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SUMMARY

The primary objectives of this three-phase program are to develop tech-

nology for the design of advanced combustors with significantly lower pollu-
: tant exhaust emission levels than those of current combustors, and to demon-
. strate the pollution reductions in tests of a CF6-50 engine in 1976. The
purpose of this Phase II Program was to further develop the performance and
emission characteristics of the two most promising concepts identified in the
Phase I Program - the Double Annular Combustor and the Radial/Axial Staged N
| Combustor - and to define and provide a combustor design for CF6-50 engine
- demonstration testing in the Phase III Program. The Phase II efforts were
. successfully completed with the development of a Double Annular Combustor
v design which produced substantial reductions of all gaseous pollutants,
provided low smoke emissions and met development engine performance require-
x ments. ‘

The Phase II Program efforts involved experimental evaluations in full
annular and sector combustor rigs and preparation of detailed aeromechanical s
: combustor designs suitable for engine installation and demonstration testing.

a A total of 21 test configurations were evaluated in the full annular CF6-50

- combustor rig utilized in the Phase I Program. Detailed emission level data
and other performance characteristics were obtained in these evaluations. In
addition, 52 test configurations were evaluated in newly-constructed sector
combustor rigs. These latter tests were directed toward screening and develop-
ing design modifications to provide reduced emission levels and improved
performance characteristics for incorporation into the full annular test
configurations and the engine combustor designs.

el TR RITR TR OR UL 0 T T e T e

Both Phase II combustors, the Double Annular Combustor and the Radial/
Axial Staged Combustor, incorporate two-stage burning, wherein the pilot
stage operates alone at low power conditions, and both the pilot and main
stages operate together at high power conditions. Both combustors demon-—
strated the capability of significantly reducing exhaust pollutants. The
"best Phase II results were obtained with the Double Annular Combustor, which
produced CO, HC and NOx EPAP values extrapolated to CF6-50C engines con-
ditions of 3.4, 0.4 and 4.5, respectively. These represent respective CO, HC
and NOx reductions of 69, 90 and 42 percent, compared to current CF6-50C ]
engine values. The combustor also met development engine performance require-
ments.

RS S Ll A SRS
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Because of the lower CO and HC emission levels of the Double Annular
Combustor at idle and at high power operating conditions, and the generally , |
satisfactory performance obtained with this design concept during Phase 1I,
it was selected for the demonstrator engine evaluations to be performed in

T Phase ITI. The reduced combustion efficiency levels of the Radial/Axial
¢ Staged Combustor at high power operating conditions which were required to ;
' obtain significant NOx reductions, and the occurrence of flame flashback into ‘
1 .- its main stage premixing passage were primarv factors in the selection of the

: Double Annular Combustor design concept.
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Pilot stage design modifications, applicable to either combustor type

were identified during Phase II which provided significant reductions in idle

emission levels and which also resulted in meeting key engine performance

requirements, at ignition, altitude relight and low power operating conditions.

The use of pressure-atomizing fuel nozzles, swirl cup mixing barrels and
small dilution air jets in the pilot stage provided idle HC emission levels

well below the program goal and CO emission levels slightly below the program
goal with the Double Annular Combustor. The incorporation of similar design

features in the Radial/Axial Staged Combustor also produced HC levels well

below the program goal, and CO levels approaching the program goal. Although

the lowest idle CO emission index obtained with the Radial/Axial Staged
Combustor was significantly lower than that obtained with the production

CF6-50 combustor, it was still somewhat higher than the levels achieved with

the Double Annular Combustor. These low idle emission levels were obtained
with no sacrifice in sea level or altitude ignition perfecrmance.

Main stage modifications aimed at further reductions in NOx emission
levels at high engine power operating conditions met with limited success.

With the Double Annular Combustor, significant main stage performance improve-~

ments were obtained, but the NOx emission levels at takeoff remained about
the same as those of the final Phase I Program configuration, which were
about 45 percent lower than the levels of the production CF6-50 combustor.

The resulting NOy EPA parameter for the Double Annular Combustor was about 50
percent higher than the applicable 1979 EPA NOy standard. This degree of NOy

reduction was obtained with no penalty in high power combustion efficiency.
Takeoff NOx emission levels below the program goal were obtained with the
Radial/Axial Staged Combustor, but at the expense of combustion efficiency.

A direct tradeoff between NOyx and efficiency was found to exist at high power

operating conditions, as the fuel split between the pilot and main stages
were varied. At a combustion efficiency level of 99.8%, which is approxi-
mately the takeoff level required if 1979 EPA standards for CO and HC are to

be met, the NOx levels of the Radial/Axial Staged Combustor were about equiva-

lent to those of the Double Annular Combustor.

The determination of the best fuel flow split between stages at inter-
mediate power operating conditions, from an emission and/or a performance
standpoint, was an important part of the Phase IT investigations. Specifi-
cally, the fuel flow split between combustor stages at the EPA-defined
approach operating condition was found to have a large impact on the calcu-
lated CO and HC EPA parameters for ‘both combustors. Because of the low
combustor fuel-air ratio, inlet temperature and inlet pressure levels at
approach, high CO and HC levels resulted when the fuel was supplied to both
stages with either combustor type. By fueling only the pilot stage at idle
and approach, and both stages at climbout and takeoff, CO and HC EPA param-

eters below the applicable 1979 standards were consistently obtained with the

Double Annular Combustor, and levels approaching the standards were obtained
with the Radial/Axial Staged Combustor. No configuration tested met either

the CO or HC standard with both stages uniformly fueled at approach, but some

Double Annular Combustor configurations met both standards with all of the

pilot stage and a portion of the main stage nozzles fueled. Because of these
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factors, NOx emission index reductions at the approach mode could not be

obtained.

Both stages of the Double Annular Combustor and the Radial/Axial Staged
Combustor were fueled at simulated CTOL cruise operating conditions during
the Phase II tests. Best results were achieved with the Double Annular Com-
bustor. All configurations of this combustor produced NOyx levels lower than
those of the production CF6-50 combustor, with very high combustion effi-

The lowest level obtained was an emission index of 6.6 with a

ciencies.
This represents a 607% reduction from the

combustion efficiency above 99.87%.
production combustor.

pilot stage swirl cup designs for both combustors were
developed which met the altitude relight requirements of the CF6-50 engine
and operated carbon-free at all conditions. Acceptable average exit temper-
ature profiles for both combustors were obtained during the Phase II annular
tests. Some further adiustments to the peak temperature profile will be
required to satisfy engine requirements in Phase III.

In sector tests,

Based on the Phase 1I results, the Phase III Double Annular Combustor is
expected to meet development engine performance requirements and meet 1979
EPA Class T2 standards for CO, HC and smoke emission levels. The design is
also expected to provide significant reductions in NOx emission levels
relative to the production CF6-50 combustor, but is not expected to meet the

presently defined NOyx standard for Class T2 engines.
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INTRODUCTION

Various studies tio’'define the extent of contributions of turbine engine-
powered aircraft to world wide pollution have been conducted. In general, .
these studies have shown that the overall contributions of aircraft turbine
engine emissions to the air pollution problems of metropolitan areas are
quite small, as compared to those of other contributors (Reference 1). The
foremost concern associated with these engine exhaust emissions appedrs to be
their possible impacts on the immediate areas surrounding major metropolitan
airports. Because of the operating characteristics of most current turbojet
and turbofan engines, the highest levels of the various objectionable exhaust
constituents are typically generated at engine operating modes that occur in
and around airports. Further, because large numbers of daily aircraft opera-
tions can occur in and around a given airport, the cumulative exhaust emissions
resulting from these localized aircraft operations tend to be concentrated to
some extent in the airport vicinity.

For these reasons, the U.S. Environmental Protection Agency (EPA) con-
cluded that standards to regulate and minimize the quantities of carbon
monoxide (CO), unburned or partially oxidized hydrocarbons (HC), oxides of
nitrogen (NOx) and smoke emissions discharged by aircraft, when operating
within or near airports are needed. Based on this finding, such standards
were defined for several different categories and types of fixed-wing, com-
mercial aircraft engines and were issued in July 1973. For the most part,
these standards become effective in 1979 (Reference 2).

The introduction of aircraft engine emissions into the stratosphere is
another area of concern. It is thought that the continuous introduction of
some engine exhaust products into the stratosphere by large aircraft fleets
might, after extended time periods, result in adverse environment impacts.
The introduction of NOx emissions into the stratosphere has, in particular,
been identified as an area of concern. The possible impacts of the intro-
duction of these and other engine exhaust products into the stratosphere have
been conducted by the U.S. Department of Transportation (Reference 3). The
preliminary findings of this extensive program indicate that very low NOx
emission levels at high altitude cruise operating conditions may become an
important need in future transport aircraft engines (Reference 4).

To minimize these possible adverse environmental effects, significant
development efforts to provide techmology for the control and reduction of
the levels of the pollutant exhaust emissions of aircraft turbine engines
have already been conducted by both government and industry -organizations and
major additional development efforts are currently underway. Significant
advances have already been made in the development of engines with greatly
reduced smoke emission levels. As a result, advanced transport aircraft
engines, such as the General Electric CF6 engines, with virtually invisible
smoke emission levels, have been developed and placed into service. These
engines are, thus, already in compliance with the smoke emission standards
which have been issued by the EPA.
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At the present time, therefore, the primary pollutant reduction tech-
nology needs of nonafterburning engines involve the reduction of CO and HC
; emission levels at idle operating conditions and the reduction of NOy emission
; levels during takeoff, climbout and cruise operatioms. The attainment of
reduced exhaust emission levels in future engines primarily involves providing
improved and modified main combustors for use in these engines. Major com-
bustor design technology advances are needed to obtain these significant
: reductions in gaseous pollutant emissions. '

o

To provide these needed combustor design technology advances, the Experi-
mental Clean Combustor Program (ECCP) was initiated by the U.S. National
Aeronautics and Space Administration (NASA) in 1972 (Reference 5). The over-
o all objective of this major program is to define, develop and demonstrate
. technology for the design of low pollutant emission combustors for use in
.. advanced commercial aircraft engines with high cycle pressure ratios, in the
range of 20 to 35. However, it is also intended that this technology be
applicable to advanced military aircraft engines. Because the smoke emission
i levels of advanced rommercial and military aircraft engines have already been
reduced to low values, the primary ECCP program focus is on reducing the CO,
HC and NOx emission levels of these engines.

stz 1

W itisteanie]
i

The NASA/General Electric Experimental Clean Combustor Program is one of
-, two programs that comprise the overall program. The work effort was initiated
' %j in- January 1973, and is bkeing conducted in three phases. Phase II, initiated

. ir August 1974 and completed in November 1975, is the subject of this report.
Tne purpose of this phase was to further develop the performance and emission
: : ¢haracteristics of the two most promising combustor designs identified in
; o Phase I, and to define a low emissions combustion system design suitable for
CF6-50 engine demonstration in Phase TIII.

B o - 2 SR S

i This report describes the two low pollution combustor concepts investi-

s gated - the Double Annular Combustor and the Radial/Axial Staged Combustor -
and the test results obtained. Full annular and partial sectors of each low

. emission combustor design, sized to fit within the CF6-50 engine aerodynamic

flowpath are described, and detailed performance and pollution data ade

reported. Data were obtained at test conditions simulating all important

: CF6-50 operating modes from ignition to takeoff, including altitude wind-

i milling and cruise conditions, at test pressures up to 9.5 atmospheres. Also

o described are the program objectives and schedule, the aerodynamic and mech-
anical design features of the Phase III engine demonstrator combustor design,
and current and future program efforts.

R S T L N T

Detailed test results obtained as part of two Phase II Program Adden-
dums - the Noise Measurement Addendum and the Alternate Fuels Addendum - are
presented in References 8 and 9.
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CHAPTER I

DESCRIPTION OF EXPERIMENTAL CLEAN COMBUSTOR PROGRAM

OVERALL PROGRAM DESCRIPTION

The Experimental Clean Combustor Program is a multi-year effort which is
being conducted by the NASA-Lewis Research Center. The primary program
objectives are:

° To generate and demonstrate the technology required to develop
advanced commercial CTOL aircraft engines with significantly lower
pollutant exhaust emission levels than those of current technology
engines.

] To demonstrate the low pollutant emission levels in tests of
advanced commercial aircraft turbofan engines.

The intent of this major program is to reduce pollutant emission levels
by the development of advanced combustor designs, rather than by the use of
special engine operational techniques and/or water injection methods. The
program is aimed at generating technology which is primarily applicable to
advanced commercial CTOL aircraft engines with high cycle pressure ratios, in
the range of 20 to 35. However, 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.

The NASA/General Electric Experimental Clean Combustor Program is one of
two programs that comprise the overall effort. It is being conducted by the
General Electric Aircraft Engine Group under contract to the NASA-Lewis
Research Center. The design and development efforts are directed toward
providing advanced combustors for use in the General Electric CF6-50 engine.
This engine is an advanced, high bypass turbofan engine in the 218 kN (50,000
1b) rated thrust class, and is in commercial service in the McDonnell Douglas
DC~-10 Series 30 aircraft and in the Airbus Industrie A300B aircraft. While
the CF6-50 engine is the specific intended application of the advanced
combustor technology development efforts of this program, this technology
should also be applicable to all advanced engines in the large thrust size
category. =

PROGRAM PLAN

The Experimental Clean Combustor Program is being conducted in three
sequential, individually funded phases:
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Phase I: Combustor Screening
Phase II: Combustor Refinement and Optimization

2w Phase III: Combustor-Engine Testing

Phase I Program

The Phase I Program, which has been completed, was an 18-month effort
specifically directed toward screening a variety of combustor design approaches.
The objective was to identify and develop promising combustor design approaches
for obtaining the pollutant exhaust emission level reductions. Phase I
i Program efforts involved the definition of four advanced combustor design -
approaches, the detailed aeromechanical design of CF6-50 engine-size versions
of these approaches, the fabrication of full annular versions and pollution
and performance evaluation tests. Configurations were evaluated in a test
rig which exactly duplicates the aerodynamic flowpath and envelope dimensions
- of the combustor housing of the CF6-50 engine, at operating conditions iden-
tical to those of the CF6-50 engine except for pressure level, which was
| restricted to 9,5 atmospheres or less due to test facility limitations. 1Imn
- these tests detailed measurements of the emission and performance character-

) istics of each combustor configuration were obtained.

v In conjunction with Phase I, additional efforts were also carried out in :
T oo two program addendums; the Advanced Supersonic Transport (AST) Addendum and ;
: the Combustion Noise Measurement Addendum. The purpose of the AST Addendum ;
was to develop combustor design technology for reducing the NOx emission

levels of AST engines at supersonic cruise operating conditions by applying

and extending the results of the basic program investigations. The purpose "
of the Combustion Noise Measurement Addendum was to obtain experimental data ;
on the acoustic characteristics of these advanced low emission combustors 3
and, thereby, to enable comparisons of their noise characteristics with those
of current technology combustors. 3

LRt | AEEh

T Detailed descriptions and results of the Phase I Program and AST Adden-
dum are presented in Reference 6. Combustor Noise Measurement Addendum
results are presented in Reference 7.

Phase II Program

The Phase 11 Prograﬁ, which has also been completed, was a 15-month
effort to further develop the most promising advanced combustor designs
evolved in the Phase I Program. The Double Annular Combustor and the Radial/
Axial Staged Combustor design approaches produced the most promising Phase 1
results and were selected for Phase II development. Phase II efforts included §
both full annular and sector combustor component tests, detailed aeromechan- . 3
ical design of versions of these combustors for possible use in Phase III T
CF6-50 engine tests, and the design of a breadboard engine fuel control
system. The primary objective of these design and development efforts was .
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to provide advanced combustor designs which meet the performance and installa-
tion requirements of the CF6-50 engine and approach the objective low pollu~
tion emission level goals of the program.

In conjunction with the Phase II Program, additional efforts were also
carried out in two program addendums; the Noise Measurement Addendum and the
Alternate Fuels Addendum. The purpose of the Noise Measurement Addendum- was
to obtain additional experimental data on the acoustic characteristics of
these low emissions combustors and make direct comparisons of their noise
characteristics with those of the current production CF6-50 combustor. The
purpose of the Alternate Fuels Addendum was to obtain experimental data on
the effect of relaxed fuel specificatons, such as final boiling point and
hydrogen content, on the pollutant emission levels and performance charac-
teristics of these low emissions combustors and the current production CF6-
50 combustor.

Detailed descriptions and results of the Phase II Program are presented
in Chapter II through V of this report. Descriptions and results of the two
addendums are presented in Referenmces 8 and 9.

Phase III Program

The Phase III Program, which is currently underway, is a 1l6-month
effort and consists of detailed evaluations of the most promising Phase II
Program combustor design in a demonstrator CF6-50 engine. The objective is
to demonstrate significant pollutant reductions with an advanced combustor
which meets the performance, operational and installation requirements of the
engine. The Double Annular Combustor design has been selected for these
evaluations. The combustor incorporates all of the aero-thermal design
features that evolved in the Phase II Frogram together with advanced mechani-
cal and installation features derived from other General Electric combustor
programs. General Electric is furnishing the required combustor parts,
engine components and fuel supply/control comporients from another program.

A large turbofan engine has never before been operated with a two-stage
main combustion system. Therefore, the objectives of these engine evalu-
ations are not only to obtain steady-state performance and pollutant emission
data, but to also determine experimentally, the acceleration and deceleration
characteristic¢s of the engine.

PROGRAM SCHEDULE

The overall schedule plans of the NASA/General Electric Experimental
Clean Combustor Program are presented in Figure 1. 1In this chart, the solid
bars indicate completed efforts and the striped bar indicates efforts
currently under contract.
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PHASE ACTIVITY 1973 1974 1975 1976

| COMBUSTOR SCREENING
*Basic Program

¢ AST Addendum

* Noise Measurement
Addendum

I COMBUSTOR REFINEMENT —
AND OPTIMIZATION

*Basic Program

e Noise Measurement

Addendum

e Alternate Fuels

Addendum
Il COMBUSTOR/ENGINE 3
TESTING
*Basic Program
4
® Turbulence Measure- // ot

ment Addendum

Figure 1. NASA/General Electric Experimental Clean Combustor Program Schedule,
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PROGRAM GOALS

Pollutant Emission Level Goals

The pollutant emission goals are presented in Table I. As is shown by
the comparison of the goals with the status levels of the current production
CF6-50 engine, the attainment of these goals involves significant pollutant
emigsion level reductions by factors of three to seven on an emission index
basis.

These goals are intended to be optimistic projections of the attainable
pollutant emission level reductions. The intent of the program is to gen- °
erate advanced combustor design technology rather than to verify already
available combustor design technology. Further, the use of water injection
into the combustor to obtain lower NOyx emission levels, was specifically
excluded as an approach to be considered in the program.

In Table I, the gaseous pollutant emission goals are expressed two ways;:
as emission indices at the engine operating mode where the peak levels of !
each emission are generated, and as EPA parameters by which the gaseous
emission standards are dzfined in Reference 2. The EPA parameter is a
thrust-normalized measure of the total mass of pollutant emitted in a pre-
scribed takeoff and landing cycle. For the CF6-50 engine, the peak emission
index goals are somewhat lower than needed to meet the EPA Standards.

Combustor Performance Goals

The key combustor performance goals are presented in Table II. Except
for its combustion efficiency levels at low engine power operating modes, the
current production CF6-50 engine combustor already provides performance
levels equal to or better than the goals. Thus, the major challenge of this
program is to develop advanced combustor designs which significantly reduce
pollution levels without compromising performance characteristics. The
current CF6-50 engine does not achieve the 99 percent combustion efficiency
goal at the idle operating mode. This goal is specified as 99.0%Z to be
consistent with the CO and HC emission level goals. Combined, these goals
are equivalent to a combustion efficiency at idle of 99.17%.
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Table I. Pollutant Emission Level Goals of the NASA/
General Electric Experimental Clean Combustor /
Phase II Program. s

$Sea Level Static Engine Operating Conditions

®
e Standard Day Conditions
e Aviation Kerosene Fuel .
e CF6-50C Power Rating
A. Peak Emission Goals k 7
Engine v Current
Pollutant Operating Program CF6-50C Engine
Emission Mode Goal Status
NOy (as NOp) - g/kg fuel Takeoff 10 35 .
co - g/kg fuel Ground Idle © 20 73 S :
HC (as Cp Hy gp) - &/kg fuel Ground Idle 4 30 4
Smoke - (SAE SN) Takeoff 15 12

B. EPA Emission Parameter Goals

e Prescribed Class T2 Engine Takeoff/Landirg Cycle

T

Current
Pollutant Program®* CF6-50C Engine
Emission Goal Status -
NO, (as NO2) 1b/1000 1b Thrust-hr 3.0 7.7
Cco 1b/1000 1b Thrust-hr 4.3 10.8
HC 1b/1000 1b Thrust-hr 0.8 4.3

* .
Same as EPA 1979 Class T2 engine standards. i/
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Table II, Combustor Performance Goals of the NASA/General Electrlc
‘1_Experimenta1 Clean Combustor,Program

Engine

‘ i Operating Program
Performance Parameter Mode Goal
Minimum Combustor Efficiency - % - - All . 99.0
Maximum Pressure Drop - % Cruise 6.0
Maximum Exit Temperature Pattern ' Takeoff and 0.25 B
Factor ; Cruise
Altitude Relight , Windmilling Meet CF6-50
Engine Relight
~Envelope
Mcchanical Durability All Equivalent to
Current CF6-50
Combustor
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CHAPTER II

PHASE IT PROGRAM DESIGN AND DEVELOPMENT APPROACHES

J
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CF6-50 ENGINE/COMBUSTOR

The CF6-50 engine is the higher power series of two CF6 high bypass
turbofan engines which have been develeoped by General Electric. The other
series is the CF6-6 engine. The CF6-50 engine is in commercial service as
the power’ plant for the McDonnell Douglas DC-10 Series 30 Tri-Jet  long range’
intercontinental aircraft and the Airbus Industrie A300B aircraft. The CF6-
50 engine is a dual-rotor, high bypass ratio turbofan incorporating variable

stators, high pressure ratio compressor, an annular combustor, .an air-cooled .

core engine turbine and a coaxial front fan with a low pressure turbine.
Major features of the engine are shown in Figure 2.

Several models of the CF6-~50 engine are currently in production. The
CF6-50C model was selected for the Phase II Program combustor design and test
conditions. Key standard day combustor operating conditions for this model
are presented in Table III. The idle operating conditions are averages from
acceptance tests of 109 production engines and are more severe, from an
emissions standpoint, than were early cycle data used in the Phase I Program.
The high power operating conditions in Table III are averages from acceptance
tests of 17 production engines and are essentially the same as the early
cycle data,

The CF6-50 engine combustor is a high performance design with demon-
strated low exit temperature pattern factors, low pressure loss, high com-
bustion efficiency and low smoke emission performance at all operating con-
ditions. A cross sectional drawing of this combustor, as installed in the
engines, is presented in Figure 3. TIts key features are a low pressure loss
step diffuser, a carbureting swirl cup dome design and a short burning
length. Additional details of the CF6-50 engine and combustor are contained
in Reference 6.

TEST FACILITIES AND EQUIPMENT

The Phase I Program evaluations were conducted with an existing full
annular combustor test rig. The Phase II Program evaluations included both
fell annular and sector combustor rig tests. A new 60° sector combustor rig
was utilized primarily for altitude relight and cross-firing development. A
new 12° sector combustor rig way utilized for high pressure carboning and
flashback development. Testing was conducted concurrently in all three rigs.
Combustor modifications determined from sector rig tests were incorporated
into the full annular combustor rig configurations where the bulk of the
emission and performance developmentz;ests were conducted. All tests were
conducted in facilities at the General Electric Evendale Plant.
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General Electric CF6-50 High Bypass Turbofan Engine.
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Table III,

o Standard Day Conditions
[} No Blzed Air Extraction
] Jet A Fuel

CF6-50 Engine/Combustor Operating Conditions.

Parameter Symbhol Units Idle(l) Approach(l) Cruise(z) Climb(l) Takeoff(l)

Installed net thrust FN kN 7.53 66.59 47,23 188.66 221.95
Percent takeoff thrust PCFN % 3.39 30.0 - 85.0 100.0
High pressure compressor physical speed Ng rpm 6412 8620 9585 9890 10150
High pressure compressor discharge total pressure P3 atm 2.92 11.7 11.4 25.9 29.8
High pressure compressor discharge totalltemperature T3 K 429 630 733 786 820
High pressure compressor discharge air flow W3 kg/s 16.37 56.7 49.5 109.3 122.0
Combustor air flow Wag kg/s 13.81 47.6 41.8 92,1 103.0
Tdeal fuel flow® iy geay | KE/ME | 547 2395 3159 7104 8573
Combustor reference velocity VR m/s 18.3 23.2 24.3 25.3 25.6
Combustor fuel-air ra;io(3) fideal - 0.0110 0.0140 0.0210 0.0214 0.0231

65)

(Z)Altitude = 10.67 km, Flight Mach Number = 0.85

Sea level static

(3)Assumes combustion efficiency = 100%
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Full Annular Combustor Rig

Full annular combustor tests were conducted with the same facility, rig
and data acquisition systems utilized in the Phase I Program. Detailed
descriptions are presented in Reference 6 and are briefly reviewed in this
section.

Tests were conducted in Test Cell A3 which is equipped with an indirect
gas-fired air heater and exhaust ducting systems for high pressure or vacuum
operation. TFlow capabilities are such that the CF6-50 engine combustor
operating conditions can be exactly duplicated at all altitude relight
requirement conditions and at ground idle conditions. For higher power
simulation, combustor inlet pressure is limited to about 9.5 atm,

The test rig exactly duplicates the aerodynamic flow path and envelope
dimensions of the CF6-50 engine. Included as a part of this rig is an exit
plane rotating rake assembly for obtaining measurements of outlet tempera-
tures and pressures and for extracting gas samples. A drawing of the rig is
presented in Figure 4. Most of the tests were conducted with the rig con-
nected to the facility exhaust system for pressure control. For ground
starting and detailed pattern factor testing, the combustor was exhausted
directly to the atmosphere. This atmospheric exhaust setup allows visual
determinations of lightoff, propagation, blowout and provides a more detailed
assessment of the exit temperature distribution.

The exhaust gas sampling rake traversing assembly contains five gas
sample rakes each having five sampling probes. The probe tips are designed
to quench the chemical reactions of the extracted gas sample as soon as the
sample enters the rake. The rakes are water cooled for mechanical integrity,
and sample lines within the rakes are steam heated to prevent condensation of
hydrocarbon compounds and water vapor in the sample. The 25 individual
sample lines are led out through steam heated bundles to a baunk of selector
valves in the control room, and then to the emission analyzers. A flow
diagram of the sample lines is shown in Figure 5. By manipulation of the
appropriate valves; any individual element or any desired combination of
elements can be selected for measurement. Normally, 15 elements were mani-
folded together for gaseous analysis and ten elements were manifolded to-
gether for smoke measurements. The CO2, CO, HC, and NOx analyzers are
electronically integrated with the test cell digital data acquisition system
which allows gaseous emission data tc be automatically recorded and reduced
in the test cell in a matter of minutes. The smoke emission data are ob-
tained using the standard General Electric filter stain method.

60° Sector Combustor Rig

A cross sectional drawing and an overall photograph of the 60° rig are
shown in Figure 6. The combustor housing is constructed from a segment of a
CF6-50 engine compressor rear frame and seal bearing assembly so it exactly
duplicates the engine combustor flow path and ports. Radial sidewalls are
uncooled, and air seals are provided to minimize end-wall effects. The exit
instrumentation section has nine ports for mounting thermccouples or gas
sample rakes in-line with and between fuel nozzles.
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Figure 4., Full Annular CF6-50 Combustor Test Rig, Axial Cross Section View,
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g Inlet Plenum

Observation
Window

Five Fuel Nozzle Ports

Engine Compressor Rear
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Altitude relight testing was conducted in the Building 301 Small=-Scale
Combustion Laboratory. This facility has capabilities for testing small
combustor rigs over a wide range of simulated altitude relight conditions.
Liquid nitrogen heat exchangers are available to independently regulate inlet
air and fuel temperatures from ambient down to about 220 K. Steam ejectors
in the exhaust ducting can be utilized to reduce inlet air pressure from
ambient down to about 0.1 atmospheres.

Other 60° sector combustor testing was conducted in the Building 306
Small-Scale Combustion Laboratory. This facility has capabilities for
exactly simulating engine idle operating conditions. For idle emissions
tests, the sector rig was connected to the facility exhaust ductiug for
pressure control and the inlet air was heated by an indirect liquid-fueled
heat exchanger. Exhaust gas samples were analyzed with an on~line system
similar to the one utilized in the full annular combustor tests. For cross-
fire tests, the rig was exhausted directly to the atmosphere and the inlet
air was heated by vitiation.

12° Sector Rigs

Carboning and flashback development testing was conducted in 12° sector
rigs installed in Test Cell A5. This facility has capabilities for testing
components at high pressure/temperature conditions. An indirect gas-fired
heat exchanger is utilized to heat the inlet air. Nominal air facility
limits are 840 K, 18 atmospheres and 5.3 kg/s.

Fuel injector/air swirler carboning tests were conducted to develop con-
figurations suitable for long-time engine operation without harfmful carbon
buildup. Results are applicable to both stages of the Double Annular Com-
bustor and to the pilot stage of the Radial/Axial Staged Combustor. These
development tests were conducted with a simple one-cup sector rig. The fuel
injector/air swirler test configurations were each mounted on a can-type
combustor as shown in Figure 7 which was then mcunted in a 20 cm diameter
pipe rig and subjected to a standard high temperature and pressure burning
cycle. The test cycle, derived from other previous development programs, was
made intentionally severe so that deficiencies in a design would show up
after a relatively short time. Success was judged by posttest inspection of
the fuel injector and air swirler.

A major concern with the Radial/Axial Staged Combustor is that flashback
or upstream burning in the main stage premixing zone may occur under some
operating conditions. A 12° sector rig was utilized to investigate this
concern. The sector combustor, shown in Figure 8 was installed in the 20 cm
diameter pipe rig. The tests consisted of setting increasingly severe oper-
ating conditions until flashback was detected or facility limits were
reached. The sector was instrumented to measure and continuously record
pressure drop, flameholder metal temperatures and air temperatures in the
premixing region.
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Figure 8, 12° Sector Combustor for Flashback Tests.
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COMBUSTOR CONCEPTS

Based on the Phase I Program results, the Double Annular Combustor and
Radial/Axial Staged Combustor design approaches were selected for further
development in the Phase 1I Program. Both of these low emissions combustor
design approaches feature the use of multi~-zone burning to provide proper
combustion conditions both at low engine power operating conditions, so that
Jow CO and HC emission levels may be obtained, and at high engine power
ons to limit the NOy emission levels. In both design
approaches, all of the fuel is supplied to the pilot stage at low engine
power operating conditions. At the higher engine power operating conditions
both the pilot and the main stage are fueled. The two design approaches
differ in the physical arrangement and design philosophy of the main stage.

operating conditi

Double Annular Combustor

The general arrangement of the Double Annular Combustor design and the
full annular development combustor assembly is shown din Figure 9. The com-
bustor consists of a dome assembly, a cowl and modified CF6-50 production
combustor cooling liners. The dome assembly consists of two annular arrays
of air swirlers (30 in each annulus) which are separated by a short center-
body. The outer annulus is the pilot stage. In the Phase II Program, six

features of the basic design were varied:
1. - Centerbody geometry
2. Airflow distribution
3. Fuel injector type
4. Air swirler geometry
5. >Dilution hole location
6. Intermediate and high power fueling modes

Key design features of each full annular test configuratiom, together with
the design intent of each configuration modification, are summarized in Table
iV and Figures 10, 11, 12 and 13. The area/airflow distributions are sum~

marized in Tables V and VI.

Four different secondary swirler configurations were used in the pilot
stage d..elopment and are shown - in Figure l4. The key development feature
was the introduction of the gsecondary mixing barrel in Configuration D5. The
main stage swirler configurations are shown in Figure 15. A key development
feature as with the pilot stage, was the introduction of the mixing barrel.
The three fuel injector assemblies used are shown in Figure 16. Simplex
pressure-atomizing fuel nozzles were introduced into both the pilot and main
stage in Configuration D4. These were simplex nozzles without an air shroud
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% 5 Table V. Double Annular Combustor, Area/Airflow Distributions, Full Annular Test
- Configurations D1 ~ D7.
ey
S
‘E_." [on)
5 Z Configuration Dl D2 D3 D4 D5 D6 D7
Lan ! i : Ae’ Ae’ Ae; Ae, Aes Ae’ Aes
% Ay A % A 7 A ,
o /Wc sz % e cmz /Wc cmz /Wc cm2 /wc cm2 AWC cmz /Wc
Quter Swirl Cups ‘
Fuel nozzle shroud 5 0.9 5 0.9 5 0.9 0.5 0.1 0.5 0.1 0.5 0.1 0.5 0.1
Primary swirler 19 3.5 19 3.6 19 3.6 19 3.7 19 3.6 19 3.5 19 3.6 .
Secondary swirler 48 8.8 38 7.1 38 7.2 47 9.0 47 9.0 47 8.8 47 8.8
Total 72 | 13.2 62 | 11.6 62 | 11.7 66.5 | 12.8 66.5 | 12.7 66.5 | 12.4 66.5 1 12.5
Inner Swirl Cups
Fuel nozzle shroud 5 0.9 5 0.9 5 0.9 0.5 0.1 0.5 0.1 0.5 0.1 0.5 0.1
Primary swirler 19 3.5 19 3.6 50 9.5 50 9.6 50 9.6 50 9.3 19 3.6
Secondary swirler 158 | 29.1 158 | 29.6 202 | 38.3 |202 39.0 | 202 38.6 | 202 37.6 § 158 29.8
Total 182 | 33.5 182 | 34.1 357 | %8.7 |252.5 | 48.7 | 252.5 | 48.3 | 252.5 | 47.0 | 177.5| 33.5 /
| pilution |
OQuter liner — Panel 1 0 0 0 0 0 0 0 0 0 0 17 3.2 25 4.7 E
- Panel 2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 ‘
Inner dome 26 4.8 26 4.9 26 4.9 26 5.0 26 5.0 0 0 26 4.9
Inner liner - Panel 1 | 92 | 16.9 92 { 17.3 0 0 0 0 0 0 23 4.3 58 10.9
- Panel 2 0 0 0 0 0 0 0 0 0 0 0 0 0 0
~ Panel & 0 0 0 0 0 0 _0 0 _0 0 _0 0 0 0 ‘
Total 118 | 21.7 118 | 22.2 26 4.9 26 5.0 26 5.0 40 7.5 | 109 20.5 |
Cooling :
Outer liner 42 7.7 42 7.9 40 7.6 39 7.5 43 8.2 43 8.0 43 8.1
Outer dome 28 5.1 28 5.3 28 5.3 24 4.6 24 4.6 24 4.5 24 4.5 ;
Centerbody 21 3.9 211 3.9 21 4.0 21 4,1 21 4,0 21 3.9 21 4.0 ’
Inner dome 27 5.0 26 4.9 26 4.9 22 4.2 22 4.2 22 4,1 22 4.1
Inner liner 46 8.4 46 8.6 60 | 11.4 60 11.6 60 11.5 60 11.1 60 11.3
Seal leakage 8 1.5 8 1.5 8 1.5 8 1.5 8 1.5 _8 1.5 _8 1.5 _ .
Total 17 31.6 171 | 32.1 183 | 34.7 | 174 33,5 | 178 34,0 | 178 33.1 | 178 33.5
Combustor Total 544 (100.0 533 {100.0 528 |100.0 | 519 100.0 } 523 100,0 } 537 100.0 | 531 100.0
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Table VI. Double Annular Combustor, Area/Airflow Distributions, Full Annular Test
Configurations D8 - D14,

Configuration D8 D9 D10 Dil Dizs D12B . D13 Dl4A D14B
A
ol | | w ol o w ol | | w 2 I B T B
‘ em o cm LY cm c cm > cm c cm c em e cm c cm *Re
Quter Swirl Cups
Fuel nozzle shroud 1 0.1 1 0.1 1 0.1 1 0.1 5 0.9 1 0.1 1 0.1 1 0.1 5 0.8
Primary swirler 19 3.6 19 3.6 19 3.6 19 3.6 28 5.2 28 5.3 28 5.1 28 4.8 28 4.6
Secondary swirler 47 8.8 47 8.8 47 8.8 47 | 8.8 391 _7.3 39 7.3 39 7.3 39 6.7 39 6.5
Total 67 | 12.5 67 | 12.5 67 | 12.5 67 | 12.5 72 | 13.4 68 | 12.7 68 | 12.5 68 | 11.6 72 | 11.9 —
Inner Swirl Cups
Fuel nozzle shroud 1 0.1 1 c.1 1 0.1 1 0.1 1 0.1 1 0.1 1 0.1 1 0.1 19 3.2
Primary swirler 19 3.6 19 3.6 19 3.6 19 3.6 19 3.5 19 3.6 19 3.5 19 3.3 19 3.1
Secondary swirler 158 | 29.8 158 | 29.6 158 | 29.8 158 | 29.7 158 | 29.5 158 | 29.7 158 { 29.3 158 | 27.1 158 | 26.1
Total 17 33.5 178 | 33.3 178 | 33.5 178 | 33.4 178 | 33.1 178 | 33.4 178 | 32.9 178 | 30.5 196 | 32.4
Dilution :
Quter liner - Panel 1 0 0 o] 0 0 [ 0 4] 0 0 0 0 0 0 ] [¢] 0 0
-~ Panel 2| 2 4.7 25 4.7 25 4.7 25 4.7 25 4.7 25 4,7 % 25 4.6 29 5.0 29 4,8
Inner dome 0 0 c 0 26 4,9 0 9] 0 o] 0 0 0 0 0 ] 0 0
Inner liner — Panel 1| 58 | 10.9 86 | 16.1 58 | 10.9 29 5.5 58 | 10.8 58 | 10.9 92 | 17.0 92 | 15.8 92 | 15.2
-~ Panel 2 0 0 0 0 ¢} 0 29 5.5 4] 0 0 0 0 0 0 0 [ o
- Panel &4 |_26 4.9 _0 0 _0 1] _26 4.9 26 4.8 _26 4.9 ] 0 26 4.5 _26 4.3
Total 109 | 20.5 111 | 20.8 109 | 20.5 109 | 20.6 109 | 20.3 109 | 20.5 117 | 21.6 14 25.3 147 | 24.3
g Cooling
: OQuter liner 43 8.1 43 8.1 43 8.1 43 8.1 43 8.0 43 8.1 43 8.0 55 9.4 55 9.1
Quter dome 24 4.5 24 4.5 24 4.5 24 4.5 24 4.5 24 4.5 24 4.4 24 4.1 24 4.0
Centerbody 21 4.0 21 3.9 21 4.0 21 4.0 21 3.9 21 3.9 21 3.9 21 3.6 21 3.5
Inner dome 22 4.1 22 4.1 22 4.1 22 4.1 22 4,1 22 4,1 22 4.1 22 3.8 22 3.6
Inner liner 60 | 11.3 60| 11.3 60 | 11.3 60 | 11.3 60 | 11.2 60 | 11.3 60 | 11.1 60 { 10.3 60 9.9
Seal leakage - 81_1.5 __8 1.5 _ 8 1.5 8 1.5 _ 8| 1.3 8 1.5 _8 1.5 _ 8¢ 1.4 _ 8 1.3
Total 178 1 33.5 178 | 33.4 178 | 33.5 178 | 33.5 178 | 33.2 178 | 33.4 178 | 33.0 190 | 32.6 190 | 31.4
Combustor Total 532 (100.0 534 |100.0 532 |100.0 532 }100.0 537 |100.0 533 |100.0 541 (100.0 583 [100.0 605 [100.0
:
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Figure 14. Pilot Stage Air Swirler Configurations, Double Annular Combustor.
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Pressure Atom
With Air Shroud (Pilot Nozzle
Only)

Configurations D1 - D3 Configurations D4 - D11, D12B, Configurations D12A, D14B
D13, D14A

Figure 16. Fuel Injector Configurations, Double Annular Combustor.
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| to prevent carbon buildup on the nozzle tip. Engine prototype fuel nozzles, jn

| introduced into the pilot stage of Configuration D12A, and D14B, did have an
air shroud and closely simulated the spray characteristics of the engine
design.. A number of different fueling modes were investigated in both the
Double Annular and Radial/Axial Staged Combustor development tests. The
fueling modes explored on both combustors are summarized in Table VII.

A 60° Double Annular Combustor sector, shown in Figure 17, which was
identical to the full annular combustor, was used to screen promising design
variations. Fifteen altitude relight test configurations and 12 idle emis-
sion test series are shown in Table VIII. Fifteen cross-fire test con-
figurations were also evaluated and key design feature variations in this
test series are shown in Table IX and Figure 18.

The 12° sector combustor rig was utilized in parallel with the full
annular and 60° sector rigs for carboning development. Eight 12° sector test
configurations were evaluated. Key design feature variations are shown in
Table X.

Radial/Axial Staged Combustor

e The general arrangement of the Radial/Axial Staged Combustor design
approach, and the full annular development combustor assembly are shown in
Figure 19. The combustor assembly consists of a cowl, a pilot stage dome
assembly, a main stage flameholder assembly, and modified CF6-50 production :
combustor cooling liners. The pilot stage dome assembly consists of an array ;
é of air swirlers similar to those in the Double Annular Combustor. The main = :
? stage flameholder assembly consists of an array of sloping high blockage 3
flameholders which are located radially outward from, and aft of, the pilot ' g
stage combustion zone. Main stage fuel is injected into the annular duct 3
upstream of the flameholder array so that a carbureted fuel-air mixture is
admitted through the slots between flameholders. The base of each flame-
holder is open to permit the pilot stage combustion products to flow radially _ ;
outward in the flameholder wakes and pilot the main stage combustion process. i
Tn the Phase II Program, six features of the basic design were varied: ‘

1. Airflow distribution

2. Pilot stage fuel injector type

3. Dilution air hole location

4. Number of flameholders
5. Main stage fuvel injection point

6. TIntermediate and high power fueling modes. ; é
3
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Table VII.

Fueling Modes, Full Annular Rig Tests.

TFueling Patterns Tested

: Pilot Main 14 4
; Combustor Operating Stage Stage Ranges of Fuel Splits Teste
i Type Condition Injectors Injectors (Pilot Fuel Flow/Total Fuel Flow)
|
b Double Annular Idle Uniform Not fueled 1.00
¢ Approach Uniform a) Not fueled 0 to 1.00
5 b) Uniform
! ¢) Alternate
: d) 180° sector

Cruise Uniform Uniform 0.15 to 0.60

Climbout Uniform Uniform 0.12 to 0.48

Takeoff Uniform Uniform 0 to 0.45

Radial/Axial Staged Idle a) Uniform Not fueled 1.00
b) Alternate

] Approach a) Uniform a) Not fueled 0.28 to 1.00
; b) Alternate b) Alternate
Cruise .Uniform a) Not fueled 0.22 to 1.00
: ~ b) Uniform
iV c) Alternate
i
z Climbout Uniform a) Uniform 0.18 to 0.45
; b) Alternate

Takeoff a) Uniform Uniform 0.13 to 0.34

b) Alternate
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Table VIII. Double Annular Combustor Test Configurationms,

60° Sector Rig.

Altitude Relight Studies

s

Configurations

Key Design Features Explored

DS1A

Baseline test. Airblast fuel injectors.

DS1B, DS2A
thru D

Fuel atomization investigation. Nozzle flow rates range
from 9.1 to 45.5 kg/hr at 6.8 atmospheres

DS3, DS4

. Alternate swirler configuration.

DS5A thru D

Effect of fuel atomization in combination with pilot stage
mixing barrels.

DS19 thru DS25
DS28 thru DS30

Effect of amount and distribution of pilot stage and/or
main stage dilution airflow.

Idle Emission Studies

Configurations

Key Design Features Explored

DS3 thru DS7

Pilot stage fuel nozzle/swirler combinations including
pilot stage mixing barrels.

DS31A thru D
DS32A and B
DS33A thru E

Pilot stage fuel nozzle atomization/spray angle, nozzle
shroud airflow, nozzle axial immersion, first outer panel
cooling airflow, fuel nozzle/swirl cup radial positioning.

DS34, DS35
thru DS38

Amount and distribution of pilot stage dilution airflow.
Effect of aft profile trim airflow.

o e,
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Table IX,

DsS8

DS9
DS10

DsS11

DS13
DS14

Ns1s
DS16

DS17

DS18
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Double Annular Combustor Cross-fire Test Configurations,
Main Stage Airflow Investigation, 60° Sector Rig.

Key Design Features Explored-

High flow inner swirlers; first panel inner dilution (like full
annular D6)

High flow inner swirlers; no first panelxdilution
Low flow inner secondary swip}ers; no first panel dilution

High flow in<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>