. This was one
of the most significant results of the element II testing, in that this geometric
change was able to provide a substantial reduction in CO and THC emission
levels with minimal NOx penalty.

Element III Results

The emission test results for the element Il configurations are presented
in table IV-11. As in the case of the element II combustors, data are pre-
sented at specific values of pilot-to-main fuel split on the basis of the best
simultaneous reduction of CO, THC, and NO,. Table IV-11 indicates that
reductions of approximately 50 percent in NOx and 10 percent in CO were




obtained relative to the baseline, while the THC goal was met. Smoke was
virtually eliminated in all configurations.

The values of EPAP quoted for configuration III-3 correspond to oper-
ation of only the pilot zone at approach. Attempts to ignite the main zone at
the approach power point with fuel supplied to all six premixing tubes were
unsuccessful. The number of active main-zone fuel injectors was reduced
from six to three for configurations III-4 and III-5. The purpose of this
modification was to increase premixing-tube equivalence ratio to a level
where efficient operation of the main zone at the approach condition was
possible. Data from configurations III-4 and III-5 have been combined to
calculate EPAP's for operation of the combustor with three main-zone pre-
mixing tubes fueled at the approach, climb, and takeoff power points. The
increase in the EPAP above the goal level is attributable to the increase in
the THC emission index at the approach power point. Data from configura-
tions III-3 and III-4 were combined to calculate a third set of EPAP's for the
element III combustor corresponding to operation of the main zone with three
injectors at approach and six at climb and SLTO. As shown in table IV-11,
this mode of operation resulted in the best NO, EPAP, at some sacrifice in
both CO and THC.

To maintain heat exchanger fuel temperatures at desired levels, it was
necessary to bypass some of the heat exchanger fuel flow at most operating
conditions. A portion of the heat generated in the pilot zone was therefore
removed. To evaluate this effect on combustor performance, test points
were taken at various heat exchanger fuel flows while combustor inlet con-
ditions and fuel-air ratio were held constant. Heat removal had negligible
effect on emissions at both the idle and SLTO power points. On this basis,
no attempt was made to correct emissions data for heat removal by the
bypassed fuel flow. Attempts to evaluate the main-zone performance at
various degrees of fuel preheating were unsuccessful due to the inability to
reduce fuel temperature low enough to overcome the heat supplied by the
inlet air within the premixing tubes. No significant effect on high-power
emissions was observed for the range of main-zone fuel temperature in-
vestigated.
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SUMMARY OF EMISSIONS RESULTS

The emission indices for NOX, CO, and THC are shown in figures IV-12
to IV-14, respectively. These emission indices correspond to simulated sea-
level static engine operation. Comparison is also made to the baseline and
the set of hypothetical emission index goals. A summary of the EPAP's and
maximum smoke numbers for the best configurations within each program
element is presented in table IV-12.

An examination of the NOx EPAP values reveals that each concept re-
duced NO, relative to the JT8D baseline, but that none achieved the goal. As
shown in figure IV-12, both two-stage burners, representing elements II and
III, produced significant high-power NO, reductions but fell short of the de-
sired goal. The element III concept demonstrated slightly greater NOx re-
duction at high power, attributable to the prevaporizing feature of the main
zone. The element II concept, however, had the lower NOx EPAP due to the
emphasis placed on the idle and approach emission indices in the EPAP cal-
culations. The element I configuration produced slightly better high-power
NOx levels than the baseline due to improved fuel preparation. However, the
single-stage designs have limited potential for further significant NOx re-
duction.

The lowest CO and THC emissions were attained by the element I con-
figuration with airblast nozzle II. In particular, configuration I-2 produced
EPAP's lower than the THC goal and very close to the CO goal. However,
the single-stage carburetor tube concept (I-6), which incorporates a lean
front end for NOx control at high power, illustrates how readily idle CO and
THC can be compromised for relatively modest additional NOx reduction.
The representative configurations from elements II and III also produced THC
EPAP's below goal level and reduced CO EPAP's relative to the baseline.
Both of these reductions are the results of improved pilot performance attrib-
utable to the improved fuel preparation and distribution techniques developed
during the single-stage combustor tests of element I. As illustrated in fig-
ures IV-13 and IV-14, the two-stage concepts for NOX control resulted in
higher CO and THC levels at climb and SLTO when compared with the base-
line and element I configurations. Because of this characteristic, the CO
and THC EPAP's for the two-stage concepts do not achieve the levels of the
best single-stage concepts.




The ultimate emissions reduction potential of the two-stage combustor
concepts is affected by operational problems encountered at intermediate-
power operation. For example, the element II configurations exhibited lower
combustion efficiency (and hence higher levels of CO and THC) when the main
burning zone was fueled at the approach power point. Since pilot-only oper-
ation at approach is accompanied by an increase in NOX emission index, a
decision which favors either the NOX or the CO and THC EPAP values must
be made. A similar NO, - CO, THC trade-off versus pilot-to-main fuel split
was encountered at the higher power operating points. Thus, depending on
the particular regulation format being addressed, the absolute CO, THC, and
NOX emission levels for a given level of technology are open to manipulation.

CONCLUDING REMARKS

The results of the Pollution Reduction Technology Program for can-
annular combustors would suggest that the emissions reduction potential of
a combustor concept is inversely proportional to the deviation from current
engine design practice and difficulty of development. Minor modifications to
the existing JT8D-17 combustor design were capable of significant reduction
in low-power emissions of CO and THC, approaching the 1979 EPA standards
for these emissions. The element I single-stage concepts that achieved
these low-power emission reductions are also attractive when considering
development time and cost. Attaining simultaneous control of CO and THC
as well as NOX emissions will require more advanced two-stage concepts
with an attendant increase in complexity. The advanced Vorbix concept
evaluated in program element II achieved both high- and low-power emissions
reductions. NOx emission reductions of approximately 50 percent were
demonstrated at SLTO power. The CO and THC emissions at idle exceeded
the levels obtained with the element I concept; however, they were still well
below the baseline JT8D-17 values. The prevaporizing-premixing concept,
evaluated in program element III, fell short of the NOX reduction potential of
a fully premixing system. This result may demonstrate that simply injecting
vaporized fuel into a swirling air stream and allowing it to mix for a prede-
termined time does not ensure a completely homogeneous mixture. Since
even localized regions burning at higher equivalence ratio can produce signif-
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icant increases in NO_ level, it is evident that future development must con-
centrate on achieving absolutely uniform fuel-air mixture preparation if the
full potential of the concept is to be realized.
Emissions reduction potential has been emphasized in this combustor

rig assessment program, and relative ranking of the concepts has been done
on this basis. Combustor performance and durability characteristics were
ueasured in conjunction with the emissions tests in order to better estimate
the practicality of the individual configurations. A number of deficient areas,
such as altitude relight capability, were observed, but no performance de-
velopment was attempted. Particular performance deficiencies and an
assessment of the engine applicability of each combustor concept are treated
at some length in reference 4. Ti.e pollutant emission reduction reported in
this paper should be considered as a technology base only and should not be
considered representative of fully developed, engine-worthy hardware. De-
velopment of satisfactory performance characteristics and durability will
tend to degrade the demonstrated emissions reductions. In addition to a mar-
gin for development, it is likely that engine-to-engine variations and compo-
nent degradation will also increase the emission levels continuously produced
by a large fleet of in-service engines.

REFERENCES

1. Environmental Protection Agency. Control of Air Pollution from Aircraft
and Aircraft Engines; Emissions Standards and Test Procedures for
Aircraft. Fed. Regist., vol. 38, no. 136, pt. II, July 17, 1973, p. 19076.

2. Aircraft Gas Turbine Engine Exhaust Smoke Measurement. SAE Aero-
space Recommended Practice 1179, 1970.

3. Roberts, R.; Peduzzi, A.; and Vitti, G. E.: Experimental Clean Com-
bustor Program, Phase I, Final Report. (PWA-5153, Pratt & Whitney
Aircraft; NAS 3-16829.) NASA CR-134736, 1975.

4. Roberts, R.; Fiorentino, A. J.; and Greene, W.: Pollution Technology
Program, Can-Annular Combustor Engines. (PWA-5394, Prait &
Whitney Aircraft; NAS 3-18548.) NASA CR-135027, 1976.



10.

Breton, R. A.; Koblish, T. R.; and Marshall, R. L.: Design and Test
Limitations on Reducing NOx in Gas Turbine Combustors. SAE Paper
740182, Mar. 1974.

Mador, R. J.; and Roberts, R.: A Pollutant Emissions Prediction Model
for Gas Turbine Combustors. ATAA Paper T4-1113, Oct. 1974.

. Anderson, D.: Effects of Equivalence Ratio and Dwell Time on Exhaust

Emissions from an Experimental Premixing Prevaporizing Burner.
ASME Paper 75-GT-69, Mar. 1975.

Spadaccini, L. J.: Autoignition Characteristics of Hydrocarbon Fuels
at Elevated Temperatures and Pressures. ASME Paper 76-GT-3,
Mar. 1976.

Procedure for the Continuous Sampling and Measurement of Gaseous
Emissions from Aircraft Turbine Engines. SAE Aerospace Recom-
mended Practice 1256, 1971.

Niedzwiecki, Richard W.; and Jones, Robert E.: Parametric Test Re-
sults of a Swirl-Can Combustor. NASA TM X-68247, 1973.

5




KEY SPECIFICATIONS OF JT8D-17 ENGINE

Weight (kg)
Length (m)
Maximum Diameter , cold (m)
Pressure Ratio
Airflow Rate (kg/s)
Maximum Sea-Level Static Thrust (kN)
Cruise Performance
Mach Number
Altitude (m)
| Thrust (kN)
‘ Specific Fuel Consumption (kg/Ns)

1510.5
3.045
1.080
16.9
148.3
(12

0.8

9140

18.9

2273 X 10-3

Table IV-1.

KEY OPERATING PARAMETERS OF JT8D COMBUSTOR

Compressor Exit Axial Mach Number
Compressor Discharge Temperature (K)
Combustor Temperature Rise (K)

Average Combustor Exit Temperature (K)
Combustor Section Pressure Loss (%)
Combustor Exit Temperature Pattern Factor
Burner Length (cm)

0.42
714
633
1348
8.2
0.39
454

Table 1V-2.
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PROGRAM EMISSIONS GOALS

Pollutant

(Ibm pollutant/1000 1bf
‘thrust-hr/LTO cycle)

EPAP

Carbon Monoxide
Total Hydrocarbons
Oxides of Nitrogen*
Smoke

4.3
0.8
3.0

Maximum SAE
Smoke Number

of 25

*Nitrogen Dioxide equivalent of all the Oxides of Nitrogen.

Table IV-3.

EMISSION INDEX GOALS AT JT8D-17
POWER LEVELS COMPARED TO BASELINE

o (el I The (=== |riog i) | SAB
kg fuel kg fuel kg fuel Smoke No.
Rig Rig Rig* Rig

Mode Goal |Baseline |Goal | Baseline |Goal | Baseline | Goal | Baseline
Idle 12.2 445 |2.1 12.87°13.2 3.7

Approach 1.1 7.5 10.40 0.67 {4.2 8.5

(30% SLTO)

Climb 0.20 0.89 10.13 0.04 |5.1 20.0

(85% SLTO)

SLTO 0.16 0.55]0.11 0.03 5.2 244

EPAP 43 16.1 {0.8 44 13.0 8.2 <25 25-30

*Specific humidity = 6.3 grams of water per kilogram of dry air.

Table IV-4,

1



SINGLE -SEGMENT -RIG OPERATING CONDITIONS
FOR EMISSIONS TESTING

78

*Primary zone combustion airflow relative to baseline.

Table IV-6.

JT8D-17 Total Inlet Total Inlet Combustor Total | Combustor Fuel | Fuel-Air
Mode Pressure (atm) | Temperature (K) | Airflow (kg/sec) Flow (kg/sec) Ratio
Idle (w/o Custo- 2.87 412 1.58 0.0158 0.0100

mer Bleed)
Approach 6.83 535 3.43 0.0384 0.0112
30% Power
Climb 15.08 678 6.67 0.1094 0.0164
85% Power
SLTO 17.40 714 7.46 0.1357 0.0182
100% Power
Table IV-5.
ELEMENT I CONFIGURATION
Primary Bulk*
Configuration Fuel Injector Air Schedule
Classification

I-1 Airblast Nozzle I Baseline

1-2 Airblast Nozzle II Rich

I3 Airblast Nozzle II Rich

I-4 Airblast Nozzle 11 Lean

I-5 Carburetor I with Pressure Lean

Atomizing Nozzle
I-6 Carburetor II with Pressure Lean
Atomizing Nozzle




ELEMENT IT CONFIGURATIONS

Main Number of Main Main Zone
I Fuel Main Throat | Main Main Fuel | Pilot Swirler | Dilution Airflow
Config- | Pilot |Injector | Fuel Dia. Swirler Injector Airflow Airflow % W,
uration | Hood | Type Deflector (cm) Location Feed Holes | % wab % Wab Row 1 | Row 2
1I-1 No a Yes 6.6 Louver 5 24 23.1 38 10.5 -
-2 Yes b Yes 6.6 Louver 5 24 26.4 27 21.5 -
11-3 Yes b No 5.8 Louver 5 6 243 25 21.5 -
11-4 Yes b No 5.8 Louver 5 6 243 15 28 4
1-5 Yes b No 7.1 Louver 5 6 243 15 28 4
11-6 Yes b No Tl Louver 7 6 243 15 28 4
11-7 Yes b No 8.1 Louver 7 6 243 15 28 4
11-8 Yes b No 8.1 Louver 7 6 27:1 15 28 -
11-9 Yes b No 8.1 Louver 7 6° 24.9 15 30 -
Main Fuel Injector Type: a = Pressure/Atomizing Nozzles
b = Low Pressure Drop, Low Blockage Air/Atomizing Injection
¢ = Main fuel injector airflow increased 26%
Table IV-7.
Main
Pilot Main Premix Dilution Main Premix Number of
Config- Airflow Tube Airflow Airflow Tube Equi- Main Zone
uration % Waty % Wap % Wap valence Ratio* Fuel Injectors
II-1 11 38 20 0.56 6
II1-2 17 38 10 0.56 6
I11-3 16 33 10 0.64 6
114 16 33 10 1.28 3
III-5%* 16 33 10 1.28 3

*Based on a 20% Pilot/80% Main Zone Fuel Split
**Heated Pilot Fuel

Table TV-8.
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ELEMENT I EPAP AND SMOKE NUMBER SUMMARY

EPAP Maximum
(Ibm/Ibf thrust-hr/LTO cycle) SAE Smoke

Configuration NO, CO THC Number
Goal 3.0 43 0.8 25
JT8D-17 Baseline 8.2 16.1 4.4 25-30
Airblast Nozzle

I-1 - ~ - 25

I-2 7.42 5.05 0.05 28

I-3 7.86 4.77 0.77 49

I-4 7.54 6.91 1.46 12
Carburetor Tube

I-5 — - — 1

1-6 5.78 51.98 22:55 2

Table TV-9.

ELEMENT IT EPAP AND SMOKE NUMBER SUMMARY

EPAP Maximum

(Ibm/Ibf thrust-hr/LTO cycle) SAE Smoke
Configuration NOy CO THC Number
Goal 3.0 4.3 0.8 25
JT8D-17 Baseline 8.2 16.1 4.4 25-30
1I-1 — — = =
1I-2 - — — —
1I-3 4.52 22.75 0.76 38
114 4.65 20.60 0.60 31
1I-5 461 12.30 0.29 31
11-6 4.59 10.45 0.14 18
11-7 4.75 8.71 0.17 30
11-8 4.49 10.84 0.28 26
119 4.39 8.93 0.18 27

Table TV-10.



ELEMENT IIT EPAP AND SMOKE NUMBER SUMMARY

[
|
‘ EPAP Maximum
| Configuration | (Ibm/Ibf thrust-hr/LTO cycle) SAE Smoke
NO, | CO THC Number Comments

|
\ Goal 3.0 43 0.8 25

JT8D-17 8.2 16.1 4.4 25-30

baseline
T I1-3 4.6 14.32 0.42 2 6 main zone injectors fuels at
i climb & SLTO. All pilot approach.
|
| 111-4 & 5* 5.1 14.5 125 2 3 main zone injectors fueled at
| approach, climb and SLTO.
\‘ -3 & 4 42 | 17.0 157, 2 3 main zone injectors fueled at
i approach and 6 at climb and
[ SLTO.

! *Climb and SLTO emission indices from configuration I11-5.

Table IV-11.

EPAP COMPARISON

EPAP Maximum
| (Ibm/Ibf thrust-hr/LTO cycle) SAE Smoke
| Configuration NO, CcO THC Number
‘ Goal 3.0 43 0.8 25

JT8D-17 Baseline 8.2 16.1 4.4 25-30
Airblast Nozzle 1-2 7.42 5.05 0.05 28
} Carburetor Tube I-6 5.78 51.98 | 22.55 2
Advanced Vorbix I1-9 4.38 8.93 0.18 27
1 Prevaporized, Premixed III-3 4.56 14.30 0.43 2
|
Table IV-12.
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CROSS-SECTIONAL SCHEMATIC OF JT8D-17 ENGINE

Figure IV-1.

CROSS-SECTIONAL SCHEMATIC OF BASELINE JT8D-17 COMBUSTOR

Turbine inlet guide vane

Transition duct
Mount lug Igniter

Fuel nozzle

\
Compressor
exit

Figure IV-2.



CROSS-SECTIONAL SCHEMATIC OF JT8D COMBUSTOR RIG
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Figure IV-3,
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ELEMENT I AIRBLAST NOZZLE CONFIGURATION I-4

Airblast
nozzle

Swirl cup /L

Lean primary zone with airblast nozzle Il

Nozzle Il
Figure IV-5.

ELEMENT I CARBURETOR TUBE CONFIGURATION I-5
11.4%

12.3% 17.6%

Premixing tube

Air injet to exit swirler

Nozzle and inlet swirler

Figure IV-6.




ELEMENT IT VORBIX COMBUSTOR

MAIN FUEL
IGNITER DEFLECTOR MAIN SWIRLERS

AIRBLAST PILOT
NOZZLE

MEDIUM VELOCITY
THROAT 10.5%

2.85% 2.85%

CARBURETOR TUBES (2)

Figure IV-7.



ELEMENT III PREVAPORIZING - PREMIXING COMBUSTOR

FUEL INLET
FUEL EXIT L gy
LR FROM COIL
PILOT FUEL i
NOZZLE
2.43%
10%
4.39% (00.0.90000600.0.0F
449% < Do MAIN FUEL =
INIECTORS (6) 7 0
HEAT EXCHANGER COIL UL MAIN FUEL PREMIXING TUBES (6)

Figure IV-8.
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ELEMENT I EMISSIONS AND SMOKE NUMBER AS FUNCTION

OF PEAK EQUIVALENCE RATIO AT IDLE

1715~ Carbon monoxide
at idle
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ELEMENT II EMISSIONS LEVELS AS FUNCTION
OF VARIATION IN THROAT VELOCITY

@ Carbon monoxide
@ Total unburned hydrocarbons
A Oxides of nitrogen
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Figure IV-11.

SUMMARY OF NO, EMISSION RESULTS AT SIMULATED ENGINE OPERATION
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Figure IV-12.



SUMMARY OF CO EMISSION RESULTS AT SIMULATED ENGINE OPERATION
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Figure IV-13.

SUMMARY OF THC EMISSION RESULTS AT SIMULATED ENGINE OPERATION
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V. NASA/PRATT & WHITNEY EXPERIMENTAL CLEAN
COMBUSTOR PROGRAM - ENGINE TEST RESULTS

R. Roberts, A. J. Fiorentino, and W. Greene

Pratt & Whitney Aircraft Group
United Technologies Corporation

A two-stage Vorbix (vortex burning and mixing) combustor and associated
fuel system components were successfully tested in an experimental JT9D
engine at steady-state and transient operating conditions, using ASTM Jet-A
fuel. Full-scale JT9D experimental engine tests were conducted in phase III
of the NASA/Pratt & Whitney Aircraft Experimental Clean Combustor Program
(ECCP). The low-pollution combustor, fuel system, and fuel control concepts
were derived from earlier phase I and phase II programs in which several
combustor concepts were evaluated, refined, and optimized in a component
test rig.

Concern with air quality in the vicinity of airports has led to the
issuance of emission standards by the Environmental Protection Agency
(EPA) for aircraft engines manufactured after January 1979 (ref. 1). These
standards establish limits for the emission of carbon monoxide (CO), total
unburned hydrocarbons (THC), oxides of nitrogen (NOX), and smoke at alti-
tudes under 914 meters (3000 ft). Recently introduced gas turbine engines,
such as the JT9D family, already meet the requirement for producing no
visible smoke. However, compliance with the standards for the gaseous
pollutants will require substantial improvements relative to current engine
emission levels.

The rudiments of pollution control are understood; however, when in-
corporating pollution reduction features, aircraft combustors must also
accommodate a diversified range of factors that greatly add to the develop-
ment complexity of a practical low-emissions combustor system. Physical
constraints on fuel vaporization, turbulent mixing rate, dilution air addition,
and residence time impose absolute limits on the combustion process. Per-
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formance requirements for uniform exit temperature distribution, combustion
stability, relight capability, durability, and operational safety must also be
considered. Furthermore, it is desirable to maintain component weight,
costs, and mechanical complexity at a minimum.

Specific combustor-engine designs had not demonstrated the required
pollutant reductions without compromising other performance parameters,
indicating the need for additional technology. In response to this need, the
National Aeronautics and Space Administration (NASA) initiated the Experi-
mental Clean Combustor Program in December 1972, to be conducted in
three phases culminating in testing of the single most promising com-
bustor concept in a full-scale JT9D engine.

The Experimental Clean Combustor Program was begun in December
1972 and completed in November 1976. This major program was directed
toward two primary objectives:

(1) The generation of combustor system technology required to develop
advanced commercial aircraft engines with lower exhaust pollutant
emissions than those of current technology engines

(2) The achievement of significant pollutant emission reductions
and acceptable performance in a full-scale engine in 1976

The program was aimed at generating technology primarily applicable to
conventional takeoff and landing (CTOL) type aircraft engines with high cycle
pressure ratios in the range of 20 to 35. While the technology generated
should be applicable to all advanced engines in the large-thrust category,
design and development efforts were directed toward the Pratt & Whitney
JTI9D-T engine model. The technology will also provide the foundation for
developing further refinements and for identifying other avenues for continued
exploration and experimental research. The program was divided into three
phases as shown in the program schedule (fig. V-1).

Phase I consisted of screening combustor design approaches to identify
the most promising concepts for refinement during phase II. Three advanced
combustor concepts (swirl can, staged premix, and swirl vorbix) were tested
in a 90°-sector component rig at simulated engine idle and sea-level-takeoff
conditions. The results of phase I are discussed in detail in references 2
and 3.

The phase II program involved refinement and optimization of the most
promising concepts identifed in phase I. The concepts selected for phase II




were the Vorbix combustor and a hybrid combustor created by merging the
pilot zone of the staged premix combustor with a main burning zone derived
from the swirl-can combustor. After initial testing, the program was re-
duced to the Vorbix combustor concept and the remaining test effort was
devoted to developing performance characteristics in preparation for the
phase III engine tests. A fuel control design study was also conducted

to establish fuel management requirements for two-stage combustors.
Results of the phase II program are presented in references 4 to 6.

The phase III program, just completed, consisted of a detailed evaluation
of the most promising phase II combustor concept in a JTI9D engine. The
objective was to achieve significant pollution reductions with an advanced
combustor that meets the performance, operating, and installation require-
ments of the engine. The test program included steady-state pollution and
performance evaluations, as well as transient acceleration and deceleration
engine operation. The results of the phase III work are summarized in this
paper and will be discussed in detail in reports to be published in the near
future.

Values are given in SI or U.S. Customary Units. The measurements
and calculations were made in U.S. Customary Units.

PROGRAM GOALS

Program goals were defined for both pollutant emissions and combustor
aero-thermodynamic performance. The goals for gaseous pollutants and
smoke represent the primary program focus. The performance goals were
set to ensure that the reductions in pollutant emissions are not achieved at
the expense of performance. All goals are predicated on the use of
commerical-grade Jet A aviation turbine fuel.

Pollution Goals
The gaseous pollutant emission goals are summarized in table V-1.

The goals are expressed as integrated EPA parameter (EPAP) values. The
EPA parameter (ref. 1) is a thrust-normalized measure of the total mass of
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pollutant emitted in a prescribed landing/takeoff (L TO) cycle. In general,
because of the characteristics of aircraft engines and their operational
relationships to the LTO cycle, effective emissions control must be pri-
marily directed toward reducing CO and THC at low power and NOx at high
power. As shown by comparing the goals with the current production JT9D-TA
engine emissions, attaining these goals involves significant pollutant reduc-
tions, by factors of 2.2 to 6 on the EPAP basis. The exhaust smoke goal is
expressed as a maximum SAE smoke number that approximates the threshold
of visibility for engines in the JT9D thrust class. The maximum value
typically occurs at the sea-level-takeoff power setting. The current JT9D
engine family meets this requirement with margin.

Performance Goals

The key combustor performance goals are presented in table V-2. The
goals do not represent an appreciable departure from current JTID-7
operating levels, with the exception of the pattern factor and the combustion
efficiency at idle engine conditions. Implicit in the goal for exit temperature
pattern factor is the achievement of an average radial temperature profile at
the combustor exit that is substantially equivalent to that produced by the
current production JTID-7 combustor. The goal for combustion efficiency
of 99 percent or better at all operating conditions ensures that the reduction
in NOX emissions is not achieved at the cost of engine efficiency.

An additional performance goal is the requirement that the combustor
mechanical durability be consistent with long-term engine operation, equiva-
lent to the current JT9D-T7 combustor. This goal encompasses structural
integrity, liner coolant air level, liner pressure drop, fuel-system metal
temperature, etc.

REFERENCE ENGINE AND COMBUSTOR

The JTID-TA engine was selected as a reference for the Experimental
Clean Combustor Program. This model is one of the current versions of the
JT9D engine, which has acquired widespread acceptance as the powerplant



for Boeing 747 and Douglas DC-10 wide-bodied aircraft. The JT9D-TA engine
is an advanced high-bypass-ratio, dual-spool, axial-flow turbofan engine.

The mechanical configuration is shown in figure V-2. The low-pressure
spool consists of a single-stage fan and a three-stage low-pressure com-
pressor driven by a four-stage low-pressure turbine. The high-pressure
spool consists of an 11-stage high-pressure compressor driven by a two-
stage high-pressure turbine.

The mechanical design of the JTID-TA reference diffuser-combustor is
shown in figure V-3. The combustor is of an annular configuration and in-
corporates a number of advanced features. The combustor consists of two
assemblies: the outer liner and head plate, and the inner liner. The outer
liner is positioned by 10-radial pins extending inward from the diffuser case
to mount lugs integral with the combustor head. The inner liner is supported
at the rear as part of the assembly containing the turbine inlet guide vanes.
Slip joints are provided at the junction of the inner liner and head plate and
at the aft end of the outer liner to allow for thermal expansion.

The primary diffuser incorporates an inner ramp and an outer trip
followed by a dump section. A burner hood is used to provide a positive
pressure feed to the combustor front end. The hood is indented locally in
10 places downstream of each diffuser case strut. A film-cooled louver con-
struction is used for the combustor liners. Fuel is introduced through 20
duplex pressure-atomizing nozzles equally spaced around the engine circum-
ference at the diffuser exit. The nozzle portions of the fuel injectors are
enclosed in 20 conical swirler modules, which provide primary-zone flame
stabilization.

The overall length of the diffuser combustor section (between the trailing
edge of the compressor exit guide vanes and the leading edge of the first
turbine inlet guide vane) is 0.58 m (23.0 in.). The burning length between
the fuel nozzle face and turbine inlet guide vane leading edge is 0.45 m
(17.6 in.). Minimum and maximum diameters are 0.62 m (24. 3 in.) and
1.07 m (42. 2 in.), respectively.
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PHASE III TEST HARDWARE
Vorbix Combustor

A cross-sectional drawing of the phase III Vorbix (vortex burning and
mixing) combustor is shown in figure V-4. A front view of the pilot fuel
system arrangement and the circumferential location of the pilot and main
fuel injectors is shown in figure V-5. Figure V-6 shows the outer combustor
liner and head assembly after installation of the hood. The inner combustor
liner is shown in figure V-7 mounted on the instrumented first-stage turbine
vane assembly. ‘

The Vorbix concept incorporates two burning zones separated axially by
a high-velocity throat section. The pilot zone is a conventional swirl-
stabilized, direct-injection combustor employing 30 fuel injectors. It is
sized to provide the required heat release rate for idle operation at high
efficiency. Emissions of carbon monoxide and unburned hydrocarbons are
minimized at idle operating conditions primarily by maintaining a sufficiently
high pilot-zone equivalence ratio to allow complete burning of the fuel.

At high-power conditions, the pilot exhaust equivalence ratio is reduced
as low as 0. 3 (including pilot dilution air) to minimize NOX formation. The
minimum equivalence ratio for the pilot zone is determined by the overall
lean blowout limits, the combustion efficiency, and the need to maintain
sufficient pilot-zone temperature to vaporize and ignite the main-zone fuel.
Main-zone fuel is introduced through fuel injectors located at the outer wall
of the liner downstream of the pilot-zone discharge location. Sixty fuel in-

jectors are used. Main-zone combustion and dilution air is introduced through

60 swirlers positioned on each side of the combustor (120 total).

The phase III combustor design was based on the final phase II rig con-
figuration. Minor adjustments were made to the liner cooling airflow dis-
tribution based on temperature measurements made during the final phase II
rig tests. Additionally, total liner metering area was reduced slightly to
increase liner pressure loss. A close correspondence between the engine
and rig hardware was felt to be necessary in order to provide maximum
assurance that the extrapolated rig results could be achieved in the engine.

The combustor cooling louver construction, cooling air levels, and liner
material are representative of current production engine technology. This




cooling technology is projected to provide adequate durability for the JTID-TA
cycle pressure ratio and combustor temperature rise.

Minor geometric changes were required in areas such as pilot swirler
radial travel and to incorporate the JT9D-7 production mounting and slip
joint arrangement. Combustor liners, hood panels, thrust cooling scoops,
and fuel injector supports were designed to avoid low-order, engine-excited
resonance. Where the uniqueness of the Vorbix design (requiring experi-
mental structural development work) or constraints of cost and time pre-
vented designing to the program life goals, minimum criteria of 100 hours
and 1000 cycles were chosen for satisfying the requirements of the phase III
test program.

Fuel Control

A fuel control design study was conducted as part of phase II (ref. 4) to
identify control system requirements added by the staged combustor concepts
developed in the Experimental Clean Combustor Program. A number of con-
ceptual designs that satisfy the functional requirements were specified, and
the most promising concepts were selected on the basis of available technology
and estimated life cycle cost. A breadboard control system design, involving
modification of the current JTID fuel control, was specified for the phase III
engine test program.

The two-stage Vorbix combustor is characterized by two separate com-
bustion zones and two physically separate sets of fuel injectors and manifold-
ing. Since each combustor zone must be operated within generally narrow
limits for optimum emission formation and combustion efficiency, fuel dis-
tribution to each zone must be based on engine fuel-air ratio rather than on
total fuel flow. In addition, a number of mechanical constraints such as
maximum fuel pump pressure, minimum controllable flow rate, fuel nozzle
turn-down ratio, and manifold head effect act to further limit the fuel control
designer's freedom in varying pilot-to-main fuel distribution. Specification
of the pilot-to-main fuel split for the Vorbix combustor operating at sea level
is shown in figure V-8. Miminum and maximum limits are imposed on the
pilot-zone fuel-air ratio to prevent lean blowout and excessive thermal
stresses in the pilot zone. These limits were developed from the phase II
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combustor rig testing and define the practical operating envelope that can be
used for pilot-to-main zone fuel schedule optimization in the engine.

An additional requirement imposed by the staged Vorbix combustor is
that passage through the staging point (transition from pilot-only to pilot-
plus-main-zone operation) must be accomplished in a rapid and continuous
manner. This is required for reasons of flight safety and is specified by the
FAA airworthiness standards (ref. 7) in terms of a 5-second maximum
allowable elapsed time for engine acceleration from flight idle to 95-percent
thrust. The current production JT9D-T fuel system is fully staged at ground
idle, thereby eliminating ''fill time'' delays associated with the volume of the
secondary fuel manifold, distributions tubes, and fuel nozzle supports.
However, the Vorbix combustor must stage between the idle and approach
operating conditions. Uncompensated manifold fill time delays will seriously
impact engine transient response. For this reason, the breadboard control
design provides continuous fuel recirculation through the main fuel manifold
when the engine is operating on pilot only.

TEST CONDITIONS AND PROCEDURES
Steady-State Testing

The phase III engine tests were conducted in a manner similar to other
JTID experimental engine tests at Pratt & Whitney Aircraft. Test-stand
inlet conditions are not artifically controlled so that the engines are run
during various ambient temperature and barometric conditions and rarely on
a ""standard'' day. Engine performance parameters are normally corrected
to standard-day conditions. Since the nature of this program was oriented to
measurement of emissions at specific power levels, the steady-state emissions
data were taken for most points by establishing the combustor inlet tempera-
ture level, regardless of ambient conditions. The standard-day JT9D-TA gas
generator reference conditions are tabulated in table V-3 for the four EPA-
specified sea-level-static power settings. The emissions data were corrected
from the observed combustor inlet conditions to the corresponding standard-
day reference conditions for presentation in this paper. Additional test
points were added as required during the engine test run depending on emis-




sions data obtained or combustion efficiency or to set a specific value of
another engine parameter, such as corrected thrust. Variation of the pilot-
to-main fuel split is primary test variable at the higher engine power settings.
Following an approximately 5-minute stabilization period at each test point,

a set of engine performance data, combustor section pressure and tempera-
ture data, combustor exit temperature data, and exhaust gas emissions data
was simultaneously recorded. For steady-state testing with the exit thermo-
couple instrumentation in place, the engine power level was limited so as not
to exceed 1839 K (2850° F) gas temperature on the turbine inlet guide vanes
or the redline limit for the engine exhaust gas temperature (EGT).

Exhaust gas sampling instrumentation. - Most of the exhaust gas sam-
pling was done with an eight-arm rake mounted in the core engine exhaust
stream 0. 36 m (14 in.) downstream of the exhaust nozzle exit plane. The
unmounted rake, shown in figure V-9, was designed for use with a JT9D
experimental tailpipe (cylindrical section). Twenty-four sampling ports are
located on eight radial arms at the centers of equal areas. The sampling
ports are manifolded such that by sampling at different connections, gas
samples can be taken from either four or eight equally spaced arms (12 or
24 sample ports). The sampling rake was also mounted on a traverse gear
that permitted rotation over a 45° arc in 5-degree increments. Data were
recorded using these alternative rake configurations for comparison with the
stationary eight-arm baseline configuration.

An additional exhaust gas sampling system used for comparison purposes
in the phase III ECCP test program consisted of the standard production engine
exhaust total pressure probes (PT7). These were manifolded to deliver a
single gas sample to the analysis equipment. The circumferential and radial

positions of the sampling ports are shown in figure V-10.

Data reduction procedure. - The raw emissions data were transmitted
directly to an on-line computer for processing. The voltage response of the
gaseous constituent analyzers was first converted to an emission concentra-
tion, based on the calibration curves of each instrument, and then used to
calculate emission indices, carbon balance fuel-air ratio, and combustion
efficiency. The emission index and carbon balance fuel-air ratio calculations
were performed in accordance with the procedures established in SAE ARP
1256 (ref. 8).
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To compare combustor engine emissions data between runs and with the
JT9D-TA production baseline, it was necessary to correct emissions data to
the standard conditions listed in table V-3. The basis for setting most test
points was combustor inlet temperature Tiy - All adjustment of observed
emissions data was made relative to the observed value of combustor inlet
temperature, thereby obviating the need to make an inlet temperature cor-
rection. Curves of combustor inlet pressure and fuel-air ratio versus inlet
temperature were generated for the reference JTID-TA engine operating at
standard-day ambient conditions. The magnitude of corrections required
was determined by comparing the observed and reference parameter values
at the observed value of inlet temperature.

Comparison of observed and reference combustor operating conditions
for the steady-state tests revealed that only inlet pressure deviated signifi-
cantly (up to 15 percent) from the reference engine characteristics. Fuel-air
ratios were within 3 percent of standard engine values. In view of the rela-
tive imprecision of currently available fuel-air ratio correction factors and
the demonstrated dependence on combustor configuration, it was decided to
correct the gaseous emissions data only for deviation in combustor inlet
pressure. In addition, the NOX data were corrected to a standard inlet air
humidity of 6.3 g HZO/kg dry air. The data adjustment equations for the
gaseous emission species are as follows:

0.5
(P ) 0. 0188(Hm -6. 3)

_ t4, std eas
NOx, corriy Nox, meas p e (1)
t4, meas
P
o t4, meas
COcorr = meas @)
t4, std
THC . = THC Pt4, meas (3)
corr meas p
t4, std



where
NO emission index of oxides of nitrogen, g/kg fuel
CcoO emission index of carbon monoxide, g/kg fuel

THC emission index of total hydrocarbons, g/kg fuel

Pt 4 combustor inlet total pressure
H inlet specific humidity, g HZO/kg air
corr relates to corrected value

meas relates to value at measured condition

std relates to value at standard condition

Exhaust smoke data are presented on an as-recorded basis. Smoke
numbers were not corrected for either pressure or fuel-air ratio since
sufficiently accurate techniques are not currently available.

The EPA emissions standards for aircraft engines are expressed in
terms of an integrated EPA parameter (EPAP). This parameter combines
emissions rates at the engine idle, approach, climb, and takeoff operating
modes integrated over a specified landing/takeoff (LTO) cycle (ref. 1).

The equation for this calculation is as follows:

EPAP, = ! (Ibm pollutant/1000 1bf thrust-hr/LTO cycle)

14

dr_ .
Zeo N, ]
1

(4)

where

EI emission index, lbm pollutant/1000-1bm fuel
t time at engine mode, min

FN net thrust, 1bf

W fuel flow rate, lbm/hr

i emission category (CO, THC, NO,)

j engine mode (idle, approach, climb, SLTO)
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Substituting JTID-TA performance data into equation (4) yields

EPAPi = 0.158 EIi + 0.072 EI

approach + 0.114 EI

_— 0.0441 EI

dle cli SLTO

(5)

The emission indices used in equation (5) were obtained from plots at the four
JTID-TA combustor inlet temperatures corresponding to the EPA power
points (table V-3).

Transient Testing

Engine acceleration and deceleration tests were conducted following com-
pletion of the steady-state emissions and performance testing to determine
transient characteristics of the two-stage Vorbix combustor and fuel system.
The testing consisted of a series of progressively more rapid engine accel-
erations from an idle setting to 95-percent rated thrust and deceleration
back to idle. Testing was conducted from both ground idle (fuel-air ratio,
0.0105) and a simulated flight idle (fuel-air ratio, 0.0115) power settings.
The "'snap'' acceleration test requires that the power lever be advanced from
the selected idle position to the full-power position in 1 second or less.

RESULTS AND DISCUSSION

The phase III program accumulated approximately 82 hours of engine
testing, consisting of 8 hours of shakedown testing, 56 hours of steady-~state
performance and emissions data acquisition, and 18 hours of acceleration
and deceleration testing. Testing of the first configuration, S25E, was
limited to intermediate- and low-power levels by local liner overheating.
The two subsequent configurations, however, were successfully tested at
power levels through full sea-level-takeoff combustor inlet temperatures and
fuel-air ratios. The data presented in this paper have been confined to those
which substantiate the major accomplishments of the program and therefore
consist primarily of reduced and analyzed data for the final (S27E) combustor
configuration.



Emissions Results

The primary emphasis of the emissions data analysis was the determi-
nation of the engine emissions characteristics. Also determined were the
effects of ambient operating conditions, emission sampling technique, and
pilot-to-main zone fuel split on both the levels of each emissions species
and the possible trades among the species. These results were then analyzed
to calculate the optimum EPAP's and smoke numbers to relate the emissions
performance to the program goals.

The EPAP's and smoke numbers obtained for the final Vorbix combustor
configuration (S27E) using the optimum fuel flow split between the pilot and
main zones are shown in table V-4 together with the corresponding program
goals and the values for the current JT9D-TA. As shown, the Vorbix com-
bustor met the goals for all three gaseous emission species. Ozxides of
nitrogen emissions were 10 percent below the goal, carbon monoxide emis-
sions were 26 percent below the goal, and total unburned hydrocarbon emis-
sions were 75 percent below the goal. Relative to the JTSD-7 combustor,
NOx emissions were reduced by 58 percent, CO emissions were reduced by
69 percent, and THC emissions were reduced by 96 percent. The smoke
emissions goal was not achieved. Smoke levels were substantially above
those for the current JT9D-TA combustor. Smoke numbers were not
corrected for either pressure or fuel-air ratio since sufficiently accurate
techniques are not currently available. However, the corrections required
are believed to be very small (of the order of 3 percent) for each parameter.

The emissions data were analyzed to develop parametric curves relating
the pilot-zone fuel-air ratio to the emissions of each species as a function of
power setting, with the power setting defined in terms of the observed com-
bustor inlet temperature. Results, shown in figure V-11, consist of paramet-
ric, emissions curves plotted against combustor inlet air temperature for
various pilot-zone fuel-air ratios.

The curves show that smoke number reached a maximum value at the
sea-level-takeoff power setting and was insensitive to pilot-zone fuel-air
ratio at that condition. At lower power settings, smoke number decreased
with increasing pilot-zone fuel-air ratio. The NOx emissions showed a
reverse trend, with the emissions increasing with increasing pilot-zone
fuel-air ratio, but the sensitivity was relatively small. Oxides of nitrogen
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levels at all pilot-zone fuel-air ratios were sufficiently low to permit
achievement of the program EPAP goals. Carbon monoxide emissions
were lower at the higher power settings, with the lowest values being ob-
tained at the higher pilot-zone fuel-air ratios. On the basis of the smoke
data, described in figure V-11, and analysis of exit temperature distribution
effects, the highest pilot-zone fuel-air ratio (0. 0070) was selected for the
EPAP calculation for the high-power portion of the power spectrum from
approach through sea-level takeoff. A pilot-zone fuel-air ratio of 0.0095
was selected below approach down through the flight idle power setting.
This upward shift in pilot-zone fuel-air ratio reduced carbon monoxide and
total hydrocarbon emissions. Exhaust smoke is not a concern below approach
power. Below the flight idle power setting only the pilot zone is fueled.
These selections result in two discontinuities in the pilot-to-main zone
fuel split. The first discontinuity, occurring immediately below the flight
idle power setting, represents staging of the main zone. This is unavoidable
since a minimum step increase in fuel flow is required to ignite the main
zone because of physical fuel system constraints such as minimum metered
fuel and manifold gravity head. It is significant, however, that the Vorbix
combustor can be operated fully staged down to the flight idle power setting
while maintaining a combustion efficiency level (in terms of CO and THC
emissions) comparable to or better than that of the current production
JTI9D-TA combustor. This capability eliminates the need for combustor
staging and the associated system lag within the flight regime, which is
important from both an engine operational and a flight safety standpoint.
The second discontinuity, occurring immediately below the approach power
setting, reflects the manner in which the parametric curves were prepared
for the analysis rather than a real engine requirement. The control system
for the engine could provide a constantly varying pilot-zone fuel-air ratio to
eliminate the discontinuity. The effect on emissions would be relatively small.
The selected fuel splits provide large reductions in the gaseous emissions
of the Vorbix combustor relative to the emissions of the JT9D-TA. As shown
in figure V-12, large reductions were achieved in NOX emissions at high-
power settings and in CO and THC emissions at low power settings.



Gas Sampling Techmques

Five gas sampling techniques were used to obtain the engine exhaust
emissions data. The techniques and their symbol designations are defined
in table V-5. With the exception of the station 7 engine pressure probes,
all are variations of the basic eight-arm rake.

In comparing the results obtained with the various techniques, the 24-
port, stationary 8-arm rake (24F) was used as the baseline since the major-
ity of the experimental data were acquired in this manner. The comparisons
were made by plotting the corrected emissions data obtained with each tech-
nique against the corrected emission value obtained with 24F at the same
engine operating conditions. The resulting plots are shown in figures V-13,
-14, and -15. As shown, the data obtained from the various rakes for NOx
emissions are in excellent agreement. For CO emissions, 24E generally
provided lower indications than the other rakes by approximately 10 percent.
The station 7 probe (rake ST7) produced the largest difference, averaging
indications that were approximately 11.5 percent above those of the baseline
rake. The total unburned hydrocarbon emissions data appear to indicate a
large amount of data scatter. However, this scatter results in large part
from inaccuracies associated with measurement of the very small concen-
trations of unburned hydrocarbons produced by the Vorbix combustor.

Smoke measurements were made with both the 12- and the 24-point fixed
rakes (rakes 24F and 12E); the results were nearly identical.

The conventional measure of gas sample validity is comparison of the
metered fuel-air ratio based on direct measurement of the engine fuel flow
and core mass flow with the calculated fuel-air ratio based on the carbon
balance of the exhaust gas species concentrations detected by the sampling
probe. Data for this comparison are presented in figure V-16 and show
that gas sampling provided carbon balance fuel-air ratios that were within
5 percent of those obtained by direct measurement. The probes generally
provided values that were slightly above those determined by direct fuel flow
and airflow measurement. Rake ST7 provided the greatest deviation.

The effects of rake blockage were determined by analyzing the engine
performance data obtained with and without the rake installed. This analysis
detected no measureable effect on performance attributable to the rake in-
stallation used in the program.
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Performance Status

Combustion efficiency met the program goal of 99 percent at all power
levels. Additionally, pressure loss, idle stability, main-stage ignition and
combustion instability currently satisfy performance requirements. As in-
dicated in table V-6, five categories have been identified as requiring normal
development. This is a taken to mean that acceptable performance is judged
to be within reach after suitable development. These categories are dis-
cussed here.

Pattern factor and radial profile. - Although pattern factors equal to or
lower than the current JT9D-T production values were obtained, the program
goal of 0. 25 was not achieved. \ta pilot-zone fuel-air ratio of 0.007, the
pattern factor was approximately 0.4. The average radial temperature pro-
file was slightly too high on the outside diameter at the 0. 007 pilot-zone fuel-
air ratio setting.

Transient acceleration. - Acceleration times achieved are shown in
figure V-17. Although it equaled the ECCP goal, and thereby satisfied the
FAA requirement, when it was accelerated from a fully staged flight idle
condition, the Vorbix combustor/experimental engine X-686 was deficient
when compared with current production JT9D-TA engines. When it was
accelerated from an unstaged (pilot zone only) flight idle condition, accelera-
tion time was increased by over 1 second. Since the main-zone manifold
carried recirculating flow, this additional time is the time required to fill
the fuel injector supports and jumper tubes downstream of the staging valves.
Additional development and possible fuel system redesign will be required to
reduce the acceleration time to the production engine levels.

Liner carbon deposits and liner durability. - The Vorbix combustor
exhibited localized carbon deposition near the pilot- and main-zone fuel in-
jectors, attributable to fuel entrainment in '"dead'' flow regions, and on the
downstream portion of the pilot-zone liners, attributable to fuel spray im-
pingement. In addition, local liner overheating was observed at the inside-
diameter throat louver and on the outside-diameter downstream of the main-
zone swirlers. With the exception of fuel impingement, problems of this type
are treated by localized redistribution of liner cooling and purge airflow.

Two categories have been identified where extensive additional develop-
ment work is required. In this context, extensive development may be
synonymous with design changes.




Sea-level starting. - The starting problem is a consequence of meeting

pilot-zone maximum fuel flow requirements with a simplex (single passage)
pressure-atomizing nozzle. Fuel pressure drop at the nominal starting fuel
flow is very low providing poor atomization quality. When 20 of the 30 pilot
injectors were turned off to raise nozzle pressure drop, a propagation prob-
lem took the place of the lighting problem. Correction of this deficiency will
require fuel system design changes, such as higher-pressure-drop and/or
increased-spray-style fuel nozzles.

Fuel passage coking. - Main-zone fuel injector support and nozzle tip
coking occurred from overheating of residual fuel following shutdown of the

main zone. Since the pilot- and main-zone injectors are axially separated,
the main injectors do not benefit from the coolant effects of the continuous
pilot flow. While the problem will be ameliorated somewhat by running fully
staged at all low-altitude flight conditions, it will still exist at high-altitude
flight idle descent, where low fuel flow will require that the main zone be
shut down. The solution will probably require external cooling of the main-
zone fuel support and/or incorporation of an effective purge system.

Two additional performance categories were not investigated in the
phase III ECCP testing. These are altitude engine operation, including
altitude relight, and long-term hardware durability cyclic endurance testing.
However, the difficulties encountered in sea-level starting and the phase II
altitude relight rig results (ref. 4) suggest that there are problems to solve
in this area.

CONCLUDING REMARKS

The results presented in this paper along with addendum reports, com-
plete the NASA/Pratt & Whitney Aircraft Experimental Clean Combustor Pro-
gram. This major program has proceeded in three phases from concept
screening through rig development to successful full-scale engine testing
of an advanced, low-emissivns combustor concept in the Pratt & Whitney
Aircraft JT9D-7 engine. While exhaust smoke level and several perform-
ance items did not completely achieve the program goals, the carbon monoxide,
total hydrocarbons, and oxides of nitrogen emission goals were met and com-
bustor performance was adequate for full-power engine testing. Altitude re-
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light performance of the final Vorbix combustor configuration tested in the
engine was not evaluated.

Additional Vorbix combustor improvements in the areas of exit tempera-
ture distribution, transient acceleration, liner coke deposits, and liner over-
heating will be needed to satisfy production engine requirements. These can
probably be obtained through the normal development effort conducted for
production incorporation of any new combustor.

Problems with smoke emissions, sea-level starting, and secondary fuel
system coking will probably require extensive efforts for their solutions.
Because solutions may require significant modifications to the Vorbix com-
bustor design, they should be developed prior to the initiation of the normal
development effort for production incorporation.

The impact on gaseous emissions of modifications to the Vorbix com-
bustor that may be required to resolve problems or to enhance its '"'practi-
cality'' cannot be predicted. Although future effort would strive to maintain
the excellent gaseous emissions demonstrated in this phase III Experimental
Clean Combustor Program, it may be necessary to define trade-offs between
emissions and other requirements such as performance, durability, cost,
and weight. The primary focus of the Experimental Clean Combustor Pro-
gram was pollutant reduction within the JT9D-TA envelope and operating
conditions, with a concept that would be acceptable for eventual production
use. Weight and complexity, with associated hardware cost and aircraft
payload penalties, were allowed to increase as necessary to achieve the
primary goals. A breadboard fuel control system was used. If the Vorbix
concept is selected for further development for a production application, an
attempt should be made to simlify the design, to minimize weight and cost
impact, and to improve maintainability while simultaneously addressing the
deficient performance, emission, and life-limiting areas.
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POLLUTION GOALS AND CURRENT JT9D-7A LEVELS

EPA parameter, lbm
pollutant/1000 1bf
thrust/hr LTO cycle
Pollutant Goal | Current JTI9D-TA
engine status
Oxides of nitrogen 3.0 6.5
(as NO,)
Carbon monoxide 4.3 10. 4
Total unburned hydrocarbons .8 4.8
Maximum SAE smoke number| 19 4
Table V-1.

EXPERIMENTAL CLEAN COMBUSTOR PROGRAM PERFORMANCE GOALS

Maximum total pressure loss, percent . . . . . . . . . . ¢ i v e e e e e .. 5.4
Exit temperature pattern factor attakeoff . . ... . . . . .. . ... .00 0.25
Combustor efficiency, percent . . . . . . . . ... 99 or better at all operating conditions
Lean blowout fuel-air ratio . . . + . « & ¢ ¢ ¢ v 0 L W e eeiie 0 e e e 0.004 £ 0.001
Altitude relight capability altitude at
flight Mach number:0.5 10 0.8, mMELers: - . cuivimss fidis o Eipnsipe sty T et o s 9144
Table V-2.



STANDARD DAY JT9D-7A GENERATOR REFERENCE CONDITIONS

EPA Thrust Inlet fuel flow | Combustor | Combustor inlet | Combustor
power ; inlet pressure fuel-air
{ level N Ibf | kg/hr|lbm/hr temperature 2 ratio
\ N/m psia
‘ K | °F
Idle 14 234| 3200| 780 | 1720 | 447|345 3.69x10°| 53| 0.0105
Approach| 61 585|13 845| 2109 4 650 588 | 598 8.91 129 .0134
| Climb 174 494 (39 228| 6010 | 13250 | 736| 864 | 19.38 281 . 0206
i Take off | 205 284 |46 150| 7303 | 16 100 | - 764 | 916 | 21.68 323 . 0229
|
|
| Table V-3,
‘ EPAP AND SMOKE RESULTS
|
| EPA parameter®
[
Oxides | Carbon Total Smoke
nitrogen| monoxide unburned number
| hydrocarbons
I
ECCP phase III goal 3.0 4.3 0.8 19
Current JTID-TA 6.5 10.4 4.8 4
Phase III combustor S27E 2.7 82 .2 30

2EPAP values based on pilot fuel-air ratio of 0.0070 at approach,
climb, and sea-level takeoff. All emissions data are corrected
to standard JT9D-TA engine conditions and inlet humidity of
6.3¢g Hzo/kg dry air. JT9D-TA data based on current production
test results for engine with combustor EC 289386.

Table V-4.
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GAS SAMPLING TECHNIQUE IDENTIFICATION

Symbol Description
24F | 24-Port, eight-arm, radial array, fixed
24T | 24-Port, eight-arm, radial array, traversed over 45° in 5-degree increments
128 12-Port, four-arm, cruciform oriented vertical and horizontal, fixed
12E | 12-Port, four-arm, cruciform oriented 45° from vertical and horizontal, fixed
ST7 | Six Station 7 pressure probes with eight radial pressure taps each

Table V-5.

EXPERIMENTAL CLEAN COMBUSTOR PROGRAM VORBIX

CONFIGURATION S27E PERFORMANCE STATUS

Currently Normal Extensive
satisfies development |development
requirements required required
Pressure loss X
Exit temperature pattern factor X
Exit temperature radial profile X
Idle stability (lean blowout) X
Sea-level starting X
Main-stage ignition X
Altitude relight (not evaluated),
Transient acceleration X
Combusion instability X
Carbon:
Liner deposits X
Fuel passage coking X
Liner durability (overheating) X
Table V-6.




ECCP PROGRAM SCHEDULE

PHASE | — COMBUSTOR
SCREENING TESTS

BASICPROGRAM . — — — 4
AST ADDENDUM — — — —
NOISE ADDENDUM — —— — —

PHASE Il — COMBUSTOR
REFINEMENT AND
OPTIMIZATION TESTS

BASICPROGRAM — — — — — — — — ]
FUELSADDENDUM . — — } — — — — 1 — e —
NOISE ADDENDUM — — — - — — — i e

PHASE |1l — ENGINE
DEMONSTRATION
TESTS

BASIC PROGRAM — — — — ______________*
TURBUEENGEADDENDUM — - 1o o= L b ol
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ADDENDUM_ __ L 1 e sl

Figure V-1.
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REFERENCE ENGINE
nERIRER
-] LE | S

HIGH PRESSURE
T COMPRESSOR SauUSTOR

Y ,,P Il -@'W j:,!']' ||J|“|

LOW PRESSURE

' -

3 .

g < ) “:m ,,,,,.(."Y_V “3@; T
Jea o e T = — <

TURBINE

J‘——r

| . i
IA

w*

..mﬂa |I||]|m

( m]uT‘m‘ﬂn ohoh O

AN

Figure V-2.
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CROSS-SECTIONAL SCHEMATIC OF JT9D-7A COMBUSTOR
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Figure V-3,

CROSS-SECTIONAL SCHEMATIC OF ECCP PHASE III
VORBIX COMBUSTOR
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VORBIX COMBUSTOR FUEL INJECTOR
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Figure V-5.
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PHASE III VORBIX OUTER COMBUSTOR LINER

Figure V-6.

PHASE IIT VORBIX INNER COMBUSTOR LINER MOUNTED ON FIRST-STAGE
TURBINE VANE ASSEMBLY

Figure V-7.



FUEL SCHEDULING REQUIREMENTS FOR TWO-STAGE
VORBIX COMBUSTOR BASED ON PHASE II
RIG TEST RESULTS
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Figure V-8.

EXHAUST EMISSIONS RAKE FOR ECCP
PHASE III TESTS

Figure V-9.
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STATION 7 GAS SAMPLE PROBE ARRAY USED IN ECCP
PHASE IIT TESTS
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Figure V-10.
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EFFECT OF PILOT-ZONE FUEL-AIR
RATIO ON EMISSIONS

Numbers denote pilot fuel/air ratio

30
20 ——-0.0070
Smoke
number ¢
0 1 1 1 L il
Numbers denote pilot fuel/air ratio
0.0070
15 //_ 0.0062
g 0.0046
O)g{des of 10 ”moolus
nitrogen Siotiva L=
g/kg fuel 5 %
0 1 1 ]
Numbers denote pilot fuel/air ratio
30r 0.0070 o
23r 0.0083
20+ 0.0095
Carbon
monoxide 15f
kg fu
g/kg fuel |
5k
Pilot only 0 0121
0 3 | .
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VI. POLLUTION REDUCTION TECHNOLOGY PROGRAM
FOR TURBOPROP ENGINES

J. G. Tomlinson

Detroit Diesel Allison
Division of General Motors Corporation

The Clean Air Act of 1970 charged the Environmental Protection Agency
(EPA) with the responsibility to establish acceptable exhaust emission levels
of carbon monoxide (CO), total unburned hydrocarbons (HC), oxides of nitro-
gen (NOx), and smoke for all types of aircraft engines. In response to this
charge, the EPA promulgated the exhaust emissions standards published in
the Federal Register, Volume 38, Number 136, July 17, 1973 (ref. 1). Prior
to the release of these standards, the aircraft engine industry, various in-
dependent research laboratories and universities, and the government were
involved in research on and development of low-emission gas turbine engine
combustors. Some of this research was used as a guide to set the levels of
the EPA standards.

The Pollution Reduction Technology Program for turboprop engines
covered by this report was a joint effort between NASA and Detroit Diesel
Allison (DDA) directed toward the EPA class P2 engine category. The
principal goal in this program was to reduce CO, HC, and smoke emissions
while maintaining acceptable NOx emissions without affecting fuel consump-
tion, durability, maintainability, and safety. This program covered compo-
nent combustor concept screening directed toward the demonstration of ad-
vanced combustor technology required to meet the EPA exhaust emissions
standards for class P2 turboprop engines. The combustion system for the
Allison 501-D22A engine was used as the basis for this program, and three
combustor design concepts - reverse flow, prechamber, and staged fuel -
were evaluated in the program.

The total program was conducted on the DDA single-burner combustor
rig operating in the DDA combustion development facility. Combustors
were operated to conditions corresponding to the power settings for the EPA
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landing/takeoff (LTO) cycle. Variations of fuel-air ratio and reference
velocity were evaluated at takeoff and idle conditions to obtain further emis-
sions definition of these limiting operating conditions.

Emissions measurements made on the baseline combustor configuration
established that significant reductions of CO, HC, and exhaust smoke would
be necessary to meet EPA regulations. Development variations of all three
combustor design concepts met the projected EPA requirements with vary-
ing degrees of margin. Although these initial component development results
indicated no significant compromises in steady-state performance, further
component rig development is required before engine testing can proceed
with assurance.

PROGRAM GOALS AND APPROACH

Emissions reduction requirements for this program were based on
component rig test values obtained on a baseline combustion system in this
program. Goals were established at 25 percent below the EPA regulation
requirements to provide margin for engine development and production vari-
ations, as shown in table VI-1.

Three basic combustor designs were tested and then modified and re-
tested to achieve the goals of the program. The program schedule is shown
in figure VI-1. These designs were designated (1) the reverse-flow com-
bustor, (2) the prechamber combustor, and (3) the staged-fuel combustor
and are illustrated in figure VI-2. All configurations were designed for ade-
quate cooling and structural integrity to provide satisfactory durability and
the following minimal performance goals:

(1) Combustion efficiency greater than 99 percent at all operating condi-

tions

(2) Combustor exit temperature pattern factor equal to or less than 0.25

at the takeoff power conditions

(3) Combustor pressure drop of 5 percent or less at takeoff power condi-

tions

Test conditions were controlled to the exact values of flow, pressure,
and temperature for the 501-D22A engine, as shown in table VI-2. The inlet
temperature was obtained with direct-fired heaters, which provided non-



vitiated inlet air to the component combustor test rig. Emissions measure-
ments were obtained from 11 four-port sampling probes mounted in the com-
bustor exit; and pressures, flows, and temperatures were measured with
appropriate total and static pressure probles, thermocouples, and flow
measurement orifices. Combustors were operated to conditions correspond-
ing to the power settings for the EPA LTO cycle, and variations of fuel-air
ratio and reference velocity were evaluated to takeoff and idle conditions in
order to obtain further emissions defirition at these limiting operating con-
ditions.

ENGINE AND COMBUSTOR DESCRIPTION

The 501-D22A engine is one in a series of commercial model 501 engines;
the T56 is their military counterpart. All engines in these series consist of
an internal combustion gas turbine power section connected by extension
shafting and a supporting structure to a single-reduction gear assembly that
has a single propeller shaft, as shown in figure VI-3. In the 501-D22A, this
shaft is offset above the power-section centerline. The power section con-
tains six combustion chambers of the throughflow type assembled within a
single-annular chamber and incorporates a 14-stage axial-flow compressor
directly coupled to a four-stage aircooled turbine.

Engine operation is controlled by coordinated operation of the fuel,
electrical, and propeller control systems. A characteristic of this turboprop
engine is that changes in power are related not to engine speed but to turbine
inlet temperature. During flight, the propeller maintains a constant engine
speed, which is 100 percent of the engine's rated speed and is the design
speed at which most power and best overall efficiency can be obtained. There-
fore, fuel flow is changed to affect power requirements. An increase in fuel
flow results in a higher turbine inlet temperature and a corresponding increase
in available energy at the turbine. The turbine then absorbs more energy
and transmits it to the propeller in the form of torque. The propeller, to
absorb the increased torque, increases blade angle and maintains constant
engine rotational speed.

Two specific performance ratings as a function of power setting for the
501-D22A turboprop engine are shown in table VI-3. The combustion system
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of the 501-D22A engine consists of six can-type combustion liners located in
the annulus formed by the outer and inner casings, as shown in figure VI-3.
The radial position of each can is set at the inlet end by a fuel nozzle centered
within a flared fitting in the dome and at the exhaust end by the combustor
transitior engaging the turbine inlet vane assemblies. Axial positioning is
accomplished by igniter plugs in two cans and dummy igniter plugs in the re-
maining four cans. Six crossover tubes interconnect the cans and provide
flame transfer for starting. The six fuel nozzles are connected to a fuel
manifold attached to the external surface of the outer case.

Production Liner

The combustion liner currently in production in the 501-D22A engine is
shown in figure VI-4. Design features of this combustor are

(1) Dome air-entry holes backed by baffles to induce a circular flow

pattern across the hot face of the dome

(2) Film cooling slots formed by overlapped wall segments

(3) Dome-center-mounted fuel nozzle

(4) Primary-zone trim holes

(5) Nonuniform dilution hole spacing for gas temperature-pattern control
The fuel injector used with the production liner is a dual-orifice, pressure
atomizing type. An internal valve in the nozzle opens only the small pilot
orifice for low fuel flows so that a high-quality spray pattern is obtained.
For high flows the main section of the nozzle is operational in addition to the
pilot.

Reverse-Flow Combustor Design

The low-emissions combustion system currently in production in the
Allison model 501-K industrial engine formed the basis of the reverse-flow
combustor - air-blast fuel injector system used in this program. The
reverse-flow concept, shown in figure VI-5, incorporates a unique primary-
zone flow system that increases the amount of recirculating products; im-



proves the fuel and air mixing; and returns the partially burned products,
which become trapped in the primary-zone cooling film, back into the reaction.
This design operates with great stability over the fuel-air ratio range 0.004

to 0.022, which is typical of single-shaft industrial applications. Other fea-
tures of the combustor were kept simple and conventional so that the low cost
and durability of the original system were retained.

The air-blast fuel nozzle design uses the combustion liner differential air
pressure to atomize the fuel. This is done by accelerating the air through a
row of vanes and using the resulting high velocity for atomization. With this
device, the fuel droplet diameters are reduced by approximately 1/3 and a
modest degree of fuel-air premixing also occurs with the atomizing air. An
important feature of this injector design is that droplet size remains small
over the entire engine operating range. A pressure-atomizing pilot is used
to retain good engine starting.

In this program, the 501-K industrial engine combustion system was re-
designed so that its exhaust emissions would comply with the program emis-
sions goal (75 percent of the EPA turboprop standard).

Prechamber Combustor Design

The prechamber where fuel and air mix is attached to a main combustion
section having primary-zone trim holes and dilution holes. Details of the
prechamber combustor designs and their modifications are shown in fig-
ure VI-6 and described here.

The features common to all the prechamber combustors are as follows:

(1) An air-blast fuel nozzle, which under certain conditions, incorporated

a pressure-atomizing pilot

(2) A prechamber, employing an axial swirler at the inlet and a center-

mounted fuel nozzle

(3) A radial swirler at the end of the prechamber, with the same swirl

direction as the axial swirler and fuel nozzle air-blast swirler

(4) A trip between the radial swirler at the end of the prechamber and

the main chamber, which, in conjunction with the swirler caused
two distinct recirculation zones
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(5) A secondary fuel system that placed fuel on the wall of the pre-
chamber just upstream of the radial swirler, denoted as wall-film
fuel injection

(6) A combustor exit transition section

(7) A variable-geometry band used to open and close the dilution holes

Staged-Fuel Combustor Design

The staged-fuel combustor was designed to provide maximum CO, HC,
and smoke reduction with no attempt to reduce NO, . Analysis of the 501-D22A
production liner emissions over the LTO cycle shows that approximately
95 percent of the total CO and HC is emitted in the idle mode. Improvements
must be made at the idle condition if program goals are to be met. The
staged-fuel combustor is shown in figure VI-7. The following design features
were incorporated in the pilot combustion zone specifically to reduce idle CO
and HC:

(1) Slightly lean pilot zone for high reaction rates

(2) Low pilot-zone airflow loading: About 50 percent of the combustion
air is admitted into a separate, main combustion zone.

(3) Low wall-quenching: A film-convection wall cooling system was em-
ployed. This provides excellent cooling performance with approximately
50-percent cooling flow reduction relative to conventional film cooling systems.

(4) Initial cooling step flow reversal: This feature is also used on the
reverse-flow combustor to '"'recycle' CO and HC trapped in the cooling air
close to the dome.

(5) Swirl prechamber: The fuel is introduced into a short axial pre-
chamber to provide good initial fuel-air mixing and good stabilization and
mixing patterns in the combustion region. The prechamber fuel-air mixing
quality and the limited operating range required from the pilot zone allowed
the use of the standard dual-orifice, pressure-atomizing fuel injector to ob-
tain the required smoke reduction. The arrangement of two combustion
chambers in series, the upstream chamber being the pilot zone and the
downstream chamber the main zone, provides for extended residence time
and combustor volume for emissions reduction at the critical idle and
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approach conditions. Flame stabilization was accomplished by aerodynamic
means; recirculation associated with geometric expansions was used to main-
tain pilot- and main-zone flames. In the main combustion chamber, flame
stabilization was augmented by the hot pilot-zone gas mixing with the main-
zone fuel-air mixture.

The fueling system was a key main-zone design feature. The main-zone
fuel manifold was located close to the pilot-zone fuel nozzle to demonstrate
the feasibility of obtaining pilot- and main-zone fuel from a single line. This
capability would allow a staged-fuel combustor to be incorporated into the
501-D22A engine with only minor engine modifications and with no '"buried"
main fuel injectors or manifolds. The main fuel is injected from the main
manifold into six fuel-air premixing tubes. Airflow in these tubes transports
the fuel from the fuel manifold at the pilot-zone front end to the main com-
bustion zone. Some fuel prevaporization occurs during transport. The degree
of fuel prevaporization obtained is a function of many variables (fuel prop-
erties, pressure, temperature, residence time, etc.) and is probably small
at the relatively low inlet temperature conditions of the 501-D22A. Higher in-
let temperature cycles would have increased main fuel prevaporization. Six
main prechambers were incorporated in the fuel-air premixing tubes at the
inlet to the main combustion zone. Radial-inflow swirlair was introduced
into these prechambers to centrifuge the remaining liquid fuel onto the tube
walls in order to obtain good main fuel distribution and reduced preignition
or flashback potential. An air-blast atomization rim was provided at the
main prechamber exit to air-blast atomize the main fuel. The fuel-air mix-
ture exiting each prechamber was directed in a swirling pattern to aid in
main-zone stabilization and to assist mixing.

A dilution-zone, variable-geometry band was incorporated to readily
accomplish airflow distribution changes during hot testing. This band allowed
the dilution hole area to be adjusted from fully open to fully closed. The
program objective, however, was to demonstrate low emissions and stable
operation over the engine operating range in a fixed-geometry mode. The
staged-fuel combustor design was tested with the three different pilot-zone
fuel injectors. The first build employed the production 501-D22A dual-orifice
pressure-atomizing nozzle.
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TEST

The test equipment used in the performance of this contract consisted of
(1) a test rig with instrumentation and readout equipment, and (2) a support
facility supplying conditioned nonvitiated (neat) air at 501-D22A inlet condi-
tions. An existing model 501-D combustion rig was modified and used to test
the production and low-emission combustors. This rig is a single-burner
configuration that simulates one-sixth of the 501-D can-annular combustion
system. The airflow path of the 501-D rig simulates the engine in that the
axial-station cross sections at all locations are the same as the dimensions
of a 60° segment of the engine combustion system. Flowpath simulation also
includes the compressor discharge passage and extends through the diffuser
combustion section and into the turbine inlet. An overall view of the rig is
shown in figure VI-8.

Flow and pressure level in the rig test section are regulated by an up-
stream control valve and a downstream backpressure valve, with final temper-
ature trimmed by oil-fired heaters at the rig inlet. Flow is measured up-
stream near the test section; pressure and temperature are measured in the
diffuser; and exhaust gas pressure, temperature, and emissions are meas-
ured just downstream of the test section. The test section of this rig included
variable-geometry rod attachments and operators and 11 gas-sampling emission
probes. The objective of the probe design is to obtain a representative sample,
four holes per probe and 11 probes, and to maintain suitable probe tip temper-
atures for durability and suitable sample temperatures for accuracy of meas-
urement. Electric heaters were used to regulate sample line temperature
from the manifold to the instruments. The on-line instruments used to meas-
ure emissions are listed in table VI-4.

Analyzers used in this program were calibrated before and after the test
program. The nitrogen oxides converter was checked weekly for efficiency
with a model 100 Thermo Electron NOx generator.

The emissions measurement system is shown in figure VI-9. An on-line
verification of emissions measurement is employed whereby the fuel-air
ratio from the measured exhaust gas composition is compared with the metered
value. These values should be the same, within +5 percent. Combustion
efficiency is also calculated from the exhaust gas composition by the following
equation:



%X 100

%n, =1 -
7o (frCoz +ireg + frHC) (A)

where A is a constant depending upon the fuel used: -273 070 for JP4,
-258 843 for JP5, etc.; and fr is the fraction defining volume.

The smoke measurement system is shown schematically in figure VI-10.

Tests were conducted by establishing the desired test conditions, light-
ing the combustor with a spark igniter, and gradually increasing fuel flow to
the required fuel-air ratio while carefully noting combustor skin thermo-
couple readings for excessive temperature in the combustor primary zone.
After steady operation was established, data were recorded by the computer
center and log entries were made of key readings. The test conditions were
the four EPA parameter (EPAP) LTO cycle points - idle, approach, climb-
out, and takeoff - for the 501-D22A engine. Parametric tests were conducted
on selected configurations to determine the effect of off-design-point oper-
ation and variations in fuel and air schedules.

The test time was significantly reduced in evaluating the primary-zone,
equivalence ratio parameter by using variable-geometry dilution holes; a
movable axial swirler; a variable-area radial swirler; and primary-zone,
variable-area holes in selected combustors. With the variable-geometry
techniques, the primary-zone equivalence ratio was changed while the test
was in progress. Other provisions for reducing test time were separate
pilot and main fuel lines to the air-blast nozzle, which allowed control of the
pilot to main fuel split during the test; and separate fuel lines for the pilot
and main combustion zones in the staged-fuel combustor to permit optimiza-
tion of fuel splits at each EPAP LTO cycle condition.

RESULTS
Production Liner

All combustor designs on this program were tested at eight conditions,
the four EPA LTO cycle points and two off-design fuel-air points at both idle
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and takeoff conditions. The results computed for the EPA LTO cycle ex-
pressed as EPA index values are compared with the program goals in

table VI-5 for the 501-D22A production liner. As indicated, considerable
reductions of HC, CO, and smoke are required. Nitrogen oxides are already
below the program goal.

Reverse-Flow Combustor Design

Five configurations of the reverse-flow combustion system were tested
for emissions and combustion system operating parameters. Exhaust emis-
sions from all five reverse-flow designs were beneath the required contract
goals, except for smoke from modification ITI, which was excessive at ap-
proach, climb, and takeoff. The results for the best of the five designs are
shown in figure VI-11.

Prechamber Combustor Design

Six configurations of the prechamber combustion system were tested for
emissions and combustion system performance. Exhaust emissions from all
six prechamber designs were below the contract goals, except for smoke and
CO from modifications I and II. The results for the best design are given in
figure VI-12.

Staged-Fuel Combustor Design

The staged-fuel combustors were capable of being operated at various
pilot to main fuel splits, and with various airflow splits as determined by the
variable-geometry settings. Data were obtained for only a limited number
of variable-geometry settings and pilot to main fuel splits in order to indi-
cate emission trends.

The baseline combustor and modifications I to IV employed the original
staged-fuel combustor design but with various pilot fuel injectors. Modifica-



tions V and VI employed a new staged-fuel combustor design with an air-
blast pilot fuel injector. All EPAP values were computed from fixed-
geometry data. The fuel flow split was allowed to vary in order to obtain
low EPAP values. The low power points were always run with 100-percent
pilot fuel. The climbout and takeoff conditions were generally tested with
both pilot and main zones fueled. Main fuel flow ranged from 100 percent
(no pilot flow) to about 50 percent. The fuel split at high power was gener-
ally selected for low NO, emission.

Seven configurations of the staged-fuel combustion system were tested for
emissions and combustion system performance. Exhaust emissions from
all seven of the staged-fuel designs were below the contract goals except for
smoke and NOx on modification I and NOX on modification II. The results for
the best design are presented in figure VI-13. The emissions results from
the best modification of each design concept are shown in figure VI-14, as
compared with the production combustor and the program goals. All the
design concepts showed significant emissions reductions and were well be-
low the program goals.

Combustor outlet temperature distribution, liner maximum wall temper-
ature, and combustion system pressure drop for the best low-emission
combustors and the production combustor are compared in table VI-6.

CONCLUSIONS

The following conclusions are supported by the results obtained in the
Pollution Reduction Technology Program:

1. All three low-emission combustor types - reverse flow, prechamber,
and staged fuel - met the EPA 1979 class P2 aircraft regulations. The
reverse-flow modification IV combustor design is the easiest to incorporate
into the engine and the most durable and would require the least cost. There-
fore, reverse-flow modification IV is the best candidate for further develop-
ment into eventual use with the 501-D22A turboprop engine.

2. The reverse-flow combustion system met all program goals for
emissions by large margins. Emissions from modification IIT are well below
the goals established at the beginning of the program.
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3. The prechamber combustion system met all program goals.
Emissions from modification III are well below the program goals.

4. The staged-fuel combustion system met all program goals. Emis-
sions from modification V are well below the program goals.

5. The experimental test program demonstrated that enriching the pri-
mary zone markedly improved idle emissions. The incorporation of an air-
assist (external air source) fuel nozzle in place of an air-blast nozzle pro-
vided acceptable emissions at idle but failed to meet program smoke goals.

6. Large idle carbon monoxide and hydrocarbon reductions can be
accomplished at some idle conditions by the use of air-blast or air-assist
fuel injection.
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PROGRAM GOALS

EPA LTO CYCLE EMISSION INDEX
(LB/1000 HP-HR/cvcLE) 6 POLLUTANT/KG FUEL
REQUIREMENTS GOALS conpITIONS | EI GOALS
TOTAL HYDROCARBONS 4,9 Sl IDLE 5.4
CARBON MONOXIDE 26.8 20,1 IDLE 27.9
OXIDES OF NITROGEN 12.9 9.7 TAKEOFF 18.8
EXHAUST SMOKE 29.2 21.9
Table VI-1.
MODEL 501-D22A COMBUSTOR INLET CONDITIONS
ENGINE | BURNER BURNER FUEL BURNER BURNER*
L g
MODE (P () ) (bstn) )
TAX1/1DLE 155 335 1160 0113 53.6 2.5
TAKEOFF 4368 639 1920 0200 142.6 55
cLiMBouT | 3931 631 1825 0185 | 138.9 5.32
APPROACH 1310 599 1275 .0096 122.0 B457.
"FOR ONE COMBUSTOR
Table VI-2.
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SPECIFIC PERFORMANCE RATINGS
STANDARD SEA-LEVEL STATIC CONDITIONS

POWER SETTING TURBINE SPEED, | EQUIVALENT | SPECIFIC PROPELLER | JET
INLET RPM SHAFT FUEL SHAFT THRUST,
TEMPERATURE HORSEPQWER | CONSUMPTION, { HORSEPOWER | LB
OF LB/HR/ESHP
TAKEOFF (100 PERCENT) 1920 13 820 4680 0.502 4368 781
MAXIMUM CONTINUOUS 1850 13 820 4364 1512 4061 760
(93 PERCENT)

Table VI-3.

EMISSIONS INSTRUMENTS

EMISSION METHOD INSTRUMENT ACCURACY
OXIDES OF NITROGEN CHEMILUMINESCENCE THERMO ELECTRON + 17
(MopEL 10A wiTH
CONVERTER)
CARBON MONOXIDE NONDISPERSIVE BECKMAN + 27
+ WATER VAPOR INFRARED (MoDEL 865)
CARBON DIOXIDE NONDISPERSIVE BECKMAN + 17
INFRARED (MoDEL 864)
UNBURNED FLAME IONIZATION BECKMAN + 1%
HYDROCARBONS DETECTOR (MopEL 402)
Table VI-4.
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EMISSION REDUCTION REQUIRED

TOTAL CARBON OXIDES OF | MAXIMUM
HYDROCARBONS MONOXIDE NITROGEN SAE
LB/1000 HP- LB/1000 HP- | LB/1000 HP-| sMokE
HR/cycLE HR/cycLE HR/cycLE NO.,
TS
Eiﬁsglpé 4,9 26.8 12.9 29
e, | 3 20.1 07 | 2
PRODUCTION LINER 15.0 3145 6.2 59
REDUCTION REQUIRED,
PERCENT BASED ON 755 36.1 0 62.7
PROGRAM GOALS
Table VI-5.
COMBUSTOR PERFORMANCE SUMMARY SLS TAKEOFF
PATTERN MAX. WALL AP
CONFIGURATION FACTOR TEMP, i
PRODUCTION .18 -- 5.2%
REVERSE FLOW MOD. IV A1 1614°F 5:2%
PRECHAMBER MOD, 111 4 1682°F 5.3%
STAGED FUEL MOD. V o2, 1489°F 5:/%
Table VI-6.
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PROGRAM SCHEDULE
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TASK V
REPORTS QLT TR R T P T L LT

Figure VI-1.

EMISSION REDUCTION CONCEPTS

501-D22A COMBUSTORS

REVERSE FLOW PRECHAMBER STAGED FUEL

Figure VI-2.
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VII. POLLUTION REDUCTION TECHNOLOGY PROGRAM FOR
SMALL JET AIRCRAFT ENGINES - CLASS Tl

T."W. Bruce, F. G. Davis, and H. C. Mongia

AiResearch Manufacturing Company of Arizona
A Division of the Garrett Corporation

For the past decade, public concern over the deterioration in environ-
mental quality has been steadily increasing. 2s a result of this concern, the
United States Congress specifically addressed the mounting dangers to the
atmosphere through the Clean Air Ac. Amendments of 1970. In compliance
with this legislation, the Environmental Protection Agency (EPA), on
July 17, 1973, issued standards for aircraft engines (ref. 1) that required
major reductions in emissions of total unburned hydrocarbons (HC), carbon
monoxide (CO), oxides of nitrogen (NOX), and smoke. Furthermore, the EPA
established a landing/takeoff (LTO) cycle, representative of adverse airport
traffic conditions, over which pollutant emissions were to be integrated for
various engine categories. It was recognized by the aviation industry and the
National Aeronautics and Space Administration (NASA) that successful attain-
ment of the standards would require significant advances in combustion tech-
nology. As a result, NASA implemented various Experimental Clean Combus-
tor Programs and Pollution Reduction Technology Programs for the various
engine categories. This paper presents the results, to date, for one of these
programs, the Pollution Reduction Technology Program for small jet air-
craft engines, which includes all jet engines of class T1 (35.6-kN thrust and
less).

PROGRAM OBJECTIVES
The Pollution Reduction Technology Program for small jet aircraft en-

gines (EPA class T1, turbojet and turbofan engines of less than 35. 6-kN
thrust) is a multiyear effort begun in 1974 and scheduled for completion by
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late 1978. The overall program objectives are
(1) To identify technology capable of attaining the emissions reduction
goals consistent with performance constraints
(2) To screen and develop configurations employing these technological
advances through full-scale rig testing
(3) To demonstrate the most promising approaches in full-scale engine
testing
The AiResearch model TFE731-2 turbofan engine combustion system was
selected for the T1 class development effort. It is expected that the tech-
nological advances derived from this program will be applicable to other en-
gines within the T1 class and possibly to engines in other classes as well.
The results of this program may also suggest additional designs or tech-
niques that might merit further evaluation for other specific engine applica-
tions or under other research programs.

PROGRAM EMISSIONS GOALS

The emissions goals for this program are consistent with the EPA class
T1 gas turbine engine requirements currently specified by the EPA for new
aircraft gas turbine engines manufactured after January 1, 1979. The goals
for the individual emission constituents and average levels measured on pro-
duction engines are listed in table VII-1 in terms of the EPA parameter
(EPAP). The goals listed in table VII-1 are based on the simulated LTO
cycle shown in table VII-2. These goals are to be sought at no sacrifice to
existing TFET731-2 engine combustion system performance. The operating
conditions of the TFE731-2 combustion system are listed in table VII-3.

Emission indices, expressed as grams of pollutant per kilogram of fuel
burned, that approximately correspond to the EPA gaseous emissions stand-
ards at specific operating conditions are listed in table VII-4. These are
calculated levels that, at specific operating conditions, will allow the EPAP
values for given pollutants to meet the individual pollutant L.TO cycle goals
if the emission indices of the pollutants at other operating points do not in-
crease.

To compare test rig data for NO, with the EPAP NO, goal for the en-
gine, the test rig goal must be adjusted to account for the fact that the maxi-



mum pressure capability of the rig is 414 kPa (60 psia), compared with an
engine value of 1424 kPa (207 psia) at takeoff. Therefore, the NO, gozl for
the test rig is adjusted according to the following expression:

P n
EI =BT T3, engine
NOX, engine NOx, rig P
T3, rig
where
PT3 combustor inlet pressure
EI emission index
n pressure correction exponent

Limited engine-to-rig correlation data obtained on the production
TFET731-2 combustion system, which operates with a near-stoichiometric
primary zone, indicate that the value of n is 0.35. However, for systems
that operate with leaner primary zones, such as the systems evaluated in
this program, data derived from other programs indicate that the value of
n may be as high as 0.5. To derive a rig NOx goal that, when extrapolated,.
accurately represents what would be obtained in an engine, the value of n
in this paper has been chosen to be a range between 0.35 and 0.5. Using this
range of pressure correction exponents yields a test rig NOX goal of 5.5 to
6.6 g/kg fuel, which would correspond to an engine goal of 10.0 g/kg fuel.

PROGRAM PLAN

The Pollution Reduction Technology Program for small jet aircraft
engines is a three-phase effort with each phase independently funded. The
three phases are

(1) Phase I - Combustion rig screening tests of low-emission concepts

(2) Phase II - Combustion rig refinement and optimization tests

(3) Phase III - Engine testing of selected combustor concept or concepts
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Phase 1

The 19-month phase I effort involved the design, rig testing, and data
analysis of a number of candidate approaches for reducing HC, CO, NO,,
and smoke emissions. The objective of this phase was to identify and de-
velop emissions control technology concepts.

Phase II

During phase II the two most promising combustor configurations
identified in phase I are undergoing extensive refinement testing on the test
rig to develop systems that optimize emissions reductions consistent with
acceptable combustion system performance required in an engine applica-
tion. Therefore, the testing involved in phase II entails development in the
areas of off-design-point operation, lean stability and altitude relight capa-
bility, exit temperature profile, and pattern factor. In addition to the rig
tests, a provision has been made in phase II to conduct limited engine tests
using test rig adaptive hardware in order to correlate the emissions levels
measured on the engine and on the test rig. These tests will be confined to
brief correlation checks, and no refinement or development work scheduled
for phase III will be conducted in phase II.

Phase III

The most promising combustion system developed and refined during
phase II will be assembled on a TFE731-2 engine and will undergo a series
of tests to verify the actual performance and emissions characteristics in
an engine at essentially sea-level-static test conditions.

PROGRAM SCHED ULE

The schedule for the Pollution Reduction Technology Program for
small jet aircraft engines is shown in figure VII-1. Phase I was a 19-month



technical effort that has been completed. Phase II, which was awarded in
June 1976, is a 14-month program. Phase III is anticipated to be a 15-month
effort with a completion date prior to 1979.

Phase I

The rig testing was divided into two segments. The first segment,
designated as combustor screening tests, was of 9 months duration and in-
volved the testing of six configurations each of the three concepts. The
majority of these tests were run only at the takeoff and taxi-idle power points,
with parametric evaluation limited to determining the optimum emissions re-
duction potential of a configuration. The second segment of testing, refine-
ment tests, was of 2 months duration and involved a more-detailed evaluation
of two configurations each of the two most promising concepts. Most of
these configurations were tested over the four LTO-cycle power settings, and
limited ignition and stability tests were run.

The testing was conducted in a full-scale annular test rig designed to
simulate the aerodynamic envelope and operation of the TFE731-2 com-
bustion system. The combustor pressure, temperature, and velocity con-
ditions were identical with those of the engine with the exception of combustor
inlet pressure at the climbout and takeoff conditions. At the takeoff condi-
tion the actual engine combustor inlet pressure is 1424 kPa (207 psia); the
corresponding rig pressure is limited by the laboratory facility to 414 kPa
(60 psia).

Three combustor concepts underwent screening tests and represent in-
creased potential for emissions reduction commensurate with increased de-
velopmental risk and complexity:

(1) Concept 1 - Advanced modifications to the existing

TFET731-2 combustion system

(2) Concept 2 - Airblast fuel injection system

(3) Concept 3 - Premixing-prevaporizing combustion system

Concept 1. - This conceptual approach to the reduction of emissions,
shown in figure VII-2, was based on advanced modifications to the production
TFET731-2 combustion system. The production system consisted of a
reverse-flow annular combustor with a manifold of 12 dual-orifice pressure
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atomizers inserted radially through the combustor liner outer wall. A basic
combustion system and five modifications were evaluated. Table VII-5 lists
the techniques used in each build, and figure VII-3 summarizes the emissions
results for each test configuration.

In concept 1, it was demonstrated that HC and CO values could be reduced
to below the program goals with the use of air assist and compressor bleed.
With water-methanol injection (70/30 mixture by volume) at the takeoff condi-
tion, NO, levels were also reduced below the program goals. Smoke levels
were reduced from the production baseline but remained above the program
goals.

Air assist and compressor bleed were evaluated at the taxi-idle condi-
tion (separately and in combination) as a means of controlling HC and CO. In
the air-assist mode, air at pressures above compressor discharge pressure
was injected through the secondary fuel circuit of the dual-orifice fuel in-
jectors, while all of the fuel was introduced through the primary circuit. The
purpose of the air assist was to improve fuel atomization, thereby increasing
combustion efficiency. A range of air-assist pressures was evaluated, and
the effect of this technique on HC and CO formation is shown in figures VII-4
and VII-5. In the bleed mode, a portion of the combustor inlet air was bled
from the system through a baffle located at the dome of the combustor. In
order to maintain the required taxi-idle power, it was necessary to increase
the fuel flow, which in turn resulted in improved atomization and a richer
reaction zone. A series of bleed-flow rates up to 23 percent of the combustor
inlet airflow were evaluated. The results are shown in figures VII-6 and
VII-7. Combinations of air assist and bleed were also evaluated, and these
results are also shown in figures VII-6 and VII-7.

The configuration that was most compatible with the production com-
bustion system utilized a compressor bleed of 11.5 percent and an air-assist
flow rate of 0. 36 kg/min at 544-kPa nozzle differential air pressure. This re-
sulted in HC and CO levels of 0.6 and 30.0 g/kg, respectively. However, the
air-assist levels needed for these reductions would require an external pres-
sure augmentation device, which would add to the hardware complexity of the
engine.

Tubes were used to inject a water-methanol solution in the combustor
primary zone at the simulated takeoff thrust setting as a means of reducing

NOX. A series of increasing water-methanol flow rates were evaluated with



the results shown in figure VII-8. From figure VII-8, it can be calculated
that a water-methanol flow rate of 663 kg/hr is required to meet the 1979
EPA emissions standards. While this approach did produce low NO, levels,
the logistic and aircraft weight penalties associated with this technique make
it an impractical solution from an applications standpoint.

Concept 2. - Concept 2 represents the application of technology that is a
moderate departure from the production TFE731-2 combustion system. The
developmental risk and the potential for emissions reductions are considered
to be between those for concept 1 and concept 3. The concept 2 combustion
system, shown in figure VII-9, is based on the use of 20 air-assisted, air-
blast fuel nozzles inserted axially through the combustor dome. The airblast
feature of the fuel nozzle operates during all conditions, while the air-assist
feature is intended for use only at low-power conditions (although in phase I
it was needed at higher power conditions to prevent nozzle passage plugging).
As shown in figure VII-10, the fuel nozzle swirlers are replaced at low-power
conditions by grommets, thus simulating two-position variable-geometry air-
flow swirlers. The purpose of this design is to minimize HC and CO forma-
tion at the taxi-idle condition by maintaining a stoichiometric primary-zone
fuel-air ratio and then allowing full airflow through the swirlers at takeoff to
produce the lean primary zone necessary for low NO, formation. However,
to assess the ultimate need for a variable-geometry airflow system, both the
taxi-idle and takeoff conditions were evaluated with full-flow swirlers and
grommets.

During phase I, eight configurations (six screening tests and two refine-
ment tests) of concept 2 were evaluated. Table VII-6 lists the details of each
modification, and figure VII-11 presents a summary of the emissions results
for each test.

The second refinement test configuration of concept 2 produced the best
overall emissions performance for that concept. At taxi-idle with reduced
airflow swirlers, emission index values of 1.6 and 32. 1 g/kg fuel were meas-
ured for HC and CO, respectively. At takeoff, with full-flow swirler airflow,
NO, was measured to be 6.5 g/kg fuel.

The LTO-cycle EPAP values were calculated for refinement test 2 by
the following method. The HC and CO emission indices were corrected for
pressure at the climbout and takeoff power settings. NOX values were cor-
rected to standard-day humidity conditions, and the climbout and takeoff NO,
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levels used a 0.5 pressure exponent to correct measured rig values to en-
gine conditions. The 0.5 pressure correction exponent would yield the upper
limit of expected NO, EI values used in the EPAP calculation. If the pres-
sure correction exponent is less than 0.5, as AiResearch production TFE731-2
engine combustion system data have indicated, the NOX EPAP value is slightly
lower. Therefore, the use of the 0.5 pressure correction exponent for NOx
provides a conservative computation of the EPAP value.

EPAP values for concept 2, refinement test 2, are compared with the
program goals in the following table:

Pollutant EPAP, 1b/1000 1b
thrust-hr/cycle

Program goal | Concept 2
refinement
test 2
HC 0.4 1.6
CcO 10.0 9.4
NO, 3.9 A/

These LTO values were based on the use of changes in swirler geometry.
Test data from all the configurations in phase I of this concept have demon-
strated the need to vary the swirler airflow so as to maintain the reaction-
zone equivalence ratio for minimum emissions levels of both taxi-idle HC and
CO and climbout and takeoff NOx.

Engine-rig correlation tests performed on production combustion systems
consistently produced taxi-idle rig values of CO approximately 1.25 times the
measured engine data. In view of the fact that the rig and engine airflow condi-
tions at the taxi-idle condition were identical, and the same combustor system
hardware was used for both tests, no plausible explanation could be given for
the difference and, therefore, the correction term was not applied. However,
the difference was consistent for three engine-to-rig correlation tests. If
the correction term had been applied to the taxi-idle CO term in the LTO
calculation, the CO EPAP value would be below the required goal at 8.3 g/kg
fuel.
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The test results from concept 2, with simulated variable-geometry air-
flow swirlers, indicate that significant reductions were achieved in all pol-
lutants over the baseline production combustion system emissions. However,
it appears from data contained in figure VII- 12 that meeting the program
goals for taxi-idle CO and takeoff NOx simultaneously with a given combustor
configuration, even with variable-geometry airflow swirlers may require
further advances in technology. Figure VII-11 presents a curve of taxi-idle
CO versus takeoff NOx for each concept 2 test configuration. Although there
is some data scatter, a curve can be drawn that represents a trade-off line
between CO and NOx. Concept 2 has made improvements in lowering these
emissions levels from the production combustor data point listed. However,
to meet the goals, the trade-off line must fall within the dashed-line box
representing the CO taxi-idle goal and NOx takeoff goal. It is encouraging
that the final concept 2 test in phase I, refinement test 2, produced a data
point that was very close to meeting the goals.

Concept 3. - Concept 3, a staged premixing-prevaporizing combustion
system, offers the greatest potential for overall emissions reduction of the
three concepts tested. The technology involved in this concept represents a
considerable advance from present-day combustion state of the art and like-
wise involves the greatest developmental risk of the three concepts. The
predominant difficulties of a staged premixing-prevaporizing combustion
system center around two areas: (1) the danger of spontaneous ignition and/or
flashback, and (2) the developmental complexity involved in fuel and air
scheduling for a staged system.

All premixing-prevaporizing combustion systems have an inherent danger
because of the presence of a combustible mixture of fuel and air ahead of the
intended combustion location. Certain combinations of pressure, temperature,
and residence time in the premixing-prevaporizing section can result in
spontaneous ignition of the fuel and air mixture. In addition, if the velocity of
the fuel and air mixture is less than the flame speed in the mixture, flash-
back can occur.

In the concept 3 staged-combustion-system design at the taxi-idle condi-
tion, the system operates only on the pilot zone with a nearly stoichiometric
fuel-air ratio to minimize HC and CO emissions. The main combustion zone
is phased in at operation above taxi-idle and is designed to operate at a low
equivalence ratio at high-power conditions in order to minimize NOx emis-
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sions. A staged system, because of the presence of rich and lean zones,

has the tendency at certain conditions to produce pollutants that are not
characteristic of that condition, that is, high CO at takeoff and high NOX at
approach. To offset these emissions in the L TO cycle requires further re-
ductions at the other LTO-cycle points. There is a high degree of develop-
mental complexity involved in obtaining a system that optimizes fuel and air
metering to the two stages with regard to performance, emissions, reliability,
and safety. This translates into added hardware complexity and cost.

The concept 3 design shown in figure VII-13 employed axially staged fuel
injection with a pilot zone located at the dome end of the combustor and a
main combustion region immediately downstream of the pilot zone. The pilot
zone had 20 fuel nozzles inserted through the combustor dome. For most of
the configurations tested, these fuel nozzles were of the simplex pressure-
atomizing type. However, air-assisted airblast injectors were evaluated in
the second refinement test. The pilot zone was continuously operated at all
power settings, and the development of this region centered around producing
minimum HC and CO at taxi-idle, as well as acting as an efficient ignition
source for the main combustion zone at the higher power settings without
producing excessive NOX.

The main combustion zone was adjacent to and downstream of the pilot.
Fuel was staged into this zone only at operating modes above the simulated
taxi-~idle power setting. In the staging operation, fuel was injected into a
mixing region upstream of the combustor by simplex atomizing nozzles. This
fuel was premixed with air and the mixture was injected into the main burning
zone. This mixture was then ignited by the hot gases exiting the pilot zone.
An extensive portion of the development testing of this configuration was used
in optimizing the fuel-air ratios of the main combustion zone mixture and the
fuel flow split between this region and the pilot zone. Ideally, in a premixing
configuration, most of the fuel is introduced into the main combustion zone.
This fuel is premixed with a sufficient amount of air to produce a very lean
reaction zone, thereby minimizing the NO, formation. The fuel flow to the
pilot region is maintained as low as possible to minimize the NOx formation
in the pilot, but high enough to produce a hot gas ignition source for the main
combustion zone that will result in acceptable HC and CO levels. Several
parameters were evaluated to ensure thorough mixing of the fuel and air and
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to prevent flashback or autoignition of the mixture. These parameters include
fuel injection length; premixing residence time; premixing fuel-air ratio;
and velocity in the premixing tubes.

The first four combustion system configurations tested, as shown in fig-
ure VII-14, utilized 40 tubes external to the combustor plenum as premixing
chambers. The tubes, connected to an air supply separate from but pro-
viding air at the same temperature as the main combustor inlet air, allowed
the examination of the effects of fuel-air ratio and premixing velocity on
emission formation. Premixing velocity was evaluated with the use of pre-
mixing tube sets that had a different inside diameter, making it possible to
vary pilot-to-main zone splits and tube velocity independently. Each tube
had five fuel injection points spaced at 7. 6-cm intervals along its length to
determine the optimum premixing length for minimum emissions levels.
Initially, gaseous propane was used as the premixing fuel to eliminate vapor-
ization of the fuel as a variable. Later tests used liquid Jet A fuel.

Based on test results attained with the external premixing system, an
internal system was designed that was compatible with the existing engine
envelope. An annular passage next to the plenum wall was utilized as the
premixing region. This annulus was connected to 40 combustor chutes that
injected the fuel-air mixture into the main combustion zone. Two fuel in-
jection points (premixing lengths) were evaluated.

In phase I, eight configurations of concept 3, outlined in table VII-T7,
were evaluated in the test rig. Figure VII-15 presents the results of each
individual test.

The first four test configurations of concept 3, with external premixing-
prevaporizing tubes, were intended to establish the emissions reduction
potential of the premixing-prevaporizing system. The initial tests utilized
gaseous propane as the fuel for the premixing-prevaporizing stage. The
flame temperature of propane is similar to that of vaporized Jet A fuel, and
NOX data obtained with gaseous propane were expected to indicate the maxi-
mum NOX reduction potential of fully vaporized Jet A fuel. The external
configurations were evaluated over an extensive matrix of test points using
both propane and Jet A fuel in the premixing-prevaporizing system. Data
was taken at taxi-idle, simulated approach, and simulated takeoff power
settings that evaluated the effects of the following variables on emission
formation and combustion characteristics:
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(1) Premixing to pilot-zone air and fuel flow splits

(2) Premixing length

(3) Pilot nozzle flow number

(4) Comparison of NO, levels with liquid fuel and propane as premixing

fuels

The best overall emissions reductions for concept 3 in an external
premixing-prevaporizing configuration were obtained in modification 3, using
0. 90-flow -number pilot pressure atomizers, Jet A fuel, and a 20. 3-cm pre-
mixing injection length. At taxi-idle, the configuration had HC and CO levels
of 2.1 and 1.7 g/kg fuel, respectively, with a premixing airflow rate of
24 percent of the total. The HC value was well below the program goal, and
the CO level was only slightly above the goal of 30.0 g/kg fuel. At the simu-
lated takeoff point with the pilot fuel flow equal to 30 percent of the total and

the premixing-prevaporizing airflow equal to 24 percent of the total, the

measured NOX level was 3.4 g/kg fuel. The measured smoke number was
zero, and the combustion efficiency at this point was calculated from emis-
sions to be 99. 94 percent. Other takeoff combustor performance parameters
such as pattern factor (0. 15) and pressure loss (4. 4 percent) were within
engine requirements.

LTO cycle points calculated from the test data are shown in the following
table:

Pollutant EPAP, 1b/1000 Ib thrust-hr/cycle

Program goal | Concept 3, modification 3

HC 113 0.6
6{0) 9.4 8.8
NO, 3.7 251

These factors were calculated from rig data with all NOx emission indices
corrected to standard humidity and the climbout and takeoff NOX indices cor-
rected for pressure differences between rig and engine test points. A pres-
sure exponent of 0.5 was used. The HC and CO indices were corrected as an
inverse of the engine to rig pressure levels at climbout and takeoff.



Following the test of the modification 3 external premixing configuration,
which demonstrated the potential of the premixing-prevaporizing concept to
provide substantial reductions in emissions, the remainder of the phase I
testing for concept 3 centered around implementing an internal premixing
system. As canbe seen in figure VII-13, the internal premixing-prevaporizing
system consisted of an annulus surrounding the outer wall of the combustor
and extending from the diffuser deswirl vanes to the axial midpoint of the
burner. At this point, the premixing-prevaporizing annulus was divided into
40 chutes that ducted the fuel-air mixture into the combustor. The combustor
remained unchanged from the modification 3 configuration. To maximize the
premixing length, the premixing-prevaporizing annulus was extended to the
diffuser discharge, thereby necessitating the removal of the outer portion of
the deswirl vanes. The swirl angle in the premixing-prevaporizing annulus
remained at essentially the compressor exit swirl angle of 550, as compared
with 35° downstream of the deswirl vanes in the inner airflow passage. The
inner and outer walls of the premixing-prevaporizing annulus were connected
by five equally spaced ribs, each in the form of a 55° helix alined in the di-
rection of the swirl angle. Premixing fuel was introduced through 40 equally
spaced pressure-atomizing fuel nozzles. Two axial premixing lengths were
investigated - 7.6 and 20.3 cm. Both 0.68- and 0. 90-flow-number pressure-
atomizing nozzles were evaluated as pilot nozzles.

The system was tested at all four LTO-cycle points. At the taxi-idle
condition, tests were made both with and without simulated compressor bleed.
At the higher power settings, parametric tests were run to evaluate the effect
of fuel-flow splits on emissions. Prior to combustion testing, tests were per-
formed on the internal premixing-prevaporizing system to determine the air-
flow distribution, as compared with the external premixing-prevaporizing
system of the previous configuration. The test data indicated that the
premixing-prevaporizing airflow rate had been reduced 21 percent (from 24 to
19 percent of the total airflow) from modification 3. Additionally, the
premixing-prevaporizing system exhibited nonuniform air distribution within
the annulus. The hardware was reworked to reduce the nonuniformity
through improved control of the tolerances; but the flow variations were still
significant, and the airflow rate through the premixing-prevaporizing tubes
was unaffected.
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Because of the low airflow and circumferential nonuniformities in the
premixing annulus, the emissions reduction potential established with the
modification 3 external tube configuration could not be attained with any of the
internal annulus configurations tested. The refinement test 2 configuration
produced the best overall emissions reductions of any of the internal premixing
configurations tested. The HC and CO indices for this configuration were
3.2 and 25. 7 g/kg fuel, respectively, which were obtained with 5-percent
compressor bleed and 195. 6-kPa differential air-assist pressure. The
simulated-takeoff NOX emission index measured was 3.5 g/kg fuel. The LTO
EPAP values from this test are shown in the following table. The data for
the climbout point were approximated, since test data were not obtained for
this point in this configuration.

Pollutant EPAP, 1b/1000 1b
thrust-hr/cycle

Program goal | Concept 3,
refinement
test 2
HC 1.6 1.0
CcO 9.4 10.9
NOX 3. 2.6

These data show that, while this configuration meets the HC and NOX program
goals, the CO value is high. This was caused by abnormally high levels of CO
being produced at the takeoff condition as a result of an improper airflow split
between the pilot and main combustion region.

Summary of Phase I Program Results

Concept 1, incorporating advanced modifications to the production
TFET31-2 combustion system, demonstrated approaches that produced signifi-
cant reductions in taxi-idle emissions levels below the TFE731-2 production
baseline values. The most promising of the concept 1 configurations tested
employed compressor bleed and air-assisted fuel atomization. A combination
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of these techniques produced emission indices of 0.6 and 30.0 g/kg fuel for
HC and CO, respectively. The air-assist feature requires an external source
of high-pressure air, which could be supplied in an engine application only
through added hardware. At takeoff, the only concept 1 configuration that met
the NOx goal utilized water-methanol injection into the combustor primary

zone. An NOx value of 5.5 g/kg fuel was attained with a ratio of water-methanol

to fuel injection rate of 0. 88.

Concept 2, which incorporated 20 air-assisted airblast fuel injectors in-
serted axially through the combustor dome, also significantly reduced gaseous
emissions below the baseline levels as well as reducing the smoke number.
The conept 2 configurations that simultaneously produced the greatest reduc-
tion in emissions employed techniques that simulated variable-geometry air
swirlers for the purpose of controlling the primary-zone equivalence ratio
over the combustor operating envelope. At the taxi-idle conditions, emission
index values of 1.6 and 32.1 g/kg fuel were measured for HC and CO, re-
spectively, utilizing 5-percent bleed and 387-kPa differential air-assist pres-
sure at takeoff. NOX was measured to be 6.5 g/kg fuel and the smoke number
was zero.

The concept 3 staged premixing-prevaporizing combustion system demon-
strated the greatest overall emissions reductions of the three concepts eval-
uated in phase I. The potential for emissions reduction of this concept was
established with an external premixing-prevaporizing system, which provided
the capability to parametrically control critical factors such as premixing
fuel-air ratio, premixing velocity, premixing residence time, and premixing
fuel injection length. The best overall external premixing configuration had
HC and CO levels of 2.1 and 30.7 g/kg fuel, respectively, at taxi-idle. At
simulated takoeff, NOx was 3. 4 g/kg fuel with a combustion efficiency of 99.94
percent and a smoke number of zero, as measured on the rig. Configurations
of concept 3 with an internal premixing-prevaporizing system did not achieve
the emissions reductions established in the best external configuration because
of nonuniformities in the premixing annulus and lower-than-design-point air-
flow in the premixing section. The best overall results obtained for a con-
cept 3 internal premixing configuration had taxi-idle HC and CO values of
3.2 and 25. 7 g/kg fuel, respectively, which were obtained with 5-percent
compressor bleed and 195. 6-kPa differential air-assist pressure. The simu-
lated takeoff NO, value was 3.5 g/kg fuel.
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Concepts 2 and 3 were selected at the conclusion of the phase I screening
testing to proceed into refinement testing, and ultimately into phase II. These
concepts were judged to embody technology that would offer the best potential
of meeting the program goals with practical combustion systems.

The following conclusions can be drawn from the phase I testing:

(1) ALl three concepts met the taxi-idle HC goal with margin.

(2) All three concepts either met or were very close to the taxi-idle CO
goal through the use of air assist and/or compressor bleed.

(3) With regard to the takeoff NO,, goal, (a) water injection provided the
only means of concept 1 meeting the goal, (b) concept 2 is marginally close
to the goal, and (c) concept 3 met the goal with considerably margin.

(4) From the test data in phase I, it appears unlikely that concept 2 can
meet the emissions goals without the use of at least two-position variable-
geometry fuel nozzle air swirlers. Even with variable geometry, concept 2
will at best only marginally meet the emissions goals.

(5) Concept 3 offers the greatest demonstrated potential for emissions
reductions below the program goals but will require extensive development
for a safe and practical system.

Phase II

Based on the test results obtained in phase I, concepts 2 and 3 were
selected to undergo further design and refinement testing in phase II. The ob-
jective of phase II is to optimize emissions reductions over the complete
operating range of the engine, consistent with acceptable performance for ul-
timate incorporation within an engine. The phase II test program is divided
into two rig testing segments. The first segment, designated as combustor
refinement testing, is scheduled to be conducted over a 5-month period for
both selected concepts. Following this segment, the most promising concept
will be chosen to undergo the second segment of testing, designated combus-
tor optimization testing, to be conducted over a 2-month period. Performance
parameters, which will be of particular interest during both segments of test-
ing, include combustor exit temperature profiles (pattern factor, radial, and
circumferential), durability (wall temperatures), carbon deposition, fuel




staging at cut-on and cut-off points between power settings, combustor pres-
sure loss, altitude relight performance, ignition characteristics, and lean
stability limits over the operating envelope of the engine. During the rig test-
ing, combustion system operation, which will ultimately interface with engine
control systems, will be closely monitored. As the needed control functions
become defined in the latter stages of rig testing, final design of a control
system for phase III engine testing will begin. This design activity will be
completed in phase III.

In addition to the phase II rig testing, provision has been made to conduct
a maximum of two engine tests with test rig hardware and adaptive pieces
where necessary. The purpose of this is solely to obtain accurate engine-to-
rig correlation factors for concepts 2 and 3. Any development work necessary
for proper engine operation, and intended for phase III, will not be conducted
during these tests. The data obtained will be valuable in determining if
engine-to-rig correlation factors vary from concept to concept.

The phase II effort began in June 1976. The design effort on concept 2
centered around incorporating a variable-airflow swirler capability, improving
the design of the airblast fuel nozzle, and improving the durability of the
combustor in the dome area. The concept 3 design effort focused on improving
the design of the premixing passage annulus by specifying closer tolerances ‘
and improved fabrication techniques to eliminate the airflow distribution prob-
lems encountered in phase I. As of this writing, the initial test segment is ‘
underway, but no conclusive data are available at this time.

Phase III ‘

The culmination of this program is expected to begin in the latter half of

1977 with phase III. During this phase, hardware designs that incorporate ‘
the technology evolved through phase I screening and phase II refinement will

be completed for inclusion of the technology within the TFE731-2 engine. In ‘
addition, design activity on the engine control system will be completed.

Hardware will be fabricated and assembled in a TFE731-2 engine for a series

of engine tests. The purpose of the tests is basically to determine if the ‘
emissions reductions obtained through rig testing are actually realized in the
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engine system. Additionally, the tests will determine if engine operation is
affected by the combustion system and establish, on a limited basis, com-
bustor durability in an engine environment.
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EMISSION COMPARISON - PROGRAM GOALS VERSUS TFE731-2 ENGINE CHARACTERISTICS

PROGRAM GOALS

TFE731-2 ENGINE
CHARACTERISTICS*

AVERAGE

POLLUTANT SMOKE PERCENT REDUCTION
GASEOUS EMISSIONS,| NUMBER | GasEQUS EMISSIONS, NEEDED TO MEET
LB/1000 LB THRUST— LB/1000 LB THRUST— | SMOKE GOALS
HR/LTO CYCLE HR/LTO CYCLE NUMBER
TOTAL UNBURNED
HYDROCARBONS 16 6.6 76
(HC)
CARBON
g ‘ 48
MONOXIDE (CO) b v
OXIDES OF
NITROGEN 37 5.0 26
(NO,)
SMOKE 40 38

*AVERAGE OF SIX ENGINES MEASURED PRIOR TO START OF PROGRAM (1973).

EPA SPECIFIED LANDING TAKEOFF CYCLE FOR CLASS T1 ENGINES

Table VII-1.

DURATION OF MODE

ENGINE POWER SETTING,

MODE (MINUTES) (PERCENT OF RATED POWER)
TAXI-IDLE (OUT) 19.0 573
TAKEOFF 05 100
CLIMBOUT 25 90
APPROACH 4.5 30
TAXI-iDLE (IN.) 7.0 5.72

3RECOMMENDED POWER SETTING OF 0.89 kN THRUST FOR TAXI-IDLE OPERATION OF
THE AIRESEARCH TFE731-2 TURBOFAN IN ACCORDANCE WITH APPLICABLE FEDERAL
AVIATION ADMINISTRATION REGULATIONS.

Table VII-2.
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TFE731-2 COMBUSTION SYSTEM OPERATING PARAMETERS

Wa We
CONDITION PT3' kPa TT3' oK Kg/SEC Kg/HR
TAXI-IDLE 202 370 23 874
APPROACH (30% RATED THRUST) 532 505 59 2416
CLIMBOUT (90% RATED THRUST) 1301 666 126 668.2
TAKEOFF (100% RATED THRUST) 1424 685 13.6 754.9

PT3 = COMBUSTOR INLET PRESSURE

Tr, = COMBUSTOR INLET TEMPERATURE
W, = COMBUSTOR INLET AIRFLOW
Ws = FUEL FLOW

Table VII-3.

OPERATING CONDITION EMISSION INDICES GOALS

OPERATING EMISSION INDEX,
POLLUTANT CONDITION g/kg FUEL
HC TAXI-IDLE 6
co TAXI-IDLE 30
Nox TAKEOFF 10
Table VII-4.




CONCEPT 1 TEST CONFIGURATIONS

CONFIGURATION

MODIFICATION

MODIFICATION 1
MODIFICATION 2

MODIFICATION 3

MODIFICATION 4

MODIFICATION 5

BASIC CONFIGURATION

WATER INJECTION AT TAKEOFF
AIR-ASSIST AT TAXI-IDLE
COMPRESSOR BLEED AT TAXI-IDLE

QUADRANT FUEL STAGING

INCREASED AIRFLOW PASSAGE OF FUEL NOZZLE
AIR SWIRLER

AIRBLAST NOZZLES
COMBUSTOR ORIFICE CHANGE TO PRODUCE A LEANER

PRIMARY ZONE WITH CONTINUED USE OF AIRBLAST
NOZZLES

COMBUSTOR DOME MODIFICATION

Table VII-5.

CONCEPT 2 TEST CONFIGURATIONS

CONFIGURATION

MODIFICATION

BASIC CONFIGURATION

MODIFICATION 1

MODIFICATION 2

MODIFICATION 3

MODIFICATION 4

MODIFICATION 5

REFINEMENT 1

REFINEMENT 2

(A)

(A)

(B)
(A)

(A)

(B)

(A)

(B)

(A)

(A)

(B)

(A)

(B)

AIR-ASSIST AIRBLAST FUEL NOZZLES.

PRIMARY ORIFICE CHANGE TO REDUCE PRIMARY FUEL/AIR
RATIO AND PRODUCE EARLY QUENCH.

INCREASED SWIRLER AREA BY 1.5 FACTOR.
ADDED PRIMARY ORIFICE ROW FOR NO, CONTROL.

RELOCATED PRIMARY ORIFICES DOWNSTREAM FOR CONTROL
OF TAXI-IDLE EMISSIONS.

REDUCED JET PENETRATION OF OUTER PRIMARY ORIFICES
FOR NO, CONTROL.

RELOCATED AND INCREASED DIAMETER OF OUTER PRIMARY
ORIFICES TO INCREASE JET PENETRATION.

LOW AIRFLOW SWIRLERS.

RELOCATED AND MODIFIED OUTER PRIMARY ORIFICES TO
PRODUCE LEANER PRIMARY ZONE.

RELOCATED INNER AND OUTER PRIMARY ORIFICES TO
PRODUCE SAME AIRFLOW AS BASIC CONFIGURATION

AND ADDED ROW OF OUTER PRIMARY ORIFICES FOR NO,
CONTROL.

LOW AND HIGH AIRFLOW SWIRLERS EVALUATED.
MODIFIED PRIMARY ORIFICES TO INCREASE AIRFLOW AND
OBTAIN A PRIMARY ZONE EQUIVALENCE RATIO OF 05
AT TAKEOFF.

MODIFIED HIGH AIRFLOW SWIRLERS.

Table VII-6.
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CONCEPT 3 TEST CONFIGURATIONS

CONFIGURATION MODIFICATION
BASIC CONFIGURATION (A) EXTERNAL PREMIX TUBES.
MODIFICATION 1 (A) PILOT OD PRIMARY ORIFICES INCREASED TO ISOLATE

PILOT FROM MAIN COMBUSTION ZONE.
(B) MAIN COMBUSTION ZONE COOLING AIR DECREASED.
MODIFICATION 2 (A)  ADDED COARSE PORE COOLING TO ID INCLINED WALL.

(B) USED BOTH JET A AND PROPANE PREMIX FUEL.

(B) DILUTION ORIFICE LOCATION AND ANGLE CHANGE TO
INCREASE MAIN COMBUSTOR RESIDENCE TIME.

(C) ADDED IMPINGEMENT FILM COOLING BAND TO ID
INCLINED WALL.

(D) ADDED FILM COOLING BAND TO PILOT OD WALL.

MODIFICATION 4 (A) CO' VERTED PREMIX TUBES TO INTERNAL ANNULUS.
MODIFICATION 5 (A) PILOT SWIRLER AIRFLOW REDUCED 50 PERCENT.
REFINEMENT 1 (A) PILOT PRIMARY AIR ORIFICES REMOVED.

(B) PILOT COOLING AIR DECREASED 50 PERCENT.
(C) USED HALF AREA AND FULL AREA PILOT SWIRLERS.

REFINEMENT 2 (A) AIRBLAST PILOT NOZZLES.

MODIFICATION 3 (A) ADDED PREMIX CHUTES TO IMPART 45° SWIRL TO FLOW.

Table VII-T.

‘ PROGRAM SCHEDULE

PHASE 1974 1975 1976 1977 1978

l PHASE | — COMBUSTOR
SCREENING TESTS _ | _(_ (|-

PHASE Il — COMBUSTOR
REFINEMENT AND
OPTIMIZATION TESTS_|<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>