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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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il




B W Y R

}QIJTlﬁffItB }E(}ry?v Ta,

o1 MOV TV

St

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,




[
13
5’:

-

&
.
2]
by
s
02

AIITvadh

SI &

61

L T i

3 Gas sample Only

Gas Sample &
Sample Line Pressure

QP g q0r Smoke (Select)

I
2 3 4 ,
2 s /
Al &
qbbr 7/
2 o /
tqp 8
<
3 o’
4 107
As 11~
i2

a) Gas Sample Rake Locations, Combustor
Exit Plane, Aft Looking Forward

¥

Figure 5.

ofg, O
Rake- Immersion To Vent gr’Bngk Purge

Bl
c1
El
A2
cz
p2
B3
D3
E3
A4
C4
E4
AS
BS
D5

Inlet

Airline

Al
D1
B2
E2
A3
c3
B4
D4
cs
ES

b)

I

Vent
Only

Off, On To Vent or Back Purge

S —-
— 57—

I
B
——‘{__(f—

___‘___d'_—

To PFessire
Scanners

Diagram

Gas Sample Location and Manifolding Diagrams.

To Emissions Analysis

Equipment

To Dewpoint Meter

To Smoke Meter

Gas Sample Line Line Manifolding

R N AN

L]

P

1 vans VUL

1
;
F

L e




20

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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Figure 11, Double Annular Combustor Design Parameter Variations, Configurations D4 - D7,
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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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D2-D3

D5-D14

Secondary Swirlers

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 innexr primary swirlers; first panel dilution (like
DS8)

High flow inner primary swirlers; second panel dilution
Low flow inner primary swirlers; second panel dilution
Low flow inner primary swirlers; first panel dilution

High flow inper primary and secondary swirlers; first
panel dilution

Low flow inner swirlers, dome holes; increased first panel
dilution

Same as DS16 but with cross-fire slot

Similar to DS16 but with dome holes closed, cross-fire slot
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Installed in
Configuration D13

Configuration Cross-Fire Slot Dimensions, cm
Length :
Width (Axial) i
|
Sector: i
DS 22 0 0 ;
DS 25 2.5 3.9 1
DS 26 2,5 2.t i
DS 27 1.2 3.9 1
|
Annular: j
D1-D6 0 0 %
D7-D14 2.5 3.9
|

Figure 18. Cross-Fire Slot Configurations, Double Annular Combustor.
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1
Table X. 12° Sector Combustor Test Configurations.
Pilot Stage Carboning Configurations
Configurations Cs2 cs3 CcS4 cs5 cs6 cs7 cs8 cs9”
Agg/AT 0.188 0.275 0.322 0.387 0.322 0.386 0.314 0.358
L7/Dy 0.80 0.76 1.12 0.76 0.59 - 0.59 0.59 0.59
*Selected design.
B Radial/Axial Staged Combustor Configurations :
Configurations FS1 Fs2 FsS3
No. of main stage flameholders 60 120 120
Main stage airflow (% Wc) 61 52 52
Main stage premix length Long Long Long
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Figure 19. Radial/Axial Staged Combustor General Arrangement .
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Key design features of each full annular'teétvconfiguration, together with
the design intent of each configuration modification, ‘are summarized in Table
XI and Figures 20 and 21. The area/airflow distributions are summarized in

Table XII.

A 60° sector combustor, shown in Figure 22, identical to the full
annular combustor was utilized for altitude relight development. Three
configurations were evaluated. Key design feature variations in these tests
are shown in Table XITII.

Three 12° sector combustor configurations were flashback tested. Key
design feature variations are shown in Table X.

TEST CONDITIONS AND PROCEDURES

Full Annular Performance/Emission Tests

The test conditions represented actual engine operating conditioms,
gsimulated engine operating conditions and parametric variations about these
operating conditions. The most important test points are the CF6~50 engine
standard day idle and takeoff conditions since the program goals for emis-
sions and performance are specified at these cycle points. Other points of
particular interest are the EPA-defined approach (30% power) and climbout
(85% power) operating modes and the standard day cruise condition. A summary
of the combustor operating conditions is presented in Table III.

Combustor inlet temperatures, reference velocities and turbine cooling
air extraction rates of the CF6-50 engine were exactly duplicated. Combustor
inlet pressure levels were duplicated at the idle condition, but reduced
pressure levels, relative to those of the engine, consistent with the test
facility air supply capacity were tested at the higher power conditions.
Airflow and fuel flow rates of Table III were correspondingly reduced to
gsimulate the true combustor reference velocities and fuel-air ratios. At the
takeoff condition, the test pressure was 9.5 atm., compared to the engine
pressure of 29.8 atm. P

Selected combustor configurations were tested over a range of combustor
inlet pressures at the high power operating modes to evaluate the effects of
pressure on emission levels. These effects were required to extrapolate the
emission levels measured at the reduced pressure rig test conditions to the
higher pressure levels encountered in the CF6-50 engine. The range of
pressures evaluated during the Phase II tests were:

P3
Idle 2.9 atm.
Approach 3.4 - 6.8 atm.
Cruise 4.8 - 9.5 atm.
Climbout 4.8 - 9.5 atm.
Takeoff 3.1 - 9.5 atm.

14
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Table XI, Radial/Axial Staged Combustor Test Configurations, Full Annular Rig.

Main Stage Pilot Stage

No. of Premix Radial Flow Turning Fuel Liner
Config. Flameholders | Length Splitter Vanes Injectors Dilution Design Intent

Rl 60 Short No Yes Airblast No Determine the effect of circumferential fuel staging
on emissions

R2 60 Yes Yes Determine the effect of radial fuel staging on
emissions

R3 120 i No No [ Determine the effect of increased wetted perimeter on
main stage emissions

R4 120 Long No. No Pressure N Determine the effect of fuel nozzles on pilot stage

Atomizing idle emissions and increased main stage premix on

high power emissions

R5 120 No Yes y Determine the effect of main stage richness on
emissions

R6 60 Yes Yes Yes Determine the effect of pilot stage dilution on idle

: ' emissions and radial fuel staging on high power

emissions

R7 120 Short No No " Yes Determine the effect of reduced main stage premix and

increased main stage wetted perimeter on emissions

(l)Simplex fuel nozzles with 9.3 kg/hr @ 6.8 atm; 70° spray angle - unshrouded.
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Splash Plates Removed
from Fuel Injectors

: “5§§;=;£3ﬁ5
‘r—zﬂgfiﬁég§fma T

Chute Cooling Air
Deflectors Installed

Turning Vanes e
o F i

(Two Inner Vanes,yy
7

1 \ Py
Reduced Flow Area Removed) //ﬁﬁﬁ

o4
o (Flamespray)

Insert in Secondary z£J
Swirler (Like III-2)
3 T

T

Configuration ITI-2 (Final Phase I Configuration) Configuration R1

Fuel Tubes Centered
PR

Bl Al

Fuel Injectors Bent
Down 3-1/2° ; N >
_Qd Y e s

New 120-Element
Flameholder Array _..
o

S —— New 60° .
1 Secondary )

Swirler /
e

Flow Splitter
Installed

£
Dome Cooling
Reduced 50%

/é;é? Secondary Swirler
Xééi?/// Inserts Removed
’ (Four Vanes Blocked)

Configuration R2

Configuration R3

Figure 20, Radial /Axial Staged Combustor Design Parameter Variations, Configurations III-2 - R3.
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Previous Point of

ew Point of
N oint © Fuel Injectors

Fuel Injection

N

120 Element Flameholder
Array (Same as R3) _.,

RITTV 0 ¥end AU
gIEHTV&ifﬁﬁﬂﬁﬁﬁo

\ o Y
R .4?,:»,
< SN o Flame Spray to
Reduce Flow Area

Alternate (30°)
Secondary Swirlers
Installed \

[—-60 Dilution Holes

1,11 cm Diameter

Fuel Nozzle

A
dapter Configuration RS

Fuel Injectors .

j ~ Sect A-
Fuel Ingectori Bent . . et Lengthened 3.8 cm ection A -~
Down 3-1/2 .

Configuration R4

60-Element
Flameholder Array e

Flow Splitter
Lengthened

90 Holes, 0.51 cm Diameter
Each Location

Pilot Stage Dilution
Holes (Same as R6)

Dilution Holes
Closed

Configuration R6

Configuration R7

Figure 21. Radial/Axial Staged Combustor Design Parameter Variations, Configurations R4 - R7.
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Radial/Axial Staged Combustor, Area/Airflow Distributions, Full Annular Test

Configurations,

Table XII.
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Table XIII. Radial/Axial Staged Combustor Altitude Relight
Test Configurations, 60° Sector Rig.

Configurations Intent of Test Sequence

RS1 Baseline teést with air blast fuel injectors

ure-atomizing nozzles,

RS2 Determine the effect of press
and increased igniter

T increased secondary swirl angle,
immersion.

RS2A, RS2B Determine the.effect of reduced secondary swirl angle and

' alternate igniter location.

RS3 Determine the effect of pilot stage dilution.
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In addition, at many test conditions, data were obtained over a range of
combustor fuel-air ratios. At some fuel-air ratios the effect of varying the
fuel flow splits between combustor stages was also examined.

Test points were usually run in order of increasing combustor inlet
temperature for safety considerations and to expedite testing, and data were
recorded in two phases. First, the fixed combustor instrumentation was
recorded, and then a survey of the combustor exit plane was made, collecting
detalled exit temperature and pollutant emission data. The normal test
procedure was to obtain exit thermocouple and emission data at 6° intervals
around the combustor exit annulus. At test points of particular interest, a
high density traverse with 3° spacing was conducted.

smoke data were extracted from the combustor exit plane with ten probe
elements which were manifolded together to provide one average sample. At
least three smoke spots were taken at each test condition and the average SAE
Smoke Number determined.

A more complete description of the pollutant emissions measurement
system and procedures can be found in Appendix B of Reference 6.

Full Annular Ground Start Tests

Tn addition to elevated pressure tests, the ground start ignition char-
acteristics of three configurations were also evaluated. To determine the
sea level ignition characteristics, the combustor was exhausted to the atmo-
sphere allowing visual observation of the ignition attempts. A combustor
airflow, within the range of starting airflows of the CF6-50 engine, was set
with ambient temperature inlet air. The fuel flow was slowly increased and
ignition attempted. The fuel flow was recorded where one cup was lit, where
50% propagation occurred and where 100% propagation occurred. The fuel flow
wae then decreased and the conditions where one cup was out, where 50% of the
cups were out and where lean blowout occurred were recorded. This process
was repeated several times until sufficient data repeatability was achieved.
A second, third and sometimes, fourth combustor airflow was then set and the
entire procedure was repeated. This test procedure is identical to that
employed during the ground start testing conducted on the production CF6-50
engine combustor.

Full Annular and 60° Sector Altitude Relight Tests

The altitude relight test procedures for both the full annular and 60°
sector rigs consisted of determining combustor ignition and blowout limits
over a range of test conditions selected from the CF6-50 engine altitude
windmilling map, shown in Figure 23. Most of the tests were conducted with
ambient temperature fuel and inlet air. The most promising 60° sector
combustor configurations were also evaluated with both cold air and fuel.
Ignition attempts were usually made at the engine minimum fuel flow rate
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of 249 kg/hr. When the ignition attempt was unsuccessful, the process was

repeated at higher fuel flow rates. When the attempt was successful, pres-
sure blowout and lean blowout limits were measured. The procedure was then
repeated at progressively more severe simulated windmilling conditions to map‘ :
the relight capabilities of each test configuration.

12° Sector Carbon/Flashback Tests

The carboning test procedure consisted of subjecting a fuel injector/
; air swirler configuration to a simulated combustor duty cycle. At the com-
v pletion of the standard test cycle, shown in Table XIV, the parts were vis-
ually inspected for carbon deposits. The tests lasted 4-1/2 hours and a
heavy distillate fuel was used to impose a severe condition upon the fuel
nozzle/air swirler configuration. Experience from previous combustor develop-
ment programs has shown that results obtained from this test adequately
represent results obtained from long-time full annular combustor tests using
normal kerosene fuel. '

For the flashback tests with the Radial/Axial Staged Combustor sector,
the sector was instrumented to measure pressure loss, flameholder metal
temperatures, and air temperatures in the premixing passage in order to
detect upstream burning. Simulated climbout and takeoff operating conditions
at two pressure levels, with a range of fuel flow splits between combustor
stages, were investigated. The test conditions were:

4 - Combustor dome AP/P3 4.0%
; : Inlet pressure 9.5, 16 atm.
i ' Inlet temperature 786, 821 K } 12 total
Pilot stage fuel-air ratio 0.004, 0.006, 0.008 test conditions

Overall fuel-air ratio 0.026

R I I oy T, N T

Each of the 12 combinations of inlet conditions was’ set with only the
pilot stage fueled. The main stage fuel flow was then cycled from zero to ;
maximum then back to zero, while the various temperatures were monitored on
strip chart recorders to detect upstream burning.

|

DATA ANALYSIS PROCEDURES

Combustor Per?ormance Data Processing

A summary of the important combustor operating performance parameters :
which were measured or calculated in the full annular combustor tests is :
shown in Table XV. Most of the parameters and equations are self-explanatory, j
but a few require further clarification: i

° By General ELectric convention, reference velocity is based on :

total inlet airflow, total inlet density and casing cross sectional ]

) area at the dome exit. For the CF6-50 flowpath, this reference “é
L area is 3,729 cmZ. E
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Table XIV. Standard Carboning Test Cycle.
e Single Nozzle Rig
. e Heavy Distillate Fuel .
Test Combustor Inlet Combustor Inlet Fuel Flow Rate Comhustor Dome Hold Time,
Condition Pressure, atm Temperature, K (one nozzle), kg/hr | Pressure Drop, A minutes
, 2.14 383 15.3 3.1 30
8.30 569 70.8 3.1 30
: ‘\§;L3 | 10.95 619 107.5 2.7 30
,, i
N
S 11.70 666 130.6 2.7 30
5 11.97 693 138.3 2.6 30
6 W 11.70 666 130.6 2.7 30
7 10.95 619 107.5 2.7 30
8 8.30 569 70.8 3.1 30
9 2.14 383 15.3 3.1 30
S\
¥ = 4.5 hours
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Fach combustor exit temperature was computed from the metered -

fuel-air ratio and average gas sample combustion efficiency (with
measured inlet temperature and standard thermodynamic charts).
Thermocouple data were used to compute exit temperature profile
factors and pattern factors. No radiation or convection correc-
tions were applied to the thermocouple data.

The performance parameters of Table XV, along with the appropriate

cmission levels, are tabulated in Appendix C for each full annular combustor
test and in Appendix D for the 60° sector tests. In Appendix D, the airflows
and fuel [lows have been converted to "equivalent" annular flow levels by

multiplying the sector levels by 6.

Pollution Emission Data Processing

Gaseous pollution data were transmitted directly to an on-line data
reduction computer for calculation of the emission concentrations, the
emission indices, the combustion efficiency and the fuel-air ratio of the gas
sample at each traverse position. Based on the individual gas sample emis-
siqgsindex, fuel-air ratio and combustion efficiency values at each traverse
location, the overall average emission indices, sample fuel-air ratio and
combustion efficiency for the test conditions were determined by mass aver-
aging. These averaged values are presented in tables and figures in this

report.

g and reduction program, developed in the

The equations used were basically those
contalned in SAE ARP 1256 (Reference 10). CO and CO2 concentrations were
corrected for the removal of water from the sample before its analysis.
Aviation kerosene (JP-5 fuel), with a typical value for the fuel hydrogen-to-
carbon atom ratio of 1.9% was used throughout these tests. Frequent fuel
analyses, obtained throughout the test-series, confirmed this value.

The emission data processin
Phase -1 Program, was utilized.

Pollution Emissions Correlation

Correlations relating pollutant emission levels to combustor operating

conditions were used to:

° Extrapolate data from the reduced pressure test conditions to

the full engine operating pressure.
Extrapolate data to combustor inlet conditions which were not
investigated during a test.

] Normalize a range of data to 'standard test conditions.

The basis for the emissions extrapolation relationships are discussed in
detail in Appendix A. The following relationships were used:
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Table XV. Summary of Measured and Calculated Combustor Parameters for Full Annular Tests,

Parameter Symbol Units Measured Calculated Value Determined From
Inlet Total Pressure PT3 atm X Average of measurements from 5 immersions on 4 rakes (20 total)
Exit Total Pressure PTB 9 atm X Average of measurements from 2 immersions on 5 rakes (10 total)
Total Pressure Loss APT/PT3 % X 100 (P, - PT3_9)/PT3
Total Inlet Airflow W3 kg/s X ASME orifice
Combustor Bleed Airflow Wileed kg/s X ASME orifice
Combustor Airflow We kg/s X W3 = Woieed
Reference Velocity Vi m/s X ”HSIpTB Ap= 0.0248 W3 ’l‘-p.,/PT3
Total Fuel Flow We kg/hr X Turbine flowmetex
Pilot Stage Fuel Flow Wf kg/hr X Turbine flowmeter
Main Stage Fuel Flow ch kg/hr X Turbine fiowmeter

£
Overall Metered Fuel-Air Ratio £™ - X We/3600 W,
Pilot Stage Fuel-Ailr Ratio £ - We /3600 W
Main Stage Fuel-Air Ratio fm - X wfp/aeoo W,
Iniet Air Humidity g/kg X Dey point hygrometer
Inlet Total Temperature TT3 5 X Average of measurements from 2 immersions on 4 rakes (8 total}
Exit Total Temperature TT3'9 K X Combustion temperature rise curves, using PTS’ TTB, s ng/s
Pat P - * - - -
attern Factor F X (TT3.9, nax. TT3-9,avg/(TT3-9avg TTS) from thermocouples
i - K - - -
Frofile Factor Pr F (TTB.Q, immersion average, max. TT3)/(TT3.9 avg TTB) from
thermocouples

*Maximum individual exit temperature measured.

**Maximum of the average exit temperatures calculated

at each radial immersion.
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0.2 for pilot=stage-only data at approach conditions
0.5 otherwise

n E ,
£y 100 \ 97
EICO = where n = 0.2 {=— ) for two-stage data

Where n

=]
i

EL~

co \F3 Eleo
0.7
= 0.6 %%9— for pilot-stage-only
CO data

1.0

Pq
Elyc = Blye 3.

3

The primed symbols refer to the extrapolated condition and the unprimed
symbols refer to the measured condition. Only pressure corrections were
applied to the CO and HC emission levels. Occasionally, the NOy data were
extrapolated to test conditions that differed in pressure, temperature and
reference velocity, such as when climbout data were extrapolated to the
cruise condition for some configurations.

Data tables and figures of this report utilize the extrapolated "engine
levels" for NOy, CO, HC and combustion efficiency (calculated from extra-
polated CO and HC levels) unless otherwise noted.

EPA Parameter Calculation

The extrapolated "engine emission levels' were used to calculate EPA
parameter values, from the following equation:

EPAPi 0.1365 EIi . + 0.0912 EI, + 0.1487 EIL,
b

idle i, approach i, cliﬁb

+0.0571 BT, cofs

where i = CO, HC or NOy

i

The derivation of this equation is discussed in detail in Appendix B. Since
numerous fueling mode combinations were tested, several EPAPs were calculated
for each test configuration.
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CHAPTER III

PHASE II EXPERIMENTAL TEST RESULTS

In the Phase II Program, the performance and emission characteristics of
the Double Annular Combustor and the Radial/Axial Staged Combustor were
improved through an extensive sequence of tests. In developing a final com-
bustor design capable of meeting all performance, durability and emission
requirements, a significant degree of iteration was required between the
full annular, 60° sector and 12° sector tests. Any design changes which
provided reduced idle emission results, for example, required testing in
sectors to determine the effect of the design change on velight, performance
and carbon formation. Similarly, favorable design changes identified from
the scctor tests were then subsequently evaluated in the full annular con-
figurations to determine their impact on emissions and performance. As a
result, certain compromises and tradeoffs were required in the evaluation of
the final design in order to meet all operating requirements to the greatest
degree possible.

A total of fourteen Double Annular Combustor configurations and seven
Radial/Axial Staged Combustor configurations were evaluated in the full
annular tests. More Double Annular Combustor tests were conducted since this
concept proved to be the most promising and most readily adaptable to engine
installation. A total of 52 configurations were tested in the sector tests.
Measurements were also taken as part of the Alternate Fuels Addendum and
Noise Addendum.

The large number of configurations and the resulting vast quantity of
data precludes a discussion of the results obtained with each configuration.
Thus, the following sections present a brief summary of the significant test
results obtained with each combustor type. Summaries of the performance and
eniission results for each full annular and sector configuration can be found
in Appendix C and D. The test results chtalned under the Noise and Alternate
Fuels Addendums are published under separate covers (References 8 and 9).

DOUBLE ANNULAR COMBUSTOR

Phase 1 Results

During the Phase I tests, the Double Annular Combustor produced signifi-
cant CO, HC and NOx reductions, relative to the production CF6-50 combustor,
at all operating modes. 1In particular, at high power conditions, NOx
reductions of almost 507 were obtained with essentially no loss in combustion
efficiency. At idle conditions, CO and HC reductions of 50 and 80%, respec—
tively were obtained. The areas of concern with this design at the beginning
of Phase II were: (1) the performance and emission levels at intermediate
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power operating conditions; (2) the ignition and stability of the'main stage
due to the presence of the centerbody and the high airflow, high velocity
combustion zone; (3) control of the exit temperature profile characteristics;
(4) development of suitable altitude relight performance, and (5) carbon-free
aoperation of the pilot stage with no loss in emission performance. In addi-
tion, further emission reductions were required at idle and takeoff operating
conditions to meet the ECCP goals and 1979 EPA standards.

Exhaust Emission Results

The key emission results for each full annular Double Annular Combustor
configuration at standard day idle, approach, climbout and takeoff operating
condltions, are summarized in Tables XVI and XVII. Standard day cruise
results are summarized in Table XVIIT. Generally at each operating condi-
tion, except idle, a range of fuel flow splits between stages was investi-
sated to determine the split that produced the lowest emission levels. All
of the splits are tabulated in Tables XVI-XVII as well as data from each
combustor inlet pressure level tested.

Idle Pollution Results - Several design features were identified during
initial tests which significantly reduced the idle emissions from this com-
bustor. The first Phase Il pilot stage configuration (D1) was similar to the
final Phase I configuration (II-16) except for the incorporation of a longer
centerbody. Both the idle CO and HC emission levels, shown in Figure 24, were
slightly reduced from Configuration II-16. However, the long centerbody made s
3 the cross—-fire ignition of the inner dome more difficult and compromised the :
A - combustor exit temperature profile. Im view of the small emissions improve-
5 ment and significant performance difficulties introduced, the centerbody was
' shortened to its original length after configuration D2. A radial-inflow
sacondary swirler was installed in the pilot stage for D2, but no CO or HC
reductions were obtained. The 60° sector altitude relight tests showed that ;
pressure-atomizing fuel nozzles were required in the pilot stage of this :
combustor to approach the relight requirements. Similar nozzles were installed
in the full annular combustor for Configuration D4, along with an axial flow
secondary swirler in the pilot stage. The resulting CO and HC levels were
somewhat below those of previous configurations, with emission indices of 39
and 6, respectively, at the engine idle fuel-air ratio. Mixing barrel exten-
slons on the pilot stage swirl cups, evaluated in Configuration D5, provided
HC levels below the ECCP goals for the first time. At fuel-air ratios below
0.011, the CO levels were also significantly reduced, minimizing at an EI of E
about 20 at a fuel-air ratio of 0.009. The barrels provided additional
mixing length for the fuel-air mixture and helped to keep the mixture away
from cold metal surfaces within the combustor. It then remained only to
shift the CO characteristic curve obtained with D5 to minimize the CO level
at the design fuel-air ratio of 0.011. At fuel-air ratios above 0.009, :
insufficient oxygen was available in the primary zone of the pilot stage to
complete the oxidation of CO. Therefore, additional air was supplied through 3
120 small-diameter dilution holes installed in the first panel of the outer ;
1iner. The use of many small holes instead of fewer, larger holes provided
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Table XVI. Double Annular Combustor Emission Results, Configurations D1 - D7.. N
. 3
B R —
—r - - R
Idle Approach .. Climbout Takeoff <
! W P3 We O T I 27 W P W :
Oy Conf. Rdg.| £ EL Rdg.| Test TE' EL Rdg.| Test! ._gﬂ EL Rdg:{ Test Wfi EL ::
= é{; No. No. | ey - [ €O | HC | NOy | No. | atm fr €0 | HC | Nogx | No. jatm Wi, [TO JHC | NOg | No. | atm| “ft TO | HC | NOy .
g ES( meas. @ 2,9 atm corr. to 11.7 atm|. Lorr. to 25.9atm} | corr.to 29.8 atm 3 i
o EE? Std. Prod. - - {73.6 [30.0(2.5} -1 - - 4.3 o l|w0.0) - = 0.3] o0]29.5] -1| - -10.2 0 35.5 1
) ) ;
‘éig Pl 32 | 1.00 |46.5 | 9.0 { 3.4 | 37 [3.47}1.00 771 0.1 |10.6] 38|4.8]0.48]6.7]0.3 |25.5( 49 (4.7 |0,4410.6) 0.04.29.0 T
: ] . 48 16.9 [1.00 a7l o5 i11.7| 39|4.8/|0.290.60 0.1 }15.5] 50 4.7 |0.27]0.1} 0.02}18.3
O - 4516.9 |0.58 1.8 258 6.0f 40 |4.8|0.2000.9]0.1 [14.4] 5L [4.710.18]0.1}0.02 164
oot o wn les los0  |112.5.120.0 | 3.6 41{4.8]0.15]2.6]0.1 |14.4 | 52.|4.7 10,14 0.6| 0.02] 14.9
; > 47 16.9 0 64.0] 7.1 1 4.1
fop] 55 | 3.4 {0.59(1)] s56.9.| 9.5 7.1
= 46 16.9 |0.58(1)| 52,8 |14.8 | 6.3
56 | 3.4 10.44(1)} 60.8 |10.5 | 4.8
E 57 13.4 |0.31C1)| 75.0.114.5 [ 3.7
s 58 |3.4 01} s8.1[35.2 | 2.1 —
D2 941 1.00 (44,91 9.8 13.4) 97 [3.4 }1.00 531 0.2 |10.8 | 107 | 4.7 | 0.47 |1.7 { 0.1 [32.5}100 |4.710.4410.3] 0.3 | 37.5 |
: 115 16.8{0.58 s3.6 | 12.3 | 9.7 | 108 {4.7 {0.29|0.3} 0.1 |16.3] 99 |4.7.0.26]0.1] 0.5 "} 18.7 |
114 | 6.8 [0.29 98.1112.3 | 4.6 100 [4.8 |0.20 | 0.9 | 0.1 {13.3 111 |6.8 j0.27|0.17 0.1 ; 20.4 . :
116 | 6.8 0 49.7| 8.3 | 5.1|110 (4.8 {0v14 {3.3] 0.2 {13.6 [ 101 |4.7 ]0.180.41°0.2 17.3 ;
112 (6.8 |0.18(0.2| 0.1 |17.8 :
102 4.7 {0.1311.0f 0.1 {18.1 ;
113 |6.8 [0.14 | 0.8] 0.1 | 18.4 [
103 | 4.7 olo.8|0.1 |22.5 , b
D3 1561 1.00 |67.0 {37.6 | 3.0.| 163 | 3.4 [1.00 T6.21 0.3 | 8.5 1181 | 4.7 |0.47 8.4 | 0.1 {29.3 | 173 |4.8 10.44 | 2,21.0.03 | 35.9 ;
168 | 6.8 {1.00 14.91 0.0 ] 9.4 1182 |4.7 |0.28 | 1.6 |0.04|21.1 | 174 4.7 |0.26 0.6 0.021) 25.9
] 183 | 4.7 10.19 | 2.5 1 0.03{17.9 | 170 [6.8 {0.26 | 0.5| 0.1 } 26.0 ;
, 184 | 4.7 |6.14 {5.4 | 0.1 |17.7 {175 }4.7 |0.18 } 1.0} 0.02 | 23.8
171 |6.8 {0.18 [ 0.7| 0.1 |24.1
176 4.7 {0.13 (2.5} 0.1 | 24.0
172 16.8 |0.13[ 2.0 0.1 |23.8 3
177 4.7 ols.2]0.1 |28.0 ————
D4 2301 1.00 (39.1°} 6.2[3.9} =§ - - - - -1 -1 - - -1 -4 - Y R -
D5 238 1 1.00 138.0 | 2.4 | 3.7 243 {3.4 |1.00 3.1 ] 0.04] 7.7 | 254 | 4.8 | 0.48 | 8.0 0.1 [27.7 | 256 |8.5 | 0.28 0.2} 0.03 | 22.6
253 | 4.8 |0.29 1.5 0°]16.9 1255 {8.570.230.2| 0.02 | 21.6
_ 252 [ 4.8 [0.19 [ 1.2 | 0 }15.1 ‘ |
D6 288 | 1.00 [24.7 | 2.1 {3.8]292 1.00 6.4 0.03] 9.6 -| - [N R -1 - -1 - - - : ;
D7 451 | 1.00 [20.7.] 1.3 | - 440 |3.4]1.00 3.8 | 0.1 -~ 445 |4.810.29 [1.3]0.1 - 1448 14.8 10.45{0.8] 0.02 - I
474 |1.00 {24.9 {*1.3| - 449 14.8 |0.26 0.8 |0.03{ - }472 9.6 |0.35}0.2 0 - |
487 11.00 [16.7 | 0.6 | - 444 1 4.8 10.19 | 1.9 0.04| —-]447 4.8 0.2710.170.01 - ‘
473 | 9.6 |0.27] 0.2 0 -
454.19.5 10,25 0.2 0.03 - |
446 4.8 |0.17 [ 0.4 0.02 - |
471 9.6 |0.18 | 0.3 0 - k
(1) Alternate main injectors fueled "'—’“""“"i
1
1
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Table XVII. Double Annular Combustor Emission Results, Configurations D8 - D14,
v Jor
Idle Approach i Climbout Takeoff
‘ (73 Py W By Py | Wg P | Wg
Conf. Rdg.| w_ﬂ EI Rdg.| Test| ﬁ.ﬂ EI Rdg.| Test ﬁ.& EL Rdg.| Test H_L EI
No. No. | “Fr [ €O ] HC | NOx| No. | atm fr €O | HC | NOx | No. | atm| "fr [CO [ HC | NOy|No. | atm | "f¢ [€O T HC [ Noy
meas. ¢ 2,9 atm corr. to 11.7 atm corr.to 25,9atm| corr, to 29.8 atm
Std. Prod.| - - |73.0] 30.0} 2.5] ~-| - - 4.3 0 {10.0f -| - 0.3{ 0729.5] ~| - 0.2 0135.5
8 490 | 1.00 [24.3| 1.9} 3.1}536] 3.4 |1.00 2,5 0.1 | 8.41540|4,8|0.38 [0,8]0.1 20,4544/ 4.8]0.35} 0.1 [0.01[ 24,9
539 6.8 | 0,66 60,8 | 21,9 | 7.2] 541 4.8 [0.29 [0.2 | 0.02]{17.7] 547 ] 4.8 |0.27] 0.1 |0.,0L | 21.8
533 | 3.4 [ 0.50 85.4 [ 15,1 | 6.6] 542 [ 4.8 (0.20|0,3[0.02{15,3| 546 | 4.8 [0.18] 0.1 0| 19.6
537 6.8 {0.51 81.7 (21,5 | 6.1] 543 | 4.8 |0.15{0.8|0.02{24.8 | 545] 4.8 |0.13] 0.2 jo.0L | 19.7
534 | 3.4 [ 0.41 99,3 { 14,6 | 5.3
535|3.4 |0.32  |115.8 |14.9 | 4.2
5381 6.8 [0.33 ° {108.4 |17.8 | 4.8
D9 551 | 1.00 [21.2] 3.0 3.21556] 3.4 [1.00 1.8 0.1 | 8.4]574 4.8 0.28[0.1]0.,01{16.9}578] 4,8 [0.44] 0.2 0126.5
579 | 1,00 {19.2} 1.6 3.4 | 502 | 3.4 [0.8L 52.2 {11.0 | 9.4} 573 {4.8 [0.20]0.3|0.01{14.5]|577[ 4.8 |0.26] 0.1 0 21.2
5631 3.4 | 0,65 66.9 {15.2 | 7.8) 572 [ 4.8 [0.17 | 0.8 | 0.00[13.9 ] 576 4.84-0.18] 0.1 0] 19,1
564 | 3,4 | 0,51 88.4 {16.2 | 6.3 575 4.8 |0.13] 0.3 0{19.2
567 | 3.4 | 0.80(1)| 35.8 | 6.3 j10.1
566 | 3.4 | 0.65(1) | 44.4 | 6.7 | 8.7
565 | 3.4 [ 0.512)| 48.6 [ 7.4 | 7.0
D10 585 [ 1,00 [17.8] 1.4 3.3]598 3.4 [1.00 1.8 ] 0.2 9.1) 588 | 4.8 |0.38 {3.5]0.05[19.2] 592 4.8 {0.35{ 0.2 ol 22.9
608 | 3.4.[0.75(1)| 36,3 | 7.2 | 9.8] 587 [4.8 {0,30 | 1.6 | 0.02|17.4| 594 | 6.8 {0.35] 0.2 ol 23.6
596 | 6.8 {0.75(1)| 29.6 | 9.2 | 9.7] 586 |4.8 {0.19 | 1.8 | 0.02{14.5 | 591 | 4.8 {0.27] 0.1 0] 21.9
607 | 3.4 0.50(2)| 47.0} 8.9 | 7.1| 589 |4.8 [0.14 {3.3}0.01}14.8{590] 4.8 {0.18] 0.2 0119.9
595 [ 6.8 | 0.49(1)} 41,6 {12.7 | 6.7 593 4.8 [G.14 | 0.6 of19.2
606 | 3.4 | 0.29(1){ 71,5 | 15.6 | 4.5
DIL 611 | 1.00 J20.1[ 2.5] 3.2]614[3.4 [1.00 1.6]-0.,04| 8.70627 [4.8]0.39 [0,2]0.01[20.1]634] 4.8 ]0.36]0.04] 0]25.0
620 | 3.4 | 0,81 48.3 | 8.8 | 8.9] 626 | 4.8 |0.29 ]0.10.01({18.2] 633 4.8 {0.27| 0.03| o0 23.4
621 | 3.4 { 0.5 81.5)13.2 | 5.4{625|4.8|0.20 0.1 [0.01{15.6 | 632 | 4.8 }0.18 0.05| o[20.7
622 [ 3.4 ]0.23  |114.2{10.4 | 3.1] 624 | 4.8 |0.15 |0.2]0.01{15.1 631} 4.8 |0.16] 0.1 0] 20.4
635 [ 6.8 | 0,25 |104.1 | 12,3 .| 4.3 6301 4.8 10,14 | 0.1 |0.01{19.7
623 [ 3.4 0 69.5.1 4,1 | 4.1
619 | 3.4 |0.80(2)| 30.8 | 4.1 [10.8
637 | 6.8 10.79(2} | 29.0 | 6.2 {10.3
618 [ 3.4 {0.50(2) | 11.5 | 0.7.| 8.6
636 | 6.8 | 0,50(2)| 10.8 | 1.1 | 7.7
617 3.4 10.23(2)| 36.9 | 3.7 [ 5.9
D12 642 1.00°%24.5] 7.3{ 3.3 676 3.4 [1.00 3.4| 0.1 [ 9.0]|680]4.8[0.38]0.7}0.04{21.8]689]4.8]0.35}0.05| - 0}24.9
673 | 1.00 |22.0] 2.8]3.1|685]6.8]0.79¢??| 32.8 | 8.0 [10.0] 679 | 4.8 {0.29 |0.2]0.03{17.4 | 688 | 4.5 {0.26 | 0.05|0.01 | 22.5
684 | 6.8 |0.65¢2) 1 30,1 | 3.8 | a.8| 678 | 4.8 |0.19 [0.2}0.04}14.8] 687 | 4.8 {0.18[ 0.1 |0.02]19.6
683 6.8 | 0.5142) 151 | 1.5 |-7.8| 677 | 4.8:{0.15 | 0.8 | 0.04]14,6 | 690 | 4.8 {0,15 [ 0.1 jo.01 | 20.1
682 | 6.7 | 0.40(2)! 10.8 | 1.4 | 7.0} 681 {4.8 {0.12 {1.4]9.04|15.8 | 686 | 4.8 |0.14 | 0.2 {0.06 | 19.9
D13 698 |1.00 19,0} 2.0 3.3}712{3.4 |1.00 3.1} 0.03] 8.5]745 [4.7 [0.38 |0.8 [0.00]17.2 | 750 | 2.7 [0.27 | 0.1 0119.4
704 { 6.8 0.61(2) [ 22,0 | 2.5 | 6.0 | 744 |4.7 {0.29 [0.2 0{14.8 | 746 { 4.7 [0.27 | 0.1 0 |.20.0
703 | 6.8 |0.43¢2)| 11.5 | 2.4 | 6,2 | 743 4.7 [0.19 |04 0[13.1 {701 | 6.6 |0.26 | 0.1 j0.01 | 20.4
702 | 6.8 10,2202 39,8 | 7.5 | 6.0 742 4.7 [0.34 [2.1 | 6.02]13.7 | 725 | 9.5 |0.26 | 0.1 Jo.01 | 19.1
747 [ 4.7 l0.20{ 0,1 0l18.0
724 | 9.5 [0.19 | 0.1 |o.01 | 18,3
748 | 4.7 10.16{ 0,2 0119:1
723 | 9.5 10,15 | 0.2 |0.01 {.18.3
749 | 4.8 10,11 1.0 01{18.7
699 9.5 {0.11|0.5 lo.1 |16.8
D14 769 | 1.00 [26.4 | 3.1 | 2.6 782 |3.4 |1.00 3.4 | 0.2 [ 7.7)777 [9.5 [0.29 {0.3 [0.08{19.2 | 796 | 9.5 |0,27 | 0.2 {0.03 | 22.9
: 788 1.023 28.2 | 3.7 | 3.0|799 |6.8.]0.65 62,3122.9-1 7.6 {776 9.5 [0.19 fo.4 J0.01|17.6 [ 7957 9.5 [0.18 | 0.2 |0.03 | 21.6
837 | 1.00°%48.4 |18,8 | 3.2 | 798 | 6.8 |0.44 77.9.116.6 | 6.5} 775 | 9.5 0.14 [0.7 }0.01|17.0| 794 { 9.5 [0.13 [ 0.5 |0.05 | 21.5
797 {6.8 |0.22 90.8 |12.8 | 4.3] 778 |9.5 |0.12 [1.4 [0.03|17.1 793 9.5 [0.09 | 1.3 |01 [21.8
831 13.4 (1,003 | 7.1 | 0.1 | 8.3
830 5.2 1,003 | 5.5 | 0.03] 8.7
(1) Alternate main injectors fueled
(2) 180° sector main injectors fueled
(3)  Engine prototype pilot stage fuel nozzles
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Table XVIII. Standard Day Cruise Emission Results.
Data Corrected to Engine Combustor Conditions
P1;3 = 11.4 atm Vg = 4.4 mls
Try = 733 K £ = 0.0210
=
-l e Pilot Fnel Corrected Emission Pilor Fuel Corrected Emission
- a _ Conf{iguratiou R'eading Test Pressure :‘:a;&inn Index, gl/kg fu».jl Configuration | Reading | Test Pressure F'racr._iun Index, p/kg fuel
: 3 ::3&: Namber ac £/ ¥, Co_| W | ¥y Notes Nunt ex Number atm Ve Vey o | HC | Mo, Notes
8 E Prod. - - - 0.7 0.3 16.4 D2 120 4.7 4.60 18.8 0.6 19,5
= 107 4.7 0.47 109 | 6.4 | 16.4 1
: Rl 10 u.8 0.33 19.9 1 2.4-]11.6 1 119 47 0.46 0.6 | 0.4 1152
i 9 4.8 0.28 83.8.1 6.7 B.4 1 118 4.7 0.31 4.2 1 0.4 B.8
£ by B 5.8 0.23 1057 | 14.1 5.6 1 108 4.7 0.28 35 Lo |82 1
| 109 4.8 .20 2] 03 0 67 1
8 B2 80 4.8 1.00 6.0 0.1 | 10.9 117 5.7 0.16 18.4 | 6.5 | 6.7
ey 76 4.7 n.35 18.8 | 0.7 | 12.2 110 4.8 0.14 15,9 0.4 | 6.9 1
&5 83 4.8 0.34 23.3 ) 0.4 | 1.0 1
B 23 Py 0,29 3l 103 ] 84 D3 181 4.7 0.47 29.8 | 0.8 | 14.8 1
% o8 53 sl 255 1 7 182 4,7 0.28 9.5 | 0.2 ¢ 10.7 1
5 B . b 0.23 3| e 5 1 183 4.7 0.18 13.1 | 0.2 | 9.0 1
79 4.8 0.35 215 | 1,1 | 10.0 2 184 4.7 0.14 21.7 j 0.6 | 89 1
8L 4.7 0.34 25.7 | 0,7 ¢ 11.7 1,2 T
78 I .28 el 1.6 7 7.9 3 5 254 4.8 0.48 29,1 | 0.5 | 14.0 1
82 4B 0.23 6.8 | 1.9 1 7.3 1,2 253 4.8 .29 9.0 o . &5 1
17 P 0.23 2931 2.5 6B 2 252 4.8 0.19 8.4 o | 7.6 1
®3 139 4. 0.33 4161 3.1 1005 1 bR 540 4.8 9.38 5.5 1 0.3, 10.3 1
151 9.5 n.32 4.2 | 3. .o 1 541 &8 -29 2.7 101} a0 1
138 g .23 27 | e | 58 h 542 4.8 0.20 3.1 1 na 7.1 1
150 9.5 0.23 80.3 | 14.6 | 6.1 1 343 48 0.15 5.6 § 014 7.5 1
137 a7 0.18 118.0 | 61.1 -, 4.1 1 y
129 a5 0.18 e b ey boaa 1 b9 570 4.8 0.29 5.6 1 0.1 | B.B
140 4B 0.33 38.7 1 2.1 ¢ 129 1,2 574 4.8 0.28 2.4 44 0031 B.5 i
141 4.1 0.18 57.8 1 11,6 | 7.6 1,2 569 4.8 0.20 6.6 | 0.1 8.2
573 4.8 0.20 4.1 {0,031 7.3 1
Ry 200 4.8 0.53 7| 5.2 | 1.4 1 572 4.8 0.17 6.3 4 0.2 4 7.0 1
; 192 4.8 0.37 64.9 | 6.9 | 10.2 368 48 0.15 w3 e 7.3 :
195 5.8 0.33 72,5 | 13,1, .2 ;
i 199 e 0.3 w2l w3l 7% N 3% 538 4.8 .8 15.9 1 9.3 | 9.7 1
j 196 a8 0.24 8.9 | 36,1 | 4.2 587 4.8 0.30 8.3 4 a1 | 8.8 1
198 bk 0,22 1118 | 288 | 4.1 1 386 4.8 0,19 .5 5 a1 | 7.3 iy
197 5.8 0.18 157.2 | 826 | 25 1 382 4.8 .14 5.7 L &1 ) 75 1
: f 25 216 4B .49 w031 2.2 1 8o pl1 627 4.8 0.39 3.3 0 0.1 . 101 1
! : 27 5.8 2,33 A0 43 | 6 626 4.8 0.29 1.3 9 0.00, 9.2 1
223 a8 o33 sa7l 28 | s 1 625 4.8 0.20 1.6 ;01| 7.9 1
220 4.8 0.2 85.4 | 182 1 33 1 624 4.8 0.15 31 L1 | Tk 1
218 4.7 0.22 72,6 | 30,00 1 3.1 T
2 o 5,19 0] fas | 2.4 ; D2 680 4.8 .38 5.5 1oz 1 oane 1
679 4.8 L0.29 2.5 ;0.2 ] 8.8 1
R 268 4.9 .38 274 0.11 8.4 578 4.8 .19 31 102 0 T4 b
269 4.8 0.35 6| 6.9 | 1.9 77 4.8 8,15 6171 0.2 1 T3 1
: 271 4.8 0.33 20 2,7 | 6.9 1 681 .8 912 88, 0.2 4 80 1
27 ey 9.24 385 [ 135 |1 :
M 745 4.7 0.8 63 . 0.1 | BT 1
&7 394 4.3 0.37 s8.3 1127 | Ao 745 4.7 .29 e j o3| 7.5 1
398 4T 0.32 5] 14 | 3.6 1 [5¢: 47 2.19 3.8 0.034 5.6 1 '
395 4.7 0.23 62.5 | 6.8 | 2.8 L 4.7 0.14 10.9 | 0.1 6.9 1 |
97 a7 0,23 128.9| 87.2. ] 1.5 3 r |
334 4.7 0.18 37,4 |168.7 o8 ¥ jots 845 4.8 0.39 6.8 0.2 | o112 i
&t W8 0,24 a6 Ml | 100 :
nt 3 4.8 0.48 25.5 | 1,9 | 1208 t 7 9.5 o2 20003y 9.7 1 |
39 4.8 0.29 sl o ! 7a 1 780 N .20 5.2 1 N1 8.7 4
s is oz8 HEHl IR i 76 a5 2,10 i1 i oy 8.9 1 '
A 4.8 0,15 12.7 0.5 | 7.3 1 V7 4.8 0. 15 &8 oo 86
o 9.5 6,14 604 1 01 T 8.6 i
. b & 2 S —
Notes: T8 9. 0,12 v oy oBe 1 o
(1} Extrapolated from Climbout Test Polnts.
10} Alternate Mafn Jnjectoxs Fueled.




b e

e
4
.
.
Vs
=

:

:

)

:

,

4

t

4

)

X
.

4

e mocs e [T-16 Phase I Final Conf. - :
Corrected to Std. Day Idle 3

D1 Phase II Baseline

D4 Pressure-Atomizing Nozzles

D5 Barrels

D7 Pilot Stage Dilution (Panel 1)

ro oo

D8 Pilot Stage Dilution (Panel 2)

40

l
I
|
30———\—\|- |
|

—
)
=
3
)
R;
~
S Engine Fuel-Air
" L& Ratio
5 |
c 20 4
o
p |
o
o
A ;
o :
E 10 :
= E
- ;
0
100 v T l ]
\ Engine Fuel-Air 2
\ :‘/Ratio ;

80

:
%
:

g Fuel

o

CO Emission Index, g/k:

60

40

20

0
0,006 0.008 0.010 0.012 0.014 0.016
Fuel-Air Ratio

Figure 24. Double Annular Combustor Idle Emission
Characteristics, Configurations D1 - D8,

63




-g;
:
3
3

;
:
|
1
§
f
:
4
f
e e e
1
3
1
-

the air more uniformly to the combustion zone and avoided quenching of the CO
consumption reactions. The quantity of this dilution airflow was increased
in two steps in Configurations D6 and D7. With a total of about 4.77% of the
combustor airflow (D7), CO jevels minimized very near the design fuel-air
ratio as shown in Figure 24. Both CO and HC levels below the ECCP goals were

recorded.

The incorporation of the pressure-atomizing fuel nozzle, barrel and
outer liner dilution airflow into the pilot stage provided idle emission
levels below the ECCP goals and below the levels required for compliance
with the 1979 standards. During the subsequent tests, the main emphasis was
placed on maintaining these low idle emission levels while introducing the
design changes identified from the sector tests to allow the pilot stage to
meet the altitude relight requirements and to operate free of harmful carbon
deposits. The outer liner dilution holes were shifted from the first to the
second panel in Configuration D8. This improved the relight characteristics,
with essentlally no increase in idle emission levels (Figure 24). No further

~changes were made to the pilot stage until Configuration D12 when an alternate

primary swirler (termed the engine prototype swirler) developed in the 12°
soctor carbon elimination tests was installed. Again, no significant change
in idle emissions resulted, as shown in Figure 25. A pilot stage cooling
alrflow adjustment and lowered combustion pressure loss introduced in Con-
figuration D14A caused a slight increase in CO and HC levels. The engine
combustor design being manufactured for the Phase III engine tests is most
1ike Configuration D12 and comparable idle emission levels are expected

during engine tests.

During the tests of Configuration D12 and D14, engine design prototype
pilot stage fuel nozzles were also investigated. These configurations were
designated D12A and D14B. The use of these prototype nozzles caused a small
increase in the HC levels with essentially no change in the CO levels of
Configuration D1ZA. However, in Configuration D14B, a substantial increase
in both HC and CO resulted. It appeared from the data that severe quenching
of HC and CO occurred in the pilot stage. Subsequent investigations in the
60° scctor were conducted to determine the cause. A number of configurations
were investigated, including extreme radial positioning of the cups (posi-

t foned outward as near the liner metal surface as possible) and severe circum-
ferential misalignment of the fuel nozzles, but the high emission levels of
Configuration D14B could not be duplicated. In fact, the design was found to
be relatively insemnsitive to a number of design variables.

Climbout and Takeoff Pollution Results - A number of design features
ware investigated within the main stage of the Double Annular Combustor to
achieve further NOx reductions at high power and intermediate power operating
conditions. The NOx levels from all configurations were found to be very
sensitive to the fuel flow split between burner stages and were minimized
when about 80-85% of the fuel was supplied to the main stage at takeoff
conditions, as shown in Figure 26. Combustion efficiencies greater then
99.9% were obtained at this flow split, as well as for a wide range of flow
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splits, at takeoff and climbout conditions. This combustor can be dperated
at the fuel flow split which produces the minimum NOx level, with no loss in

cfliciency resulting.

The NOx levels were found to be relatively insensitive to many of the~
design features investigated. The longer centerbody of Configurations D1 and
D2 produced NOx levels at takeoff and climbout as low as any of the configu-
rations tested. These were EIs of 16.4 - 17.8 at takeoff and 13.3 - 14.4 at
climbout. But, the operational difficulties introduced by the longer center-—
body outwelghed the NOx reductions obtained. When all of the available main
stage alrflow was introduced into the swirl cups, and the inner liner dilu-
tion holes were closed, the NOx levels increased sharply (Configuration D3).
This was probably due to the lack of mixing between the fuel and air in the
swirler prior to combustion. The large quantity of swirler airflow, the
short swirler axial length, and the lack of inmner dilution jets contributed
to this mixing deficiency. With pressure-atomizing fuel nozzles, the mixing
in the swirl cups was improved in Configuration D5 with a resulting decrease
in NOx levels to 21.6 at takeoff. Due to main stage ignition and stability
problems associated with this high flow swirl cup (discussed in a later
paragraph), this cup design was abandoned after Configuration D6. The main
stage swirl cups utilized for the Phase I, D1 and D2 configurations were
reinstalled in the main stage for Configuration D7.

The remaining tests were aimed at optimizing the dome and liner dilution
airflow quantities and locatioms to obtain the lowest NOyx levels. The elimi-
nation of the dome dilution airflow was found to have no effect on NOx.

This Ls shown in the comparison of Configurations D8 and D10 in Figure 26.
Thus dome dilution was eliminated after Configuration D10. Introducing all
of the dilution airflow into the first liner panel was found to be more
effective than staging the dilution (comparison of Configurations D11 and
DL2). When the size of the dilution holes was increased to supply more
dilution airflow, the NOx levels were reduced, (Configurations D9 and D13).
However, the quantity of dilution airflow introduced in Configurations D9 and
D13 is not available in the engine combustor due to higher dome cooling
requirements and the need for profile trim air. Configuration D12 is the*
best simulation of the final engine design and produced NOx levels of 19.6
and 14.8 at takeoff and climbout, respectively.

The smoke levels of all Double Annular Combustor test configurations at
high power operating conditions were extremely low (Appendix C), generally
bolow a smoke number of two. Although a somewhat higher level would be
expecte&‘at engine pressures, the smoke levels of this combustor should mnot

be a source of concern.

Approach Pollution Results - The approach operating mode, as defined in
the LPA landing/takeoff cycle, presents unique problems for all two-stage
combustors including the Double Annular design. Because of the relatively
low power setting of 30 percent, the combustor inlet conditions and fuel-air
ratio are low enough so that only the pilot stage need be fueled. Operating
The combustor with only the pilot stage fueled at approach has been found to
produce the extremely high combustion efficiencies required to meet the 1979
EPA standards. Results are shown in Figure 27. However, from an engine
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operational and flight safety standpoint, it is somewhat undesirable to
approach an aircraft landing with only the pilot stage fueled. Im case of a
wave-off of the landing attempt, the main stage must be rapidly ignited so
that the aircraft can have sufficient thrust to climb out of the approach
pattern. Thus, it would be desirable,for both stages Eg\be fueled at the
approach operating condition. ' \\
) i

The effects on emissions of scheduling the fuel flow¢to both combustion
stages at approach were investigated in detail. As shown in Figure 27, by
supplying fuel to both stages, reduced NOyx levels can be obtained due to the
leaner combustion zones. However, poor combustion efficiency -and accompany-
ing high CO and HC levels result. 1If the fuel is supplied to the pilot stage
and only alternate main stage Ccups, somewhat lower CO levels are obtained, -
but they remain too high for compliance with the EPA standards. But, if fuel
is supplied to the pilot stage and to a 180° continuous sector of the main
stage, significantly reduced CO levels result. With an equal fuel split
between stages, a CO emission index of about 10 can be obtained. This is
stil] somewhat higher than the levels obtained with pilot-stage-only opera-
tlon, but is reduced 90% from the levels obtained by fueling all of the main
stage. Although this staging technique will produce CO and HC emission
levels which allow compliance with the CO and HC EPA standards, several
operational diffdiculties would be introduced if it is implemented. A third -
degree of freedom would be required in the already complex fuel control
system, and severe exit temfjerature gradients, both radial and circumferen-
tial, would result. Signiﬁ&cant further development would be required to
overcome these difficulti¢é. It therefore, appears that pilot-stage~only
operation at approach is-the only feasible fueling mode at this stage of
development to meet the emission standards.

Cruise Pollution Results - The emission levels of the Double Annular
Combustor at the cruise condition are summarized in Table XVIII for each
Phase II configuration. Some of these data are extrapolated from the climb-
out test points, as noted on the table. All configurations produced NOx
jevels significantly lower than those of the production CF6-50 combustor, and
very high combustion efficiencies. The lowest NOx levels were obtained with
Configuration D13 where an NOx index of 6.6 was obtained with a combustion
efficiency above 99.8%. This represents a 60% NOx reduction from the standard
CF6-50 combustor. Configuration D12, which is the Phase III engine prototype
configuration, produced a NOx jevel of 7.3, also with an efficiency of over

99.8%.

FPAP Results - The status of each Phase il test configuration relative
to the 1979 EPA standards is shown in Table XIX for pilot-stage-only opera-
tion at approach. As can be seen, Configurations D7 to D14 all provided CO
and HC levels which are below the standards. However, no configuration met
the NOx standard. The lowest NOx EPA parameter (4.2) was obtained with
Conliguration D13. This represents a 45% reduction relative to the produc—
tion CF6-50 combustor. The NOx levels of the remaining configurations ranged
from EPA parameters of 4.4 — 4.8, except for D3 which was higher. Signifi-
cant further development would be required to meet the NOy standard with this
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Table XIX. Double Arnular Combustor EPA Emission Parameters with Pilot-Stage-Only IS
Operation at Approach. N
Pilot/Total Fuel Split EPAP (1b/1000 1b thrust~hrs) 3
Configuration Idle App. Climb T/0 - COo HC NOy .
Std. Prod. - - - - 10.8 4.3 7.7 |
D1 . 1.00 1,00 0.20 0.18 6.9 1.3 4.6
D2 1,00 1.00 0.20 0.18 6.8 1.4 4.4
n3 1.00 1.00 0.19 0.13 11.0 5.2 5.3
p4 (1) - - - - - - - )
D3 1.00 1.00 0.19 0.23 6.6 0.3 4.7
ne (1) ~ - - - - - -
b7 1.00 | 1.00 0.26 0.25 3.3 0.2 -(2)
D 1.00 1.00 0.15 0.18 3.7 0.3 4.5
D9 1.60 1.00 0.17 0.18 3.1 0.3 4.4 ;
D10 1.00 1.00 0.19 0.14 2.9 0.2 4.5 :
D1l 1.00 1.00 0.15 0.14 2.9 0.4 4.6
hiz2w 1.00 1.00 0.15 0.18 3.4 0.4 4.5
D13 1.00 1.00 0.19 0.13 3.0 0.3 4,2
D14A 1.00 1.00 0.14 0.13 4.2 0.5 4.8
(1)Incomp]ete test §
(2) |
NOx data suspect 3

e

T T I T I T T e U T T e N < ir i e i re A x PRATE RPN 5 it D i AT N " 5 J




2 R (Y et S| | i W_1 R .

: S combustor. The EPA parameters resulting from staging the fuel at approach

L ‘ conditions are summarized in Table XX. The differences in the EPA parameters
for each configuration between Tables XIX and XX are due only to the contri-
butions of the approach condition to the overall EPA parameter. As shown,
several configurations would meet the CO and HC standards with sector burning
at approach. Other configurations might have, but that mode was not investi-
gated in all tests. The lov :st NOx EPA parameter was obtained with Configu-
ration D13 with sector staging at approach, wheré an EPA parameter of 4.0 was
obtained. This combination also produced CO and HC EPA parameters below the
standards. /

Combustor Performance Results

The key performance parameters. for all full annular and sector configu- 4
rations tested are tabulated in the data -summary tables in Appendix C and D. -~
In addition to the development of acceptable altitude relight performance, |
e¢limination of harmful carbon formation and the attainment of satisfactory
exit temperature profiles, two other major performance areas of concern were .
uncovered and resolved during Phase II. These were acoustic resonance from
both combustor stages,: and serious deficiencies with main stage cross-fire
and combustion stability.

: Altitude Relight Results - The first Double Annular Combustor configura-
| S tion evaluated during Phase II was deficient in altitude relight capability,
as shown in Figure 28. TFucl flows approximately twice as high as desired
(249 kg/hr) were required for ignition at the high altitude windmilling
conditions. This was largely due to the lack of adequate combustor pressure
drop to sufficiently atomize the fuel droplets at windmilling conditions with
low pressure drop, air blast fuel injectors. When pressure-atomizing nozzles
were installed in the pilot stage, with essentially mo change in swurl cup
configuration, significantly reduced fuel flows were required to ignite the
combustor. Fuel flows above the desired 249 kg/hr were required only at the
high flight Mach number conditions.

The addition of dilution air to the outer liner, required for CO reduc-
tion, was found to adversely affect the relight capabilities (Figure 28).
But, as shown, when these holes were moved to the second panel downstream of
the igniter location, the excellent relight characteristics were restored.
The introduction of the pilot stage primary swirler developed in the carbon
elimination tests did not affect the relight performance. The results
obtained with the sector and full annular combustors configured with proto-
type pilot stage swirlers are compared in Figure 29. As shown, ignition was
obtained over the entire required altitude windmilling map at the CF6-50
engine minimum fuel flow of 249 kg/hr in both the sector and the annular
tests.

© Ground Start Results - The.sea level ignition and subidle temperature

rise characteristics of the final design configuration are shown in Figure
30. As shown, subidle%$emperature rise characteristics essentaily equiva-
lent to those of the production CF6-50 combustor were obtained over a wide
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Table XX. Double Annular Combustor EPA Emission Parameters with
Two-Stage Operation at Approach.
' Approach EPA Parameter
Pilot/Total Fuel Split Fueling 1b/1000 1b Thrust-Hrs.
Configuration { Idle | App. Climb | T/0 Mode® co HC NOx
Std. Prod. - - - - - 10.8 | 4.3 [ 7.7
Dl 1.00 | 0.58 | 0.20 0.18 1 13.0 | 3.6 | 4.1
1.00 { 0.30 | ©.20 0.18 1 16.7 | 3.1 | 3.9
1.00 | O 0.20 0.18 1 12.3 | 1.9 | 3.9
1.00 { 0.59 | 0.20 0.18 2 11.7 | 2.1 | 4.2
1.00 | 0.58 | 0.20 0.18 2 11.3 | 2.6 | 4.1
- 1.00 | 0.44 | 0.20 0.18 2 12.0 | 2.2 | 4.0
1.00 | 0.31 | 0.20 0.18 2 13.3 | 2.6 | 3.9
1.00 | O 0.20 0.18 2 11.8 | 4.5 | 3.7
D2 1.00 | 0.58 | 0.20 0.18 1 11.2 | 2.5 | 4.3
1.00 | 0.29 | 0.20 0.18 1 15.2 | 2.5 } 3.0
1.00 { O 0.20 0.18 1 10.8 | 1.9 | 3.9
D8 1.00 | 0.66 | 0.15 0.18 i 9.0 | 2.3 | 4.4
1.00 { 0.50 | 0.15 0.18 1 11.2 | 1.6 | 4.3
1.00 | 0.51 { 0.15 0.18 1 10.9 | 2.2 | 4.3
1.00 | 0.41 | 0.15 0.18 1 12.5 | 1.6 | 4.2
1.00 | 0.32 } 0.15 0.18 1 14.0 | 1.6 | 4.1
1.00 | 0.33 | 0.15 0.18 1 13.3 | 1.9 | 4.2
D9 1.00 | 0.8L | 0.17 0.18 1 7.6 | 1.3 | 4.5
1.00 | 0.65 | 0.17 0.18 1 9.0 | 1.7 | 4.3
1.00 | 0.51 | 0.17 0.18 1 10.9 | 1.8 | 4.2
1.00 | 0.80 | 0.17 0.18 2 6.1 | 0.9 | 4.5
1.00 | 0.65 | 0.17 0.18 2 6.9 { 0.9 | 4.4
1.00 | 0.51 | 0.17 0.18 2 7.3 | 1.0 | 4.2
D10 1.00 } 0.75 | 0.19 0.14 2 6.0 { 0.9 | 4.6
1.00 | 0.75 | 0.19 0.14 2 5.4 { 1.0t 4.6
1.00 | 0.51 { 0.19 0.14 2 7.0 1 1.0 | 4.4
1.00 | 0.49:} 0.19 0.14 2 6.5 | 1.4 | 4.3
1.00 [ 0.29 | 0.19 0.14 2 9.3 | 1.6 | 4.1
D11 1.00 | 0.81 § 0.15 0.14 1 7.2 | 1.1 | 4.6
1.00 | 0.51 | 0.15 0.14 1 10.2 | 1.5 ¢ 4.3
1.00 | 0.23 | 0.15 0.14 1 13.2 | L.3 | 4.1
1.00 | 0.25 | 0.15 0.14 1 12.3 | 1.5 | 4.2
1.00 | O 0.15 0.14 1 9.1} 0.7 | 4.2
1.00 | 0.80 | 0.15 0.14 3 5.6 | 0.7 | 4.8
1.00 | 0.79 | 0.15 0.14 3 5.4 | 0.9 | 4.7
1.00 | 0.5G : 0.15 0.14 3 3.8 | 0.4 | 4.6
1.00 | 0.50 | 0.15 0.14 3 3.8 | 0.4 | 4.5
1.00 | 0.23 | 0.15 0.14 3 6.1 [ 0.7 | 4.3
D12B 1.00 | 0.79 | 0.15 0.18 3 6.1 ] 1.1} 4.6
1.00 | 0.65 | 0.15 0.18 3 5.9 | 0.7 | 4.5
1.00 | 0.51 | 0.15 0.18 3 4.5 | 0.5 1 4.4
1.00 { 0.40 | 0.15 0.18 3 4,11 0.5 ) 4.4
D13 1.00 | 0.61 | 0.19 0.13 3 4.7 1 0.5} 4.1
1.00 | 0.43 { 0.19 0.13 3 3.7 | 0.5 4.0
‘ 2.00 | 0.21 | 0.19 0.13 3 6.3 | 1.0 | 4.0
D14A 1.00 | 0.65 | 0.14 | 0.13 1 9.5 | 2.6 | 4.8
1.00 | 0.44 | 0.14 0.13 1 11.0 | 2.0} 4.7
1.00 | 0.22 } 0.14 0.13 1 12.1 | 1.6 | 4.5
*Approach Fueling Mode:
1 = All dinner cups fueled
2 = Alternate inner cups fueled
3 = 180° sector of inner cups fueled
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Fié;ure 28. Effect of Design Modifications on Double Annular Combustor Altitude
- Relight Characteristics.
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range of fuel-air ratios, thereby ensuring good subidle acceleratiaon charac-
teristics with this pilot stage design. In addition, the fuel flows required
for engine sea level starting are below or just slightly above the minimum

i CF6-50 engine scheduled fuel flow over the range of airflows normally encoun-
i tered during ground start operation.

| Carboning Results - Generally, small carbon deposits are permissible

? downstream of the primary swirler venturi throat since no possible restric-

; tion to the airflow would result. However, no carbon deposits upstream of

the venturi throat or on the fuel nozzle are acceptable. In the initial test
configuration, carbon deposition was present on both the fuel nozzle tips and
the primary swirler, near the exit of the swirler vane passages. If allowed
to accumulate over a period of time, these deposits might plug the fuel ‘
nozzle or the vane passages and produce serious combustor damage.

Eight additional configurations were evaluated in the 12° sector rig
and harmful carbon deposits within the swirl cups were eliminated. Results
arc shown in Figure 31. The important design parameters were found to be the
primary swirler-to-venturi throat area ratio, and the distance from the",
primary swirler vane exit plane to the venturi throat. Based on thesé. .
parameters, a primary swirler coﬁ@iguration, No. 9 in Figure 31, suitable for . o
use in both combustor stages was developed. This primary swirler design was k

 incorporated into the pilot stage of Full annular combustor Configuration D12
- and is the design being procured for both stages of the Phase III engine

demonstrator ccmbustor.

Acoustic Resonance Results — Acoustic resonance is not tolerable in an
engine application because of the danger of cyclic mechanical failure of any ]
: ! combustor or engine hardware whose natural vibratory frequence is near the ’
% combustor-generated excitation frequency. No resonance was encountered
. : during the Phase I tests. However, resonance was encountered and success-—
5 g fully overcome in Phase IIL. Results are summarized in Table XXI.

Nearly pure-tone acoustic resonance was encountered at high power S

. operating conditions in Configuration D5 and at low power operating condi- i

tions in Configurations D7-D1l. With Configuration D5, a strong 800 Hz . :

signal was observed immediately upon ignition of the main stage. Visual = : : .

observation of the main stage combustion zone in the 60° sector rig showed 3

the flame to be very unstable. An unstable, unseated “flame is capable‘dg ?

producing a resonant. frequency due to interactions with the combustor geom-

v : - ctry. The unstable flame was apparently caused by the high airflow swirl cup ;

: and accompanying lean combustion zone incorporated in the main stage for NOx ‘ '
reduction. A return to the lower  airflow main stage swirl cup previously

tested in Phase I and Configurations DL and D2} sliminated the high power |
resonance condition in Configuration D7. It was not encountered again in ~ S §
subsequent configurationms. However, the addition of outer liner dilution :
Cadrflow in D7 caused resonance at idle where only the pilot stage is fueled.
A predominant 360 Hz resonant frequency was encountered at certain fuel-alr
Pl ratios.. It disappeared at combustor operating conditions:above idle. This
Lo - resonance was eliminated in Configuration D12 with the introduction of ‘the

06
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engine prototype pilot stage primary swirler design. The final three full
annular configurations (D12-D14) exhibited no resonant frequencies at any
operating conditions.

Table XXI. Double Annular Combustor Acoustic Resonance Summary.

: Pilot Stage Outer Liner Main Stage Swirl Resonance at:
Configuration Primary Swirler Dilution Cup Airflow (%W.) Idle High Power
D5 Original No 48.3 No Yes
D7-D11 Original | Yes 33.3 - 33.5 Yes No
D12-D14 Prototype Yes 30.5 - 33.4 No No

Combustor Exit Temperature Profile Results - The exit temperature pro-
file characteristics of the Double Annular Combustor were found to be a
strong function of fuel flow split between stages. With only the pilot stage
fueled, the average profile was strongly outward peaked. With both stages
fucled, and the fuel flow highly biased to the inner annulus (about 857% at
takeoff), the profile was more nearly symmetrical. Figure 32 shows the wide
range of profile factors encountered over the operating range of Configura-
tion D12B. At low power operating conditions such as idle and approach,
fairly high profile factors are tolerable due to the low combustor inlet
temperature and fuel-air ratio. At climbout and takeoff conditions, profile
factors of about 1.1 or below, are mandatory for safe engine operation. As
seen in Figure 32, these profile factors were obtained at climbout and
takeof f with approximately 20% of the total fuel supplied to the pilot stage.
This is also about the fuel split that provides the lowest NOx levels.

A comparison of the average and peak radial temperature profiles at
approach conditions with pilot-stage-only, two-stage uniform, and two-stage
sector fueling modes is presented in Figure 33. As shown, the average pro-
files are somewhat less severe with two-stage operation. However, with both
stages uniformly fueled unacceptably high CO and HC levels are produced.

With the sector fueling technique, the temperature profile of half of the
combustor, corresponding to the sector where the main stage is not fueled, is
significantly colder than the average, while the profile of the fueled sector
is significantly hotter than the average. Thus, in addition to the radial
exit temperature variation and the normal circumferential temperature vari-
ations, with sector fueling, the turbine rotor would see significant thermal
gradients as each blade entered and left the hot sector. Additional studies
would be required to assess the impact on the mechanical performance of the
turbine at the moderately high combustor inlet temperature corresponding to
the approach operating condition.

The exit temperature profile gharacteristics of the Phase III combustor
prototype configuration (D12) at takeoff conditions with 187 of the fuel
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supplied to the main stage, are shown in Figure 34. The average profile is

3 more inward-peaked than the production CF6-50 combustor. The profile factor
is about 1.1 for each combustor. Peak temperatures are higher for the Double
Annular Combustor, especially at the inner immersions. Two values for the
peak temperature are shown at the outermost immersion for the Double Annular
Combustor. The higher temperature.-jig due to the presence of the centerbody
cross~fire slot. The lower tempesature is the highest peak temperature at
that radial immersion elsewhere in the combustor exit plane. No attempt was
made during Phase II to adjust the peak profile characteristics of the com-
bustor. When the engine demonstrator combustor is received during Phase III,
a series of tests will be conducted to trim the peak profile to the: levels

required for engine operation.

Main Stage Crnss-Fire Results - Although some difficulties had been
encountered with cross-firing the main stages of Configurations D1-D5, igni-
tion was always obtained. For Configuration D6, successful cross-fire igni-
tion of the main stage could not be obtained over wide ranges of inlet tem-
perature, pressure, airflow and fuel flow. A series of tests were conducted
in the 60° sector rig which successfully resolved the cross-fire problem.

These tests indicated two sources of concern. First, the lean stability
of the main stage swirl cup was poor with a blowout fuel-air ratio of 0.015
| at approach inlet conditions and a very unstable flame zone. A return to the
T ‘ Jower airflow primary and secondary swirler utilized in Phase I and in Con-
‘ figurations D1 and D2 lowered the lean blowout limit to below 0.005. This
swirl cup was incorporated into full annular test copfigurations D7 - D14.

Second, even with the lower airflow rate in the main stage swirl cups,

| the fuel-air ratio required to achieve ignition of the main stage was greater

L ‘ than 0.035. A cutout in the centerbody in line with'a swirl cup, shown in
Figure 18, significantly reduced the cross-fire fuel-air ratio of the com~
bustor. The cross-fire slot was incorporated into the remaining Phase II

: ~ full annular test cornfigurations, and is also included in the Phase JIIL |

1 S demonstrator combustor design. With the two modifications, significantly g

: : improved main stage ignition and stability characteristics were demonstrated. i

% P An extensive mapping Of the capabilities of the combustor was undertaken with

' Configuration D8 which contained the same main stage swirl cup and dilution

pattern as D12. Results are shown in Figure 35. Generally, the required

: e main stagé cross-fire fuel-air ratio was 0.012 - 0.014, depending on the

{ i pilot stage fuel-air ratio, and the lean blowout limit was 0.002 - 0.004.

| L ! Summary of Cpmbined Results

Pollution-Performance Tradeoff Considerations - The lowest idle emis-
sion levels were achieved with the pilot stage design of Configurations D8-
Dil. Both CO and HC levels below the program goals were repeatedly obtained.
However, the pilot stage swirl cup utilized in these configurations did not
meet the altitude relight, carbon or ground start performance requirements
and acoustic resonance was encountered at idle conditions.
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The lowest NOx levels were ottained with Configuratfﬁn D13 in which 17%
of the combustor airflow was used as main stage dilution{% For the Phase III
engine tests, however, 17% of the airflow will not be available for main
stage liner dilution. Due to the higher pressure levels at engine conditions,
durability considerations require increased dome cooling airflows. Some aft
dilution air must also be provided for trimming the combustor exit tempera-
ture profiles.

The additional airflow required for engine-combustor operation is not
available from other sources. The liner cooling airflows, the pilot and main
stage swirl cup airflows and the outer liner dilution airflows must remain !
unchanged because of the strong effect of each on the durability, perfor-
mance, ignition and low power emission levels. It appearé that the engine
combustor design can incorporate only 10.6% of the combustor airflow as main
stage dilution flow, rather than the higher airflow levels of Configuration
D13. Configurations which meet this requirement are D7, D8, D10, Dll, and
D12. . -

Best Engine-Combustor Compromise Design - The Double-Annular Combustor
configuration which met or most closely approached all of the emission and
performance goals, while adhering to the engine-combustor airflow design con-
straints was Configuration D12. The pilot stage demonstrated satisfactory

T sea Mcvelland altitude ignition performance and carbon-free and resonance-
free operation at all operating conditions. The main stage demonstrated.
satisfactory cross-fire ignition and stability characteristics, suitable
average exit temperature profiles at takeoff and resonance-free operation at
all operating conditions, while incorporating a main stage dilution airflow
of 10.9% in the first liner panel. The CO and HC EPA parameters of this
configuration were below the 1979 standards, and were 3.4 and 0.4 respec-
‘ tively. The NOx EPA parameter was 4.5. While this value is above the 1979
: , standard value, it represents a substantial reduction compared to current ;
E , production CF6-50 values. The Phase III engine demonstrator combustor design
‘has been modeled as closely as possible after Configuration D12.

L M,“ML\\

Phase I Results

|
:
}
E RADIAL/AXIAL STAGED COMBUSTOR
:
|
s

The Radial/Axial Staged Combustor produced the lowest CO and HC emis-. ‘ ;
sion levels at idle and the lowest NOx emission levels at takeoff of any o 7
combustor design tested during Phase I. At idle operating conditions, CO and
HC reductions of 62% and 93%, respectively were obtained relative to the.
production CF6-50 combustor. At takeoff a NOx reduction of 667 was cbtained.
The arcas of concern with this design at the beginning of Fhase Il were (1)
the performance and emission levels at intermediate power operating'cbn—
ditions; (2) the control ofgthe exit temperature profile characteristics;
(3) the possibility of flashback occurring in- the premixing main stage; and,
(4) the development of satisfactory altitude relight performance and carbon-
free operation of the pilot stage with no loss in emissions performance. In
addition, further emission reductions were required at idle and takeoff
operating conditions to meet the ECCP goals and 1979 EPA standards.
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Exhaust Emission Results

5

The key emission results for all full annular Radial/Axial Staged Com-
bustor configurations at standard day idle, approach, climbout and takeoff
operating conditions are summarized in Table XXII. The standard day cruise
results are summarized in Table XVIII. As in the Double Annular Combustor
tests, a range of fuel flow splits between pilot and main stage was investi~
gated at each operating condition above idle to determine the effect on
emission levels. All of these splits are tabulated in Table XXII.

Idle Pollution Results - HC levels below the program goals and CO levels
very near the program goals were obtained at the standard day idle condition
with this combustor during Phase II. The CO and HC levels of significant
configurations are shown in Figure 36 for a range of fuel-air ratios.

The final Phase I configuration had produced idle emission levels sig-
nificantly higher than any previous configuration. Turning vanes installed
in the main stage flameholder array or inserts in the vane passages of the
pllot stage secondary swirlers were design changes which might have produced
the high idle emission levels. The effects of these two design changes were:
assessed in the first two Phase 1T test configurations. The pilot stage of
Configuration Rl was essentially identical to the last Phase I configuration,
with some of the turning vanes in the main stage flameholder array removed.
In Configuration R2, the secondary swirler inserts were removed and fourfvane
passages of the secondary swirler were c¢losed to maintain the correct flow
area. As shown in Figure 36, the idle emission levels of Configuration Rl
were high, but the levels of Configuration R2 were signlflcantly reduced. This
indicated that the secondary swirler vane inserts were responsible for the -
high idle emission levels. 1In the 60° sector tests, pressure-atomizing fuel
nozzles were found to improve the altitude relight performance of the com-
bustor. Similar nozzles were installed in the full annular combustor for
Configuration R4. The resulting HC levels were significantly lower than any
previous configuration and met the program goal. The CO levels were reduced
from previous Phase II configurations, especially at fuel-air ratios below
0.011. The addition of many small dilution holes in the pilot stage, evalu-
ated with Configuration R6, reduced the CO levels by almost 50%:at the design
idle fuel-ailr ratio, and the program goal for CO was closely approached. The
HC levels were also slightly lowered. 1In contrast, to the Double Annular
Combustor CO characteristics at idle, the Radial/Axial Staged Combustor
produced CO levels which are nearly constant over a wide range of idle fuel-
air ratios.

Climbout and Takeoff Pollution Results - The NOx emission characteris-
tics of this concept were found to be highly dependent on the fuel flow split
between stages at the climbout and takeoff operating conditions. As shown in
Figure 37, NOx levels below the program goal at takeoff were achieved-with
several configurations with the fuel flow highly biased to the main stage.
Unlike the Double Annular Combustor, however, as a greater proportion of the
fuel was scheduled to the main stage, combustion efficiency decreased along
with the NOx level. 1In order to maintain high combustion-efficiency levels
consistent with engine requirements, this design could not be_operated at the
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Table XXII, Radial/Axial Staged Combustor Emission Results.
Idle Approach ‘Climbout Takeoff
We . . P3 We ] R Pa Wg Py We
Conf. | Rdg. | —B EI |Rdg.| Test| _——B EI Rdg.|Test | .-B EL Rdg.| Test| _-P EI
; No. |No. | W&y TO_| HC | NOy lNo. |atm | YE, €0 | HC | NO, | No. |atm WE, €0 | HC | NOy |No. |atm | "¢ CO | HC | NO,
i i meas. @ 2.9 atm corr, to ll.7 atm corr. to 25.9 atm| corr. to 29.8 atm
o & Std.
25; E§§ Prod. | - - 73.0 | 30.0 | 2. - - -1 4.3 o |10.0] -~ - - 0.3 oj29.5] - - - 9.2 of as.s
=<} E?: R1 5 [ 1.0001) 86.8 [20.112.2] 73.4 [1.00 4.8/ 0.1 6.3 10| 4.8 ]0.33 18.7 | 0.4 123.1] 13 [4.8 0.34 2.810.03| 32.9
w 3| 1.00 88.7 [26.212,3| 23{6.8 [1.00 5.4] 0.2 |6.9] 9| 4.8 0.28 31.4 | 1.2 {16.7 | 12 | 4.8 jo.25 4.4]0.1 | 23.1
) "o 24 | 3,4 [1.,000)) 5.4 0.7 {5.5| 8| 4.8 0.23 40.0 | 2.5 |11.2 | 19 (9.6 |0.26 6.0] 0.1 | 22.3
[ = 27 | 3.4 10.53(2)| 83.5] 27.3 | 7.9 11 | 4.7 {0.16 16.0] 0.5 | 11.5
g: e 21 16.9 0.53(2)| g9.6| 40.5 | 7.7 18 (9.6 l0.17 15.1 0.5 | 11.9
& - 28 {3.4 {0.42(2)| 87.2} 45.3 | 4.8 16 4.8 |0.21¢1){ 11.6] 0.6 | 19.4
20 | 6.8 10.42(2)! 99,7| s8.6 | 5.0 15 { 4.8 [0.17(1) | 18.1| 1.5 | 17.0
& 25 {3.4 0.47(1-2;74.3 25.5 | 5.5 14 4.8 10.13(1) | 29,1 3.9 | 12.1
22 | 6.9 0.42:2)77. 71 42,9 | 5.1 17 19.6 10.12(1) | 28,5 2.9 | 12.7
26 13.4 {0.28(1,2)82.8| 49.6 | 4.0
R2 | 61 | 1.00 53.6 | 5.7/3.0] 66 [4.8 |1.00 2.1 0.2 | 9.1 81 4.7 [0.34(| 7.4 0.1|23.2] 85 [4.6 |0.30 1.7] 0,03} 25.0
71 | 4.8 [0.43 93.1) 38.7-| 3.6 | 83 | 4.8 |0.34 6.1 | 0.1 [21.8] 86!4.6 [0.21 3.7/ 0.1 | 18.1
70 | 4.8 [0.35 82,6 45.1 | 3.5] 82| 4.8 10.23(®| 11.3 | 0.4 [14.5] 87 {4.8 |0.17 8.910.1 | 16.4
73| 4.8 |0.28 1108.1| 93.6 | 1.8 | 84 | 4.6 |0.23 10.5 | 0.2 {14.2
67 | 4.7 }0.54(3) 67.1| 17.1 | 7.8
69 | 4.8 {0.42(3)| 75.2] 30.9 | 4.6
72 | 4.8 10.35(3)] 98,9 56.9 | 2.6
R3 | 129 | 1.00 51.9 | 6.73.11135 3.4 [1.00 1.4 0.1 7.5[139 | 4.7 [0.33 15.3 | 0.7 | 20.7 145 { 4.7 {0.30 4.0[ 0.1 | 24.2
R R 153 6.8 [1.00 " 2.5{ 0.2 | 8.0]151| 9.5|0.32 18.1 | 0.6 {19.6 | 148 { 9.5 |0.30 2.11 0.2 | 23.1
138 | 4.7 |0.23 33.3 | 3.6 |11.9]144 {4.7 |o.22 11.6§ 0.4 | 17.0
150 | 9.5 {0.23 32.5 | 2.8 |12.0|147 | 9.5 |0.22 6.1} 0.3 | 14.2
137 | 4.7 [0.18 46.6 [11.1] 8.1 {143 4.7 j0.17 21.9{ 1.9 | 13.3
- : : 149 { 9.5 {0.18 49.5 [10.0 | 8.6 {146 | 9.5 |0.17 15.0} 1.5 | 11.9
140 | 4.8 10.33(3)} 13,5 0.4 |25.6
141 | 4.7 [0.18(3)] 29.5 | 2.6 |15.1
R4 ]188 | 1.00 44.8 1.3[3.0[193{3.4_{1.00 1.5} 0.03] 7.6]200 | 4.8 0.45 30.4 | 1.0 [27.6 | 204 | 4.8 [0.30 8.6/ 0.3 | 21.7
{ 199 | 4.8 ]0.32 35.0 | 1.5 [15.7 203 |4.8 |0.22 18.3} 1.0 | 12.3
‘ 198 | 4.8 {0.22 48.2 | 5.4 | 8.1)202 (4.8 |0.17 34.0[ 4.8 | 8.3
197 | 4.8 |[0.18 58.8 [15.3 | 5.0
R5 |211 | 1.00 40.4 | 2.213.0§2157(3.4 |1,00 1.3 o0.03] 8.5)223 | 4.87}0.33 21.8 | 0.8 [11.4 {225 | 4.7 [0.22 17.5( 2.2 | 10.0
‘ 220 | 4.8 [0.23 32.3 | 3.3 6.3|224 (4.7 |0.18 23.1{ 2.0 | 7.9
219 | 4.77|0.19 52.2 [15.4 | 4.5
R6 ] 260 | 1.00 23.9 ! 0.3f2.8]263]3.5 |1.00 1.0 o0.03] 9.3]271 | 4.8 {0.33 6.7 ] 0.6 {13.6| - - - -1 - -
267 | 3.6 |0.50 [112.5] 62.6 | 2.9
266 | 3.5 [0.35 81.3112.1 | 1.3
R7 | 377 | 1.00 48.8 | 7.92.6]392 3.4 |1.00 0.8 0.1 ] 6.4]398] 4.7]0.32 27.4 | 2.2] 7.2]400 4.7 [0.25 13.0{ 0.7 | 9.7
397 | 4.7 {0.23 59.2 [18.0 | 3,0 }399 | 4.8 [0.21 35.4( 5.3 | 6.8
396 | 4.7 {0.18 41.4 |34.2 ] 1.6 |401 9.5 |0.21 27.4( 5.9 | 7.6
(1) Alternate pilot injectors fueled
(2) Alternate pairs of main injectors fuele
(3) Alternate main injectors fueled "
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fuel flow split which produced the lowest NOx level. As shown in Figure 38,
a direct tradeoff between NOx level and CO level exists. In order to assess
the effects of design changes on emission levels, the NOx levels of different
i configurations must be compared at the same CO (or efficiency) level if

: meaningful conclusions are to be drawn. The differences between configura-
tions tended to be more pronounced at climbout conditions than at takeoff.

Three principal approaches for increasing combustion efficiency levels
at high power operating conditions while maintaining low NOx production were
investigated. These were: varying the amount of main stage airflow passing
through the premix passage; varying the flame holder wetted perimeter; vary-
ing the premix passage length.

: Main stage premix passage airflows were 64 percent for R1, 18 percent
. for R2 and R6, and 47 percent for R5 and R7. Results of varying premix

3 passage airflow can be seen in Figures 37 and 38. Both R2 and R6 showed

i | significant improvements in NOx and CO levels compared to R3 especially at

P the climbout condition. However, flashback was encountered with Configura-

' tion R6. Configurations R5 and R7 produced CO and NOx levels lower than Con-
[ figuration R1l, but somewhat higher than Configurations R2 and R6. Flashback
i was encountered with Configuration RS.

The effect of increasing the wetted perimeter of the flameholder array
by doubling the number of flameholders to promote mixing, can be assessed by -
comparing the test results of Configurations Rl and R3. A slight improvement
in NOx and CO was indicated at climbout with the 120 flameholder array of
Configuration R3. No significant difference was noted at takeoff.

1 R

The effect of increasing the premixing length can be determined from a
comparison of the test results of Configuration R2 versus R6, R3 versus R4,
and R5 versus R7. For Configurations R2 and R6, and Configurations R5 and
R7, increasing the premixing length by shortening the main stage fuel tube
length produced no noticeable change in the NOx or CO emission levels at
climbout or takeoff. For Configurations R3 and R4, the increased premixing
length of R4 resulted in higher CO and NOx levels, particularly at climbout.
The very high main stage airflow (about 65%) and the improved mixing resulted
from the added mixing length, apparently produced a mixture which was too
lean for efficient combustion.

- ' The smoke levels of all test configurations of this combustor were very
low at high power operating conditions (Appendix C), generally below a smoke
number of two. Although somewhat higher levels would be expected at engine
ptessures, the smoke levels of this combustor should not be a source of
concern.

Approach Pollution Results - Several fuel staging techniques were
examined at approach. These techniques included: (1) fueling all injectors
of both stages, (2) fueling all injectors of the pilot stage, and either
alternate or alternate pairs of injectors of the main stage, (3) fueling

. alternate injectors of the pilot stage and alternate pairs of injectors of

§ the main stage, and (4) fueling the pilot stage only. Results are presented
S in Figure 39.
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The first three techniques produced high CO levels, with no discernible
differences between the results obtained with each two-stage fueling mode
tested. None of the two stage fueling modes shows any promise of achieving
the 1979 EPA CO emission standard. As with the Double Annular Combustor,
pilot-stage-only operation at approach appears mandatory with the Radial/
Axial Staged Combustor to achieve the standards.

Cruise Pollution Results - The emission levels at the standard day
cruise condition are summarized in Table XVIII. As noted in the table, some
of | these data are extrapolated from the climbout test points. All configura-
tions produced NOx levels below those of the production CF6-50 combustor, but
thé combustion efficiency levels were also somewhat lower. Tradeoffs between
NOx levels and combustion efficiency are shown in Figure 40. Generally, the
beét results were obtained with Configurations R2, R5, R6, and R7, all of
which had decreased main stage airflow levels. At a combustion efficiency of

99%, a NOx emission index of about 7 was obtained with these configurations.

Although the emission levels at the cruise condition are mot currently regu-
lated, very high combustion efficiencies must be maintained at this flight
mode in order to maintain current CF6-50 fuel economy performance.

EPAP Results - The status of each Phase II test configuration relative
to the 1979 EPA standards is shown in Figure 41. Data from several Double
Annular Combustor configurations are also included for comparison. All data
are for pilot-stage-only operation at the approach condition. Data for each
Radial/Axial Staged Combustor configuration are presented as multi-point
curves rather than single points to include different pilot to main stage
fuel splits at climbout and takeoff.  Table XXIII presents a summary of EPA
parameter results for the fuel splits which produced the lowest CO/HC EPA -
parameters, the lowest NOx EPA parameters and the lowest combined parameters
for each configuration.

With pilot-stage-only operation at approach, several Radial/Axial Staged

Cohbustor configurations meet the HC standard. Several configurations would
allso meet the NOx standard, but at the expense of the CO standard. No single
configuration approached the CO standard, even though excellent CO levels
wére obtained at idle. Unlike the Double Annular Combustor, where nearly all
of the EPA parameter CO level came from the idle flight mode contribution,
nearly half of the CO EPA parameter level of the Radial/Axial Staged Com-
bustor was produced at climbout and takeoff. Configuration R6 showed the
most promise of approaching the CO standard, but flashback was encountered
and data at all the flight modes were not obtained. If the pilot stage
emission levels at idle and approach for Configuration R6 are combined with
the emission levels at climbout and takeoff from Configuration R2, which had
essentially thié same main stage configuration, CO, HC and NOx EPA parameters
of 5.4, 0.1 and 4.3 could be obtained. An alternate fuel split at climbout
and takeoff would reduce the CO EPA parameter to 4.4 but the NOx EPA param-
eter would climb to 5.9.
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Figure 41, EPA Parameter Tradeoffs for the Radial/Axial
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Table XXIII. Radial/Axial Staged Combustor EPA Emission Parameters.

Pilot/Total Fuel Split EPAP (1b/1000 1b_thrust-hrs)
Configuration Idle App. Climb HC NOx ‘Comments
std. Prod. - - - 4.3 7.7
Rl 1.00 | 1.00 0.33 4.6 6.2 Low CO/HC
: 1.00 1.00 0.28 4.7 4.1 Intermediate
1.00 { 1.00 ’ 0.23 _ 4.9 3.2 Low NOx
1.00 | 0.42(1) | 0.28 8.6 3.9 Approach staging
R2 . 1.00 | 1.00 0.34 0.8 5.9 ‘Low CO/HC
o 1.00 {1.00 0.23 0.8 4.8 Intermediate
o 1.00 | 1.00 0.23 0.8 4.3 Low NOx
1.00 | 0.54(2) 0.23 2.4 4.2 Approach Stagingw B
R3 © 1.00 | 1.00 | 0.32 1.8 5.4 Low CO/HC
-1.00 1.00 0.23 2.1 3.7 Intermediate -
——1.00 | 1.00 0.18 3;2 3.1 Low NOy
Ré 7100 [ 100l | 0.5 0.3 5.6 Low CO/HC
- . 1.00 1.00:, 0.22 1.0 2.9 Intermediate
1.00 | 1.00 = | 0.18 2.7 2.2 Low NOx
R5 1.00 | 1.00 0.33 9 0.5 3.4 Low CO/HC
1.00 | 1.00 0.23 A 0.9 2.7 Intermediate
1.00 | 1.00 0.19 7 2.7 2.3 Low NOx
R6(3) k S - - R - -
R7 © 1.00 | 1.00 0.32 1.5 2.6 Low CO/HC
1.00 | 1.00 c.18 6.5 1.6 Low . NOg
R2/R6(4) | 1.00 | 1.00 0.3 0.06 5.9 Low CO/HC
1.00 | 1.00 0.23 | 0.08 4.8 Intermediate
1.00 | 1.00 0.23 0.08 4.3 Low NOx
l.OOvI 0.50 -4 0.23 5.8 3.7 Approach staging

(1)
2)
(3)
(4)

Alternate main stage injectors fueled

Incomplete test

Alternate pilot stage injectors and alternate pairs of main stage injectors fueled

idlg and approach data from R6 combined with climb and takeoff data from:R2

©
[3)

=

-

¢ o~

e




AT R | T R - R Sy ST - e F AT T TR Lacribanihi e 0l L. LT TR R Ty e PR SR e

O s

TR A W TLA Y Y . B ({ }

Combustor Performance Results

The key'performance parameters for each full annular and sector con-
figuration tested are tabulated in the detailed data summary tables in
Appendix C and D.

! -~ Altitude Relight Results - The first Phase II Radial/Axial Staged Com-

: ? bustor configuration had poor altitude ignition characteristics, as shown in

L Figure 42. Almost a 5 km aititude deficiency existed at low flight Mach

; 2 numbers, with the low pressure drop, airblast fuel injector design. When‘
pressure-atomizing nozzles were installed in the pilot stage, with essen-—
tially no other chainge in swirl cup configuration, successful lightoffs were
obtained over nearly the entire required windmilling map. However, the
required fuel flows were higher than the target level of 249 kg/hr. An 1
alternate downstream ignitor location was evaluated in the sector tests, and
as shown in Figure 42, the altitude relight requirements were met. Thus,
with an alternate ignitor location, satisfactory relight performance was

" obtained with this combustor design. :

| ? Ground Start Results - The sea level ignition and subidle temperature

5 ; rise characteristics of Configuration R7 -are shown in Figure 43, Tempera=

; ture rise characteristics similar to those of . the production CF6~50 combustor

{ j were obtained over a wide range of fuel-air ratios, thus assuring good sub-

- f idle acceleration characteristics. The fuel flows requlred for sea level ,
/ : ignition are slightly higher than the CF6-50 englne minimum scheduled fuel ]
flow, and the lean blowout limits are somewhat high, especially at the high |
combustion air flows. It should be noted, howevyer, that this configuration
did not utilize the same pilot stage swirl cups as the final Double Annular
Combustor design, since the Radial/Axial Staged Combustor testing was termi-
nated midway through Phase II. It is expected that with the final Double
Aonular pilot stage swirl cups, satisfactory sea level ignition and effi-
iciency characteristics would be obtained with this combustor.
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CarboningrResults - The carbon-free swirl cup eyolutlon, dlscussed in
j the Double Annular Combustor section of this chapter, is directly appllcable
} to the Radial/Axial Staged Combustor as well. The primary swirler developed
L in these tests was not tested in a Radial/Axial Staged -Combustor full annular
g test, since the testing of this combustor was terminated before development
| of the carbon-free swirl cup was completed. It would be expected, however,
| - to produce carbon-free operation in the pilot stage of the Radial/Axial

Staged Combustor. - . 2

Flashback Results - Three 12° sector combustor configuratlons, simu~
lating annular Configurations R3, R5, and R7 were tested to assess the capa-
bility of this concept to avoid flashback. The key features investigated
were the safety of increased premixing length of R5 and the reduced main . 3

* stage airflow of RS and R7. More severe combustor inlet conditions were ' : ’
tested in these sector tests than were achievable in the annular tests.
Combustor inlet pressures and temperatures up to 15 atm and 830 K were
investigated. No flashback or auto-ignition was obtained in these sector RS
tests over a range of main stage fuel—air ratios up to 0.022, i
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Figure 42, Effect of Design Modifications on Radial/Axial Staged Combustor

Relight Characteristics.
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 However, flashback was encountered in the full annular tests. Two
annular configurations, R5 and R6, experienced burning in the main stage
premixing passage resulting in combustor damage. Configuration R5 incorpo-
rated the 120 chute flameholder array in the main stage, with the openings
between flameholders reduced by flamespraying to provide less main stage
airflow. An equivalent amount of area was opened in the 4th panel of the
main stage liner to maintain the total combustor open area at the desired
level. Indication of upstream burning was obtained at simulated takeoff
conditions of 4.8 atm and 820 K. Posttest examination of the hardware
showed the flameholders to be burned in several circumferential locationms.
Analyses of the burn patterns led to the conclusion that the main stage
dilution airflow was probably the cause of the damage. Indications were that
the dilution airflow, which was located directly across from the flameholders,
forced the hot pilot stage gases against the chutes, causing them to over-
heat. They subzequently melted and allowed the combustion gases to enter the
premixing passage. This explanation is substantiated by the observance of
several flameholders which were scorched on the downstream side but in good
condition on the upstream side. During previous configurations, the flame-
holder metal temperatures were generally very low. The inner liner dilution
air was not included in the 12° sector configuration simulating R5, since the
sector test was run orier to the inclusion of the dilution holes in the
annular combustor.

Configuration R6 incorporated a splitter in the main stage airflow
passage which allowed only a portion of the main stage airflow to be fueled
(see Figure 21). Upstream burning was indicated at the climbout condition
during full annular testing. Posttest inspection revealed damage in several
circumferential locations. From examination of the hardware, it appears that
the main stage fuel tubes created a wake along the surface of the airflow
splitter. The flame propagated into the premixing passage in the low veloc-
ity wake region. A posttest view of the flow splitter is shown in Figure
44. 1In this photograph, which is a view from the cold side (OD) of the
splitter, a typical fuel tube wake and resulting metal discoloration and
damaged flameholder can be clearly seen.

It appears that this combustor concept has a tendency to flashback,
which can be triggered by small details in the hardware design. This ten-
¢ency would be enhanced by lower main stage airflows, which are required to
provide a suitable high power combustion efficiency level, due to the richer
stoichiometry in the premixing passage. Additional design effort is required
with this combustor to assure a completely safe, premixing design suitable
for engine operation.

. Combustor Exit Temperature Profile Results - The combustor exit temper-
ature profile characteristics of this combustor were generally very good.
Unlike the Double Annular Combustor, the exit temperature profile factor is
not a strong function of the fuel flow split between stages, as shown in
Figure 45, due to the intense radial mixing promoted by the sloping flame-
holder arrays. Even with only the pilot stage fueled, profile factors of
about 1.07 resulted, compared to 1.3-1.4 with the Double Annular Combustor.
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Combustor Flameholder Array.
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Téc profile shape at takeoff conditions with 797 of the fuel supplied to the
main stage, is shown in TFigure 46 for the final configuration. The average
pﬁofjlc is somewhat more inward-peaked than the production combustor, but the
mdximum average profile temperature rise ratio is slightly lower. The peak
tﬁmperatures were higher for R7, especially at the inner immersioms, but no
attempts were made during Phase II to adjust the peak profile of the combus-
tor.

Other Performance Results - Other performance aspects of this combustor
were excellent. In particular, the ignition of the main stage was always
very smooth, with no ignition problems encountered. Because of the geometric
positioning of the two combustor stages within this design, the hot gases
from the pilot stage are in close contact with the main stage fuel-air mix-
ture. This results in excellent piloting action. No evidence of acoustic
resonance was encountered during Phase IT with either pilot stage only or
two-stage operation. Except for the damage resulting from the two flashback
incidences, the mechanical condition of this combustor was very good at the
completion of testing.

Summary of Combined Results

i Pollution-Performance Tradeoff Considerations - The lowest idle emission
levels were obtained with Configuration R6. HC levels were well below the
program goals and CO levels were near the program goal with this configura-
tjon. All Phase II configurations tested produced much lower NOx levels than
thc production combustor at high power operating conditions, but generally
with reduced combustion efficiencies. As shown in Figure 47 strong trade-
offs exist at climbout and takeoff between NOx and combustion efficiency. At
the ECCP program target efficiency level of 99%, Configurations R5 and R7
p}oduced lower NOx levels than any other configurations tested during Phase
II. With either configuration, NOx emission indices at climbout and takeoff
were about 6.3 and 7.5, respectively, at the 997 efficiency level. This
represents a NOx reduction of almost 80% from the production combustor. The
takeoff NOx level is also 25% below the program goal.

However, in order to meet the 1979 EPA Emissions Standards, combustion
efficiencies significantly higher than 99% are required at the high power
operating conditions due to the high engine fuel flows. If the CO and HC
standards are to be met, efficiency levels of about 99.8% or higher, are
required at the climbout and takeoff conditions.

Best Engine-Combustor Compromise Design.- Configuration R2 produced high
combustion efficiencies at climbout and takeoff while still providing signifi-
dant NOx reductions relative to the production combustor. Configuration R6
also showed promise at climbout, but flashback was encountered, and most of
he high power test points were not obtained. The pilot stage configuration
of R6, combined with the main stage configuration of R2, appears to be the
most attractive Radial/Axial Staged Combustor design combination in terms of
apptoaching all of the 1979 EPA Standards. With this hybrid configuration,

1
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¢O, HC, and NOx EPA parameters of 5.4, 0.1 and 4.3 could be obtained. An

Alternate fuel split at climbout and takeoff would reduce the CO EPA param-
eter to 4.4, but the NOx EPA parameter would climb to 5.9.

B J

i

K Since development of this combustor design was stopped midway through

. Phase II in favor of the Double Annular Combustor, no single configuration

l met all of the performance requirements. The pilot stage swirl cup design,

| which operated carbon-free and met the altitude relight requirements in the
Double Annular Combustor, was not tested in the Radial/Axial Staged Com-

[N bustor. However, based on the results obtained in the Double Annular Com-
It bustor tests and in the Radial/Axial Staged Combustor sector tests, it is
expected that the altitude relight and carbon-free requirements could be met
with this combustor with a small amount of further development and with
1ittle or no impact on the emission levels. More development effort would be
required, however, to eliminate the main stage flashback tendencies encount-
ered.
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CHAPTER IV A

ASSESSMENT OF PHASE IT TEST RESULTS

COMMON RESULTS

- Both of the Phase II combustor design concepts proved capable of
providing large emission reductions, relative to the production CF6-50
combustor, while meeting or closely approaching most performance goals
required for engine application. The design features responsible for the
reduced levels of CO, HC, and NOy were very similar for the two combustors
and are the significant features which appear necessary in any combustor
design to obtain low NOy emission levels, as well as low CO and-HC emission
levels.

' RBoth the Double Annular and the Radial/Axial Staged Combustors consist
of two-stage designs, wherein the first (pilot) stage operates alone at low
englne power operating conditions and both stages (pilot and main) operate
toéether at high engine power operating conditions. The pilot stage of
both combustors was designed to utilize only a small fraction of the com-
bustor airflow (15-20%). The sheltered, low velocity pilot dome region
produced low idle CO and HC emission levels and excellent altitude and sea
level ignition characteristics. Good fuel atomization and careful introduc-
tion of the fuel-air mixture into the pilot combustion zone to avoid wall
quenching effects were found to be important design features. In addition,
the inclusion of many small dilution holes in the pilot stage primary zone
region proved to be essential for reducing the CO emission levels to the
degree required. : '

The main stage of each compressor is supplied with a significant pro- -

portion of the total combustor airflow (40-60%) to provide a lean, high
velocity combustion zone in order to minimize the formation of NOyx at the
high power operating conditions. In each combustor design concept, most of
the fuel flow (75-85%) is supplied to the main stage at takeoff conditionms.

In the Radial/Axial Staged Combustor, the main stage airflow is carbureted

in a premixing passage before combustion and ignited by the piloting action
of the first stage. In the Double Annular Combustor, about three-fourths

of the main stage airflow is supplied to the swirl cups and one-fourth is
sﬁpplied to large dilution holes designed to quench the NOx reactions.

This design was found to be more favorable than supplying all of the main
stage airflow to the swirl cups due to improvements in the main stage

ignition and stability characteristics and elimination of resonance tendencies.
From the investigations undertaken in Phase II, it appears that each combustor
must be operated on only its pilot stage from lightoff to a power setting
above the EPA-defined approach condition (30% power), in order to obtain
acceptable low CO and HC EPA parameters. The main stage can preferably be
cut in slightly above approach power and remain on for the rest of the
operating range.
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; é : DOUBLE ANNULAR COMBUSTOR RESULTS
| ‘ ' The performance and emissions development status of the Double Annular -
9 Combustor is summarized in Table XXIV.
Table XXIV. Phase II Development Status of the Double Annular Combustor. _ 4
Current Status
Significant
} Further Further
| 1 Meets Refinement Development
Parameter Requirements Needed Required
) ] Emissions
3 - CO X ,{
': - - HC x
o - NOy L X
- Smoke X!
| . ° Ground Starting X
S e  Altitude Relight p
f - o Lean Blowout - At Idle ? X %
é i ° Main Stage Cross-Fifing X\*‘ '
f ° Pressure Loss X
% . ° Combustion Efficiency X
E
E ° Exit Temperature Profile/
§ Pattern X
f ; ° Resonance X
E H ° Flashback X i |
. Carboning X 3
] Metal Temperatures X §
|
é
b
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The CO and HC emission levels of this combustor are very low at all
operating conditions and the 1979 EPA standards were met in the component
tests. The smoke levels were also below the applicable standard, but the
NOx levels remain about 50% above the 1979 standard. NOy reductions of
about 45 percent were achieved, compared to the production CF6-50 combustor,
with essentially no loss in combustion efficiency.

Based on the Phase II test results, the Double Annular Combustor can
operate at cruise conditions with both stages burning at the fuel split
which produces the lowest NOx levels, with combustion efficiencies greater
than 99.8%. At the approach mode, however, it appears that pilot stage
only operation is required to obtain the high combustion efficiency (and
corresponding low CO and HC levels) demanded by the EPA landing-takeoff
cycle. The effect of fueling both"stages at approach will uve investigated
further in the Phase III engine demonstration tests. :

Performance Status

The Double Annular Combustor met all of the performance requirements
during Phase II, as shown in Table XXIV. However, no attempt was made to
trim the exit temperature peak profile during Phase II. This will be done
with the engine demonstrator combustor| during the Phase III component
testing prior to the engine buildup. For this reason, the exit temperature
profile/pattern is indicated as "further refinement needed" in Table XXIV.
The control of exit temperature profiles is much more difficult with the
Double Annular Combustor than with conventional single annular combustors, =
because much less of the total combustor airflow is available for introduc-
tion as dilution air through holes in the cooling liners. However, the
development engine exit temperature profile requirements at takeoff are
expected to be attained during the Phase III component tests. The cross-
firing characteristics of this combustor will be under close scrutiny
during Phase III in order to determine the impact on engine acceleration/
deceleration performance. The Phase II.cross-fire tests were conducted in
a quasi-steady-state manner with no attempt made to simulate the transient
pressure and temperature conditions encountered in the engine operation as
the main stage is cut in. From these component test results, it is felt
that the cross~fire performance will prove satisfactory during Phase III.

Nonetheless, some questions do exist which can only be answered by actual
engine tests. -

RADIAL/AXIAL STAGED COMBUSTOR RESULTS

The performance and emissions development status of the Radial/Axial
Staged Combustor at the conclusion of the Phase II program is summarized in
Table XXV.
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{} Table XXV. Phase II Development Status of the Radial/Axial Staged Combustor.
aFa .

G

Current Status

|

e

P v Significant
oo P Further Further ;

i1 e Meets: Refinement Development !
;} Parameter Requirements Needed Required ¥
. . Emissions |

{ _ - €O X) Various i
ki - HC X Tradeoffs :
: - 'NOgk o X ) Possible o
¥ - Smoke X - :
- e  Ground Starting X §
f{% o Altitude Relight ' X L/f§’;’<:
- ° Lean Blowout - At Idle X
vlf (] Main Stage Cross-Fi;ing X
fi’ ) Pressure Loss X '

b o) Combustion Efficiency - X

i% 'y Exit Temperature Profile/

i ‘ Pattern ‘ X

~Z§ o Resonance X

‘ ° Flashback X

;{i . Carboning X%

{- i Metal Temperatures‘ X
S *Expected to meet based on sector tests and Double Annular Combustor ;
L ' development test results. ' ' i
| Pollution Status
Various configurations of this combustor met the HC, NOyx and efficiency § : ‘
goals of the ECCP Program and very closely approached the CO goal. This - L

. combustor was found to be more sensitive to changes in the combustor inlet P

| ; conditions and the fuel split between stages than the Double Annular Combus- :

‘ tor. A direct tradeoff was found to exist between NOy and combustion effi- S
ciency when both stages are fueled. From a fuel utilization standpoint, :
combustion efficiencies of 98 or 99% are tolerable at takeoff and climbout !

!
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due to the small amount of time spent at these modes and the resulting
small impact on the overall fuel economy performance of the engine. In
order to meet the 1979 EPA CO and HC standards, however, combustion effi-
ciencies of greater than 99.8% are mandatory. To increase the high power
efficiency of the Radial/Axial Staged Combustor from S$9% to 99.8%, requires
a fucl flow split and main stage airflow design change at takeoff and °
climbout which increases the NO, level more than 100%. The resulting NOx
levels are then comparable to or higher than those of the Double Annular
Combustor. i

N At cruise conditions, the combustion efficiency must be 99.8% or
higher because of the impact on the overall engine fuel economy.' Because
of the combustor inlet pressure and ‘temperature at the cruise condition,|
pilot-stage-only operation may be required with the Radial/Axial Staged
Combustor to achieve the required. efficiency level. “If this is the case,
NOx levels only slightly lower than those of the production combustor would
be expected (Figure 40). As with the Double Annular Combustor, pilot=-
stage-only operation at approach appears to be the only feasible fueling
mode in order to meet the EPA standards.

- Further development efforts are required to improve the combustion
efficiency levels of the Radial/Axial Staged Combustor at high power operat-
ing conditions, while simultaneously maintaining the low NOy levels demon-
strated in Phase II. These efforts should probably incorporate somewhat
lower main stage airflow levels and improved main stage premixing features

to more carefully control the stoichiometry of the main stage mixture.
Further, it appears that a longer combustion zone, downstream of the flame-~
holder array, is required to allow more residence time for CO and HC.consump-
tion to occur. Gas temperatures in this zone are high enough to allow
further CO and HC consumption, but low enough to limit further NOy formation.
Therefore, the increased length would be expected to significantly increase
the overall combustion efficiency, with only a small impact on the N),

level of the combustor. S e ’

Performance Status

The Radial/Axial Staged Combustor met most of the performance require-
ments during Phase II. However, flame flashback into the main stage pre-
mixing passage was encountered with two annular test configurations. In’
the Phase II development efforts, it was evident that no trouble would be
encountered in meeting the ground starting, altitude relight and carboning
requirements with the additional Phase II.development efforts afforded the
Double Annular Combustor. The performance problems which were found to be
the most troublesome with the Double Annular Combustor - main stdge'ignition,
exit temperature profile control and resonance - were not encountered at.
all with the Radial/Axial Staged Combustor. The exit temperature parameter
shown in Table XXV is indicated "further refinement needed" since further
adjustments to the peak profile would be required before incorporation in
‘an engine. However, "significant further development" is required to
eliminate the flashback tendencies of the main stage of this combustor.
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These further development efforts should emphasize the aerodynamic features
of the premixing passage to avold any features which may tend to trigger
flashback. Any potential low velocity regioms, such as those arising from
wakes behind fuel tubes, protruding bolts or other surface disruptions must
be eliminated. The potential for flashback would also be greatly reduced,

in a lower pressure ratio cycle due to the lower combustor inlet temperatures.

Rty
3 ’
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APPLICATION OF RESULTS

L Phase II1 Engine-Combustor Selection

i Both the Double Annular Combustor and the Radial/Axial Staged Com-

; bustor demonstrated strong points and weak points during their development.

| In the final assessment, however, it was the overall excellent performance |
; ; and lower CO and HC emission levels of the Double Annular Combustor, and

| the more conventional dome design concept involved, weighed against the

: flashback concerns of the Radial/Axial Staged Combustor, and the severe
compromise in NOy characteristics required to obtain the necessary high
efficiencies that led to selection of the Double Annular Combustor design
for further development effort and demonstration in the Phase III Program.

PO
¥

‘Phase III‘Egg}ne—Combustor Testing

€y

. While significantly reduced pollutant emissions and promising perfor-
o4 mance characteristics have been obtained in the component tests of the =~
: Double Annular Combustor, it must be recognized that this advanced combus-
tor is considerably more’ complex than current technology combustors.
Vo Although the combustor has been developed to the point of demonstration in
i an engine, several potential problem areas must be addressed and resolved 4
before it can be incorporated into operational engines. ‘Many of these
problem areas are engine related and therefore, could not be adequately :
evaluated in the Phase II combustor component tests alone. A number of
these areas will be investigated in the Phase III engine tests.: Others,
however, are beyond the scope of the Experimental Clean Combustor Program.
One of the important unknowns with a staged combustor is the transient
operating characteristics of the engine durlng acceleration and deceleration
operationg: Combustion staging, which involves cross-firing between stages
during acceleration operations in the case of the Double Annular Combustor,
must proceed smoothly and rapidly. Because of the additional" required
features in the fuel control and supply systems and the need for ignition
of one combustor stage by another stage, the attainment of smooth and
1 ' adequately rapid engine accelaration characteristics with this advanced
combustor is a much more formidable development problem than with current
technology combustors. Similar development problems must be anticipated in
meeting deceleration performance requirements.
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At present, the transient performance characteristics of the Double
Annular Combustor are not well established since it is not possible to
obtain an adequate evaluation in component tests. Therefore, an important
part of the Phase II]l demonstrator engine investigations will be devoted to
agsessments of the engine acceleration/deceleration characteristics.

Possible fuel nozzle carboning at engine power settings where the main
stage is shut off after being in operation is another development. concern.
This area was not a problem during the component tests because purge air
was used to evacuate the residual fuel from the fuel system whenever the
main istage fuel flow was shut off. The main stage nozzle used in the
component tests had a smaller orifice size than the engine nozzles because
of the lower fuel flows required in the reduced pressure component tests.
Accordingly, the use of purge air was necessary to prevent plugging of the
nozzle orifices. In the engine, provisions for purging the main stage
nozzles are not available.

Another area of possible concern with regard to engine application is
the highly peaked exit temperature proflles at the low power operating
conditions, when only the pilot stage is fueled. At steady state low power
operating conditions, peaked profiles are expected to be tolerable. However,
during low power thrust transients, excessive exit temperatures may result
for brief time periods and may affect the cyclic llfe characteristics of
the turbine components of the engine.

The significant impacts on the fuel control and supply systems of
engines which result from the use of multi-stage combustor design concepts
are another area of concern. Much additional complexity and sophistication
must be added to the fuel control and supply systems to permit the use of
these advanced combustors. Provisions for accurately dividing the total
fuel flow into the proper proportions required in each combustor stage, at
all engine operating conditions, are needed in the fuel control system. To
meet this need, complex logic and fuel flow valving equipment is required
to accommodate the wide ranges of total fuel flows and required fuel flow
splits associated with engine operation at both ground level and cruise
conditions. At cruise conditions, for example, most of the fuel is supplied
to the main stage. The total fuel flows at these cruise conditions are
similar in magnitude to those at low power settings at sea level. However,
at these low power sea level conditions, all of the fuel must be supplied
to the pilot stage. A prototype add-on fuel control system mechanism of ..
this kind for sea level operation has been designed for use in the Phase
III CF6-50 engine tests. The development and demonstration of fully opera-
tional versions of these required new fuel control system features suitable
for both sea level and altitude operation will involve significant further
effort.

Following the completion of the Phase III investigations, it is
expected that the magnitude of several of the presently identified develop-
ment concerns associated with the engine application of the Double Annular
Combustor design concept will be much better defined and that means of
resolving these concerns will be identified. It is expected that additional
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combustor component and engine development efforts will be needed following
these Phase III investigations to develop and implement any needed improve-
ments.

Thus, the Double Annular Combustor design concept appears to offer
considerable promise as a means of obtaining significant reductions in
pollutant emission levels, relative to current combustors, without incurring
significant compromises or losses in other key combustor performance and
opérational capabilities. The key emission reduction design features have
been identified in the development tests of Phase I and Phase II, and
implemented into the final design configuration for Phase I1I. Prototype
» : versions of this final design, tested during Phase II, demonstrated these
% ; significant emission reductions while meeting essentially all of the combus-
: tor performance requirements specified for engine operation. Some further
development concerns with this combustor, primarily engine-related operating
' characteristics, have been identified. The magnitude of these concerns
2 should be much better defined following -the Phase III Program. After the
completion of the Phase III Program, therefore, it is anticipated that it
will be possible to specify, in detail, the needed additional design improve-
ments, needed further development efforts and needed development time
schedules required to permit the use of this new and advanced combustor
design technology in operational engines.

T
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CHAPTER V

PHASE II - ENGINE-COMBUSTOR DESIGN ITEMS

In addition to the combustor testing and evaluations described in

Chapters III and IV, Phase IT also included several concurrent design efforts.

These consisted of mechanical design of engine-combustor hardware for the
Dohble Annular and the Radial/Axial Staged Combustor concepts suitable for
installation in the CF6-50 engine, resolution of interface problems asso-
ciated with engine installation and design of a breadbcard engine fuel con-
trol system design capable of controlling fuel flows for either multi-stage
combustor.

ENGINE COMBUSTOR DESIGNS

Engine combustor design efforts were initiated using the aerothermal
results of the Phase I Program. The inputs to both designs were continually
revised as test results became available. At the completion of Radial/Axial
Staged Combustor testing, design efforts on this design were terminated.

The Double Annular design effort was carried through to completion of an
engine~-combustor design.

" The mechanical designs of the two combustor concepts were configured
to fit into the current production CF6-50 engine with a minimum change in
current engine hardware. The swirl cup, venturi and the swirler arrays for
the pilot stages of both combustor concepts are jidentical. The mechanical
attachment of the swirl cups to the dome is likewise similar for both
designs. Although the cooling liners are not common, due to the flowpath
considerations, both combustors employ the same advanced machined cooling
ring concept. This new combustion liner design gives added mechanical
stiffness while maintaining a high film cooling effectiveness.

Both combustors are designed to provide a minimum of 100 hours of life
at the maximum temperature and stress condition. The minimum low cycle
fatigue life is calculated to be at least 300 cycles with a calculated high
cycle fatigue capability in excess of 106 cycles. Table III shows the
design conditions used for the mechanical analysis of both combustors.

Double Annular Combustor

The engine combustor design incorporates the key design features and
optimum flow distribution determined by the development tests, and dupli-
cates Double Annular Combustor Configuration D12 to as large an exteat as
possible.
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The key design features are:

1. Pilot and main stage secondéry swirler mixing barrels
2,% Pilot and main stage preésﬁre-atomizing nozzles

3.§ Pilot and mailn stage dilution

4. Short centerbody

5. Cross~fire slot

The flow distribution of the demonstrator engine test configuration
together with the key combustor design velocities are shown in Table XXVI.
For comparison, similar information for Configuration D12 is also shown.
Minor differences are due to the higher cooling flows required for the
engine demonstrator.

Figure 48 shows the design layout of the Double Annular Combustor.
The combustor is structurally supported at the forward end by 30 pins as is
the production CF6-50 combustor. The combustor is allowed to slip radially
on the pins and axially at the aft end through fishmouth seals. The inner
and outer domes, centerbody and liners are supported through the cowl, and
all of the individual structures are bolted to the cowl for easy maintain-
ability or replaceability.

: The cowl consists of three flow guides which are supported through 30
radial struts. The flow guides serve the dual purpose of dividing the com-
pressor discharge flow and providing a continuous structure for bolting the
individual components. The struts provide the path for the mechanical
loads from the liners, dome and centerbody to be transmitted to the engine
casing. Thirty pin mounts are located on the upper cowl surface. The pin
mounts and the radial struts are aerodynamically streamlined to minimize
the pressure drop across them. The struts and cowl flow guides are designed
to maintain an axial stiffness comparable to the current CF6-50 combustor
cowl. The cowl is fabricated from Hastelloy-X sheet and bar stock. The
individual flow guides are rolled, welded and spun sheets. The 30 radial
struts and the pin supports are welded in place.

There are 30 swirl cups in each of the inner and outer dome.. The
swirl cups are integral assemblies which are mechanically fastened to the
dome through radial slip joints. The cups slip radially relative to the
dome assembly, permitting the differential thermal expansion during tran-
sients and the mechanical stack-up between the dome assemblies, fuel nozzles
and casing to be alleviated. The dome structures are made from Hastelloy-X
material. On the hot side of the structures, the thermal loads are borne
by splash plates attached to each swirl cup. These splash plates are
exposed to the extremely hot combustion gases, and shield the dome structures
from excessive temperatures. These splash plates are impingement-cooled by
holes located in the dome structures.
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Table XXVI.- Double Annular CF6-50 Combustor Design for Phase III Engine Tests.

-
. i
Demonstrator Phase II g
Engine Design Prototype (D12) ’ %
Airflow DistributionA(%w;) Configuration Configuration ~

o
e Outer dome 1 %
i o Lo

Swirlers ‘ 12,6 13.4 :
Dilution (from second liner panel) 4.5 4,7 i
Cooling T T 1.2 4.5 ~ |
e Immer dome e e e ;
Swirlers 33.0 33.1
: Dilution (from first liner panel) 10.6 10.8 Q
( Cooling SR 5.4 4.1 ?
; e Centerbody 3.1 3.9 ____qé
i} ' e s i e 3 e+ st om e - %
e Inner liner dilution (trim air) 2.0 4,8 ;
e Liner cooling ’ 20.2 | ‘ 19.2 é
e Aft seal ' 1.4 1.5 “——-a
: 100.0 100.0 i
Key Velocities ’ j
Outer dome (m/s) 10 11 |
Inner dome (m/s) 29 29 <
Outer passage (m/s) 37 24 :
Inner passage (m/s) : 46 59 :
Reference (m/s) 23 26 : g
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The Double Annular Combustor Jdesign incorporates 60 fuel nozzles, 30
for both the inner and outer dome. The nozzles have been designed to allow
the utrilization of the 30 fuel nozzle ports which currently exist on the
CF6~50 compressor rear frame. With this design, both sets of fuel nozzles
can be inserted or removed with the combustor installed in the engine for
easy maintainability. The assembly sequence for the nozzles is shown in
thé series of pictures of Figure 49. Both sets of fuel nozzles are designed
with natural vibratory frequencies above the range of current engine fre-
quencies in order to prevent possible resonant interactions. The nozzle
cross sections are aerodynamically contoured to minimize losses and reduce
aerodynamic loads on them. '

; The fuel distribution valve for each fuel nozzle is mounted outside
the combustor casing above the nozzle support plate. With a conventional
single annular combustor, the constantly-flowing fuel is used as a heat
sink to protect the valves from overtemperature. With the Double Annular
Combustor, however, the inner dome fuel nozzles will not be fueled at low
or intermediate power operating conditions. Therefore, the distribution
valves are set away from the casing somewhat in order to minimize thermal
soaking (and possible damage) of the valves.

The inner dome fuel nozzles incorporate a simplex orifice decign. 1In
order to provide adequate protection against carbon formation or gumming of
the residual fuel within the fuel tube when the fuel is shut off to the
inner dome, a false wall construction is used. A tube is placed within the
inner nozzle structure surrounding the fuel-carrying tube, in order to
insulate the fuel tube from the hot compressor discharge temperature air-
flow. The outer dome fuel nozzles are duplex orifice nozzles in order to
ensure good fuel atomization over the range of starting and steady-state
fuel flow required. The existing CF6-50 engine fuel manifold and pigtails
will be used to fuel the inner dome nozzles. A separate, newly-constructed
fuel manifold will be required to supply the outer dome nozzles.

The outer and inner dome regions are physically isolated by the com-
bustor centerbody. The centerbody is a machined ring structure whose outer
portion is bolted to the center flow guide of the cowl. The inner portion
oféthe centerbody is not bolted but is allowed to slip, relative to the
inner dome, to allow axial and radial thermal growth without resulting
mechanical distortion. The upstream panels of the centerbody are cooled by
film-cooling holes, while the aft panel is also cooled with long convective
holes.

.. The axial locations of the centerbody cooling rings were selected to
minimlze the temperature gradients of the aft panel between the inner and
outeér diameters. This is essential to the mechanical integrity of the
centerbody. During various engine operating conditions, the inner and
outer dome gas temperatures and heat transfer coefficients are different,
thereby inducing a thermal gradient across the centerbody. In order to
minimize this gradient, the inner ring was positioned further aft, thereby
providing a higher film cooling effectiveness to this surface.
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The combustion liners are made from HS 188, a cobalt based alloy. Each
film slot is fabricated from a machined ring, which is electron-beam welded
together at the top of the film~cooling slot plenum. This design yields a
high degree of film-cooling effectiveness while providing mechanical stiff-
ness greater than the current CF6-50 stacked ring configuration. The in-
creased mechanical stiffness provides greater resistance to creep buckling.
Air enters through electrical discharge machined (EDM) holes. The air
washes the ring, thereby convectively cooling it and then exists as a con-
tinuous film, providing protection for the structural wall. This approach
is used on the inner and outer liners of both the Double Annular and Radial/
Axial Staged designs. L :

o Radial/Axial Staged Combustor

The engine combustor design incorporates the key design features deter-
mined by development tests. These key features are:

1. Pressure-Atomizing nozzles in the pilot stage
2. DPilot stage dilution
3. Reduced main stage carbureted airflow

4. increased number of main stage flameholders (and; hence, increased
active perimeter for flamespreading)

5. Radial main stage fuel staging at intermediate power settings.

The flow distribution of the demonstrator engine test configuration together
with the key combustor design velocities are shown in Table XXVII. The main
stage premix velocity is very important, since it is a key parameter in main
stage flashback and/or pre-ignition. This velocity has been set at a higher
value in the engine demonstrator than in Configuration R7 in order to better
assure that flashback or pre-ignition will not occur.

The Radial/Axial Staged Combustor design layout is shown in Figure 50..
The combustor consists of six basic sub-assemblies which are bolted together
to form the combustor assembly. They are the cowl, dome, chute, splitter,
outer liner, and inner liner. The combustor is supported at two places on
the compressor rear frame casing. The cowl, dome, and inner liner are
supported by pins engaged in struts on the splitter.

The main structural cowl supports the inner liner and the pilot stage
dome. The cowl consists of two flow guides, which are supported by 30 air-
foil shaped struts. The inner liner and dome cre bolted to the cowl inner
flow guide. The upper portion of the dome is bolted to the outer cowl flow
guide through a structure which allows air to enter the forward outer liner
while providing a means to mechanically attach the structure to the cowl.
The cowl is attached to the combustor outer casing by 30 pins in a similar
fashion to the production CF6-50 and the Double Annular Combustor designs.
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Table XXVII. Radial/Axial Staged CF6-50 Combustor Design For Phase TII Engine Tests,

Airflow-Distribution--(%W¢)

e Pilot stage
Swirlers :
Dilution (from liners)
Cooling ‘

e Main stage

® Liner dilution (trim air)

e Liner cooling

e Main stage flameholder cooling

e Aft seal

Key Velociiies

e Pilot dome (m/s)

e Main stage premix (m/s)

Demonstrator
Engine Design-

Configuration

75

Phase 11
Prototype (R7)
Configuration

57

PR w e

-V
i

PRI N

A»M.."“]L v O




A e W

-ugtsag—I103snquod 05-940 padels 1eIXy/1e1pey

‘og 2andtd

[4p)]

ool

S =
B
Qe
Z 3
7o R




R 5.

e

VF *

R

e

UV

I
t

SR A

saw revrsda Yy TAA YTy VO

f L
The pins allow radial movement of the cowl, relative to the dome, thereby
relicving any potential thermal stress during transient or off-design
operation. The entire assembly would be made from Hastelloy-X sheet and bar
stock.

The Radial/Axial Staged combustor pilot stage is identical in concept

to the outer dome of  the Double Annular Combustor. The dome consists of 30
swirl cups mechanically held in a dome plate. The dome plate is formed by

ndlvxdual plates, butt-welded together to form a continuous ring. Machined
Cﬁollng tlngs are welded to the end of the plate to cool the dome/liner
interface joint. The structural plate is protected from the hot combustion
pases by individual splash plates. The structural plate has impingement
holes drilled in it, for impingement cooling the splash plates.

Two holes are required in the structure between the pilot dome and the
main stage premixing passage to allow insertion of the igniters. The outer
hole has a floating ferrule to effect a seal between the outer flowpath and
film supply cavity, therefore avoiding cioss flow from the main stage flow

passage. The inner hole is sized to permit sufficient axial thermal growth
of the combustor.

The main stage flameholder assembly would be fabricated of Hastelloy-X

cast chutes welded to outer and inner Hastelloy-X sheet bands. Thé outer
band is a double layer construction with holes in the outer layer. This
permits cooling air to pass through the outer layer, impinge on and cool the
inner layer. The inner layer requires cooling due to hot gases impinging on
the inside after passing along the aft side of the chutes. The inner shell
of the flameholder assembly interfaces with the pilot dome/cowl structure
with "fish-mouth" type joints which provide radial restraint but allow

relative axial motion. This eliminates unnecessary redundancy and minimizes
thermal stresses. ,

The chute assembly is supported through the splitter. The forward and

aft outer combustor liner mechanical loads pass through the chute assembly ,

into the splitter where they are passed into the outer combustor case

through 20 support pins. : The splitter forfms the converging-dlverging flow-
path for the chute assembly. It also isolates the aft outer liner cooling®.-
flow from the main stage combustion air. The splitter would be fabricated
from Inco 718, a nickel based alloy. ''The flange, which supports the chute

.and outer liner, is scalloped to minimize thermal stress and blockage of the

flow around the outside of the combustor.

The Radial/Axial Staged Combustor’&ésign incorporates 30 conventional
duplex fuel nozzles in the pilot stage and 60 spray bar injectors in the
main stage. The pilot. stage nozzles are inserted through the existing 30
fuel nozzle ports of the CF6-50 engine casing. The main stage injectors
would require additional ports to be added to the casing. The pilot stage
nozzles are supplied from the existing CF6-50 engine fuel manifold. A
separate, newly-constructed fuel manifold would be required to supply the
main stage injectors.
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The CF6-50 compressor rear frame would require modification to accom-
modate the main stage fuel system and new ignitor location. The mounting
provisions for the pilot stage fuel nozzles and forward support pins are
the same as in the production CF6-50 configuration.

Engine Combustor Interfacing

Boih combustors have been designed to fit into the curreat préductiQn
CF6-50 engine with a minimum change in current engine haxdwafé. Interfaces
with the current turbine stator and compressor rear frame'are‘identical in
both designs to those of the production design. However, several modifica-
tions to existing CF6-530 hardware are required by the two combustors.
Requirements for both combustors are summarized in Table XXVIII.

Table XXVIII. Engine/Combustor Interfacing Requirements.

&

Double Annular Combustor

® New inner Struéggral turb%ne n?zile support to accommodate
increased height of the Deuble Annular Combustor (i.e., a new
inner casing)i: L

'] A second fuzl manifold for the pilot stage nozzles.

) An add-on fuel flow splitter control.

Radial/Axial Staged Combustor

e Outer casing modification to accommodate the 60 main stage fuel
injector assemblies, mounting pins for the outer liner and chute
assembly, and new ignitor locations.

® A second fuel manifold for the main stage fuel injectors.
° An add-on fuel flow splitter centrol.

For the Double Annular  Combustor design, the inner structural turbine
nozzle support (inner casing) had to be changed to accommodate the increased
height of the Double Annular Combustor dome. TIn addition, a second fuel
manifold was provided for the 30 pilot stagefduplex nozzles. This permits
theioutcr (pilot) dome to be fueled at the low power flight mode without
fuel flow to the inner dome. This is an essential feature of the fuel
acheduling and will be discussed in a later section of this chapter. Both
combustor designs utilize an add-on fuel flow splitter control to achieve
fuel staging. i ’
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For the Radial/Axial Staged Combustor design, the outer combustor
casing requires modification to accommodate the main stage fuel injection
gystem, and to provide a mounting point for the outer liner and chute
assembly. This modification to the casing was confined to one of the cast
scetions. Since the main stage fuel injectors penetrate the casing aft of
che existing fuel ports an additional fuel manifold is required to supply
fucl to these injectors. This permits separate fueling of the pilot and
maln stages. As with the Double Annular Combustor, an add-on fuel flow
splitter control is required.

ENGINE FUEL CONTROL DESIGN

The engine fuel control system is the means by which the fuel staging
requirements of either combustor will be implemented in the engine tests.
Initial studies were applicable to either combustor design. After the
sclection of the Double Annular Combustor as the preferred combustor design,
all further design efforts were directed toward this concept.

In either design, to most closely approach the 1979 EPA emission stan-
dards, particular fuel flow splits between stages at the four EPA-defined
test conditions have been identified from Phase I and II testing efforts.
Test data obtained to date indicate that the best fuel schedule fox the sea
level static engine operating line, from an emissions standpoint, is to:

1. Fuel only the pilot stage at the idle and approach operating
conditions.

2. Split the fuel flow at climbout and takeoff so that about 15 to
25 percent of the total fuel flow is suppliec to the pilot stage,
and the remainder to the main stage.

The add-on fuel flow splitter design concept for the Phase ILII demonstration
tests is shown in Figure 51. The main engine fuel control {MEC) supplies
the engine fuel flow required by the throttle setting. The add-on flow
splitter then splits the fuel flow between the pilot stage manifold and the
main stage manifold. The flow splitter has two adjustable settings. The
main stage cut-in point, and the pilot-to-total fuel flow split after cut
in. The design requirements of the combustor determine the levels of the
adjustable settings in the flow splitter. The design requirements are
shown by the curve in Figure 5i. The pilot stage alone is fueled from
sround idle to a preset cut-in point, the main stage fuel flow is- initiated,
and the pilot stage flow is rapidly decreased. At the 40 percent fhrust
operating condition, typically about 20 percent of the fuel is supplied to
the pilot stage and 80 percent is supplied to the main stage. This fuel
flow split is maintained until 85 percent thrust, and then transitions to
about 15 percent pilot stage flow. The cross-hatched region in Figure 51
indicates the general range in which the preferred fuel splits are expected
to be found.
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Figure 51, Add-on Fuel Flow Splitter Design Concept...
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A fuel flow splitter component design has been developed in Phase II
which closely approaches the desired fuel flow schedule and is compatible
with the current CF6-50 main engine fuel control system. A schematic of
the fucl flow divider component desigp is shown in Figure 52. Although a
nominal fuel schedule has been selected for the sea level engine operating
linc from Phase I and Phase II testing, an important part of the Phase III
program will be to determine the preferred fuel flow scheduling. The
design shown in Figure 52 will allow the fuel flow split between stages of
the combustor to be varied at approach and at any operating condition above
the programmed cut-in point of the main stage. The main stage cut-in point
can also be varied with this design. These adjustments will be made from
the test cell control room during engine operation.

DESIGN STATUS OF COMBUSTOR FOR PHASE TIII PROGRAM

The Double Annular Combustor is currently being manufactured for
further evaluation during Phase III. As of the end of Phase II, the mechani-
cal QQsign of the Double Annular Combustor is complete. All of the important
design (eatures identified in the testing efforts have been included in the
design. Detailed manufacturing drawings have been prepared for the required
‘ combustor hardware and manufacturing orders have been placed. Delivery of
j all combustor hardware is expected by January 1976.

ol The design of the engine fuel nozzles and add-on fuel flow splitter is
) also complete and delivery of this hardware is expected during January
Lo 1976. Prior to the engine demonstration testing scheduled for the second
quarter of 1976, the fuel splitter will undergo laboratory checkout tests
to verify its performance characteristics. The hardware required for these
bench tests has been fabricated and set up is nearing completion.

Some slight modifications to the full annular test rig have been
identificd to allow component checkout tests of the engine combustor prior
{ to engine installation. These modifications principally include recontour- |
i o ing of the inner combustor casing to allow for the increased dome height of j
f o the engine combustor, compared to the Phase II development combustor. *i
| These modifications have been completed. §
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Figure 52, Add-on Fuel Flow Splitter.
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APPENDIX A

EMISSIONS CORRECTION FACTORS

This appendix presents factors which were established in the Phase II
Program rto correct test rig emission data to engine operating conditions.
Generally, combustor inlet temperature, reference velocity and fuel-air ratio
were exactly duplicated in the test rig, but at approach, cruise, climbout
and takeoff, pressure levels were reduced. The main problem was, therefore,
to establish pressure correction factors.

Pressure Corrections

Periodically throughout the Phase II Program, test data were obtained
at two or more pressure levels, with other operating parameters held constant,
to establish pressure correction factors which were assumed to be of the form:

< = (P "

p engine/Ptest

where the pressure exponent (n) is dependent upon the type of emission and
operating conditions. ‘ ‘

The test data and calculated pressure exponents are presented in Table
XXIX. The data have been blocked according to simulated engine condition
and fuel staging. Generally, each pair of test points represents a two-to-
one variation in combustor inlet pressure. A few of the cases represent a
pressure variation of 1.5:1.

Selected values of the exponents, together with statistical analyses of
the data, are presented in Table XXX.

The NOy emissions follow the square root law predicted by simple
hot air kinetic calculations quite well for lean, two-stage burning conditions.
However, at approach, pilot only conditions, where the primary zone is near
or over stoichiometric, a much weaker pressure effect is indicated. Appar-
ently, the prompt NOy mechanisms, which is virtually independent of pressure,
is important under these conditions.

The HC emissions exhibit an inverse linear pressure effect with no strong
effect of other operating parameters. Large deviations in the exponent are

attributed to the difficulty in accurately sampling low HC concentration
levels.
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Table XXIX. Effect of Pressure on Emissions,
Phase II Full Annular Combustor Tests. T
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Table XXX. Summary of Pressure Exponents, Phase II Full Annular Combustor
Tests.
Operating Pressure Exponent Data Statistical Analysis (4)
Emission Condition Used, n = o 2 On
: N n n ——
: n
Nox Approach (1)
Pilot Only 0.2 17 .241 .104 .862
Two Stage 0.5 12 .456 . 102 .450
| Climbout 0.5 3 . 507 . 085 .336
Takeoff 0.5 23 . 489 .115 .469
2)
HC All 1.0 38 771.038 1.364 2,628 3
‘ ;
0.7 4 ., 0.7 ’;
co Pilot Only o.e(%-) 22.0 4%, 500 (é—?ﬂ-)
co co ;
0.7 0.7 |
100 ) - 100 ) ,
Two Stage 0 2(EI 2.0 40  0.191 (ET’
co co
(1) 0.008 < f < 0,014 |
i
>
2) EII{C,l 2 0.2 g/kg ;
(3) £ 0,014 §
(4) N == Number of Data Points
n = ):ni (mean) ﬁ
N =
e ¢
TE N
On :\/—‘ni N7 (standard deviation) ,
N-1 ‘
4
.
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The CO emissions were the most difficult to correlate, and no general
explicit relationship with combustor or operating parameters was found. Con-
figuration operating combinations which produced low CO levels at low pressure
showed a strong pressure effect. On the other hand, when the configuration/
operating combination was such that a high CO level was produced at the low
pressure condition, increasing pressure had a weak effect. This character-
Istic was approximated from early data by the expression: -t

0.7
100 *
n = C |=Z/— < 2,0 -«
co (EICO) —
where: ¢ = 0.2 for two-stage data

e}
e

0.6 for pilot-stage-only datg )

Figure 53 presents all of the Phase II Program data and shows that the
correlation leaves much to be desired.

Special Configuration D13 Test

At the conclusion of the Double Annular Combustor Configuration D13
evaluations for the Experimental Clean Combustor Program, additional com—
bustor noise tests were conducted under Contract DOT-FA75WA-3688. These
evaluations covered a broad range of combustor inlet conditions with a
constant fuel-air ratio setting. Exhaust emission data were also obtained
(at one rake traverse position). These data allow inlet temperature and
pressure, velocity and, to some extent, inlet humidity effects to be assessed.
Emission data correlations are shown in Figure 54, 55, and 56. The NOyx
emigsion correlation (Figure 54) is quite good and shows:

1. The linear velocity correction is good over a velocity ratio
range of at least 1.5:1.

2. The NASA exponential humidity correction is goed over a humidity
ratio range of at least 2:1.

3. The exponential temperature correction factor is weaker than has

been previously used in the ECCP (195.6 K versus 168.9 K). This ,
new value is, however, in close agreement with some recent GE data.

4, At pressure levels above about four atmospheres, the square root
law is good. Apparently below this pressure level, the flame
effects upon NOy formation rates are significant.

The CO emission correlation presented in Figure 55 points out the problem

indicated earlier in this appendix. The low inlet temperature data (556 K)
show a weak pressure exponent (0.67) while the high temperature data (820 K)
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EPA EMISSION PARAMETER CALCULATION PROCEDURE

This appendix presents calculation procedures which were derived to
calculate EPA emission parameters for the Phase Il Program test configura-
tions.

The gaseous'fexhat.ié-t emission standards in Reference 2 are expressed in

terms of maximum allowable quantity of emission per 1000 pounds-thrust hours,’
for a prescribed takeoff-landing cycle:

2
EPAP, = z(’é%) Egﬁ El iy

' @
. T [t.\ (F -«
(_1) (._1_“ ) |
Y \eo/ \ioo06 |
where 5 - o
EI = Fmission index (1b/1000 ib fuel)
EPAP = Emission parameter (1b/1000. 1b thrust-hr)
FN = Net thrust (1b)
t = Prescribed time (minutes)
wf = Fuel flow rate (pph)

and the subscripts are:

i

Type of emission (CO, HC, NO,) - -
3

.Prescribed power level .(idle, approéch,‘Climbout,
and takeoff) : ‘ S

non

" For a particular engine cycle, Equation 1 can be reduced to:

j o
CERAR; = 33 (C)) (BLp) . 2)
where:
N wf'
c, = (Ej) (To"%o) : '
j j t.\ FN. (3)
E(Z% ('1‘6'(])'0)6 |
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; | The coefficients (Cj) for the CF6-50C engine cycle are derived in Table XXXI,
E ) and Equation 2 becomes:

EPAP, = 0.1365 (EI i, idle ) + 0.0912 (EIl’ approach) : (4)
+ 0,.1487 (EIi, climb) +.Q.0571 (in’ takeoff)
Alternately, Equation 2 can be expressed as -

- 3
o EPAP, = (EPAP, . ) 2 _lig
; i i, std (5)
; EPAP
] i,std oo
: Cj .

where (EPAPj  gtq) is the standard for each type of emission. For the
CFré6-50, Equatlon 5 becomes:

DEARAAGEER A AL SR AL |

EI EI EI
. CO, idle CO, approach CO, climb
: = —_—te 2 ey G2 LMD
EPAPGo = 4.3 [( 31.49 ) * ( 47.15 ) * ( 28,91 )
(6a)
fv + EICO takeoff
( o ﬁ 75 30
HC idle (EIHC approach EIHC climﬂ
EPAPye = 0-8 \ =5 859 ) * 8.771 ) * ( 5.379
| (6b)
% + EIHC, cakeoff
14.01
ET ET
EPAP = 3.0 Nox, idle + Nox, approach + NoxL climb
’ NOX * 21.97 32.89 20,17

(6c)

EI |
Nox,,takeoff
+ 52.53
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Table XXXI. EPAP Coefficients for Phase II Program, CF6-50C Engine.

(Class Tp Engine)

o B @&

£Z$:§ Minstes 1§f WFpPh Klb~hr.  Kib - hr.  1b /b -hr. (463) <°é8> (3é°>
rale?  26.0 1,692 1,219  0.7331 0.5282 ©0.1365 31.49  5.859  21.97
Approach 4.0 14,969 5,292 0.9979 0.3528 ©0.0912 47.15  8.771  32.89
Climb 2.2 42,412 15,692  1.5551 0.5753 0.1487 28.91  5.379  20.17
Takeoff 0.7 49,896 18,938  0.5821 0.2209 0.0571 75.30  14.010 52.53
z 3.8682

By
|

EPAP, = ZJ: [Cj (.EIij)] } (EPAPi’ Std) EJ: ' <EPAPi étd)

——2

C.
J

(EPAPCO’ Std) = 4.3, (EPAPHC’ Std) = 0.8, (EPAPNOX Std) = 3.0 1b_/KIb -hr.
- ’ S

1 Assumes no CDP bleed or thrust reverse.

@ Assumes target levels of combustion efficiency (99.0% at idle, 99.8% elsewhere).
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Fach term in the summations is the fraction of the total allowable emission
produced at that operating mode. Equation 6 was used to calculate the EPAP
values of the Phase II Program test configurations which are presented in
Chapter I1I. For the production engine status the same procedure was used
except that actual fuel flow rates reflecting actual current engine combus-
tion efficiency levels were used.

Four sample EPAP calculations using this procedure are presented in
Table XXXII. The first calculation presents the status of the current pro-
duction combustor using measured engine data. The next two calculations are
for the Double Annular Combustion Configuration D12 rig data corrected to
engine pressure levels. The test points for these calculations were selected
to illustrate the minimum emission levels obtained without and with fuel
staging at approach power level. The final calculation presents one possible
combination of emission indices which would meet the standards.
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Table XXXILL.

a) Current production
combustor

b) Configuration D12
e Pilot only at
approach
e Readings 673,676,
677, and 687
Corrected to
engine pressure

¢) Configuration D12
e Sector staged at
approach
e Readings 673,682,
677 and 687
Corrected to
engine pressure

d) Levels required to
meet standards
e (Onc possible
combination)

IS
OF POOR quALITY

Sample EPAP Calculations.

CF6-50C Engine Standard Day Cycle
Idle Thrust 3.347% of Rated Power
No Bleed Air Extraction
NOy Levels Corrected to Standard Humidity (6.29 g/kg)

7 EP,
% E‘APstd

Power EI, 1b/Klb Fuel
Level co HC NOx
idle 73.0 30.0 2.5
Approach 4.3 0.01 10.0
Climb 0.3 0.01 29.5
Takeoff 0.2 0.01 35.5
L

EPAP, 1bm/1000

1bf thrust-hr.

Power EI, 1b/Klb Fuel
Level co HC NOx
Idle 22.0 2.8 3.1
Approach 3.4 0.1 9.0
Climb 0.8 0.04 14.6
Takeoff 0.1 0.02 19.6
b}

EPAP, 1bm/1000

1bf thrust-hr.

Power EL, 1b/Klb Fuel
Level Cco HC NOx
Idle 22.0 2.8 3.1
Approach 10.8 1.4 7.0
Climb 0.8 0.04 14.6
Takeof 0.1 0.02 19.6
z

EPAP, 1bm/1000

1bg thrust-hr.

Power EI, 1b/Klb Fuel
Level co HC NOx
Idle 28.3 5.7 3.2
Approach 3.0  0O.l 7.0
Climb: 1.0 0.04 8.7
“Takeof f 0.2 0.02 10.9
5

EPAP, 1bm/1000
1bf thrust—-hr.

co HC  NOx
240.98 532.13 11.83
9.11  0.11  30.37
1.04  0.19 146.00
0.26 _ 0.07 _67.47
251.39 532.50 255.67
10.81°  4.26  7.67
% EPAP_ .
co HC NOx
'69.86  47.79 14.11
7.21  1.14 27.36
2.77 - 0.74 72.38
0.13 _ 0.14 _37.31
79.97 49.82 151.17
3.44  0.40  4.54
% EPAPStd
€ HC NOx
69.86 | 47.79 14.11
22.91 15.96 21.28
2.77  0.74 72.38
0.13 _ 0.14 _37.31
95.67 64.64 145.09
4.11  0.52  4.35
% EPAP_ .
co HC NOx.
89.87 97.29  14.57
6.36  1.14 21,28
3.46  0.74  43.13
0.27 __0.14 _20.75
99.96 99.31  99.73
4.30  0.79  2.99
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APPENDIX C

. FULL ANNULAR RIG TEST DATA

This appendix contains summaries of the operating conditions, combustor
performance data and exhaust emission data for each full annular rig test
conducted in the Phase II Program. The sequence in which these tests were
conducted is presented in Table XXXIII. The detailed summaries (Tables XXXIV
through LXVI) are then ordered according to combustor type and configuration
number within each combustor type. Descriptions of each of these test con-
figurations and key results are presented in Chapter II and III.

In the data tables, only the measured combustor airflows are shown for
the sake of brevity. 1In conducting the tests, the total airflow and the
bleed airflows were actually measured and the combustor airflow was cal-
culated as the difference between these two measured values. Nominally, the
combustor airflow was 84 percent of the total inlet airflow.

Within each high pressure performance/exhaust emissions test summary,
the data were ordered according to simulated standard day engine operating
conditions (idle, approach, cruise when tested, climbout and takeoff).
Within each simulated engine operating condition data block, the NOy and CO
emission indices are presentad two ways; as actually measured at rig condi-
tions and corrected to true engine operating conditions using the correction
procedures described in Chapter II and Appendix A.
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Table XXXIII,

Full Annular Combustor Test Sequence.

i Final Alternate Data
. Run (1) Test Configuration | Reading Noise Fuel Table
é Number Date Number Number Measurements Points Number
! ‘ r
! 10/15/74 R1 28 _— _— LVII
P2 10/30 D1 58 —_— — XXXIV
(3 11/8 R2: 67 - - LVIIT
b 1/11 R2 88 — _— LVIIT
L5 11/16 D2 125 —— -— XXXV
L6 1/24/75 - R3 141 — --- LIX
7 1/27  R3 153 ——— — LIX
8 1 2/5 D3 165 - - XXXVI
9 1 2/6 - D3 184 —— - XXXVI
L 10 2/10 R4 204 —-— - LX
11 2/28 R5 208 ——— —-— LXI
12 3/3 R5 225 —-— - LXI
13 3/10 D4 234 ——— - XXXVII
14 2/25 D5 256 - —— XXXVIII
15 4/7 R6 273 -— ——— LXII
16 (2) 4/14 D6 276 — - XXXIX, XL
- 17 (3) 4/15 D6 285 -— - XLI
18 4/17 D6 298 -— - XLII
19 4/22 Std 315 —— yes Ref 9
20 4/23 Std 333 yes yes Ref 9
21 4/24 Std 350 - yes Ref 9
22 (2) 5/6 R7 363 -— -— LXIII
23 (3) 5/8 R7 374 - -_— LXIV, LXV
24 . 5/12 R7 416 -— yes LXVI & Ref 9
25 5/16 D7 457 — —_— XLIIT
26 5/19 D7 487 yes yes XLIII & Ref 9
27 (&) 6/9 D8 547 -— — XLIV, XLV
28 6/13 D9 579 - —— XLVI
29 6/24 D10 608 - -— XLVIT
30 7/8 D11 637 ——— - XLVIII
f 31 7/14 D12A 657 —— yes XLIX & Ref 9
E 32 (3) 7/16 D12A 670 -— — L, LI
: 33 8/5 D12B 696 -— - XLIX
34 8/15 D13 740 yes yes LII & Ref 9
35 (5) 8/17 D13 767 yes — LIX, LIIL
36 8/27 DL4A 792 ——- — LIV
37 9/2 D14A 807 -— — LIV
38 (6) 9/3 D14B 820 -_— -— LV
: 39 9/4 D14B 840 - -— VI
é (1) High pressure emissions/performance test unless noted.
! (2) Atmospheric discharge pattern factor test.
(3) Atmospheric discharge sea level ignition/efficiency test.
(4) - High pressure emissions/performance & crossfire test.
(5) Noise test conducted under contract DOT-FA75WA~-3688.
(6) Sub-atmospheric altitude relight test.
4
s 144 {IGINAL PAGE IS

AR TER S e e e

VI TV T




ot
NS
(4]

Table XXXIV. Summary of Test Results, Configuration

D1,

Inlet ! Fuel/Air Ratio TA\'erage
;g:ﬁ; ";‘Z;izr- Combustor| :3:?1 ;x;xl'et Referdtice Mgtigz}i/g i Sample cc:;:::i:ﬁd__gm;ss}on Indices e A= B AR P:Z;[;t];re:-’rl;;;:r-
Reading{Point [Pressure | ature Airflow {Flow [Humidity [Velocity | Outer Innerl Over-jOver~ Etticiency_"g/ g Fuel [Efigine | Engine | Smoke | Loss T ature {Profile|Pattern
Number iNumber{ Atm K ke/sec kg hr gk Airi m/sec Annulus_Annulus all all % CO HC | NO. NO, CU Number %o i K {Foctor j{Factor Notes
.28 100 2,99 428 14.3 0 4,9 18.2 4] [} 0 - - et - - e - - 4.31 ‘: 429 - -
33 101 2,92 429 14,1 440 7.4 18.1 0.0087 {0 0,008710,0108 96.3 57.3 {23,7| 2.6 2.7 - - ' 4,24 760 1.50 2.83
32 102 2.91 429 13.8 582 7.5 18.0 0,0117 !0 0.0117.10.0148 98,0 446.5 9.04 3.4 3.4 - 1 4.18 874 1.54 1.77
31 103 2,93 428 ¢ 13.9 694 7.4 18.0 0,0138 {0 0.0138{0,0175 98,0 61.6 3 6,1| 3.5 3.5 - — 4.28 948 1.56 1.17
30 104 2,93 128 : 14.0 894 7.0 18.1 0,0178 |0 0,01780,0248 97.5 83.8 { 5.6¢ 2.9 2.9 - 4.35 1082 1.52 0.90
2 15 2.93 429 | 13.1 636 8.7 17.2 0,0135 |0 0.0135 10,0175 98,0 56.81 6.9 3.6 3.6 | -- - 3.85 938 1.53 1.24 1{Sim, 6% Bleed)
35 108 2,04 431 12.2 704 7.2 16,2 0.0160 |0 0.0160[0.0208 97.4 78,2 7.3] 3.6 3.2 - - 3,48 1023 1.53 0.97 }(Sim. 12% Bleed)
36 601 3,42 451 16.3 673 9.7 19,1 0,0114 {0 0.01140,0141 98.5 39.1 5.7| 3.7 3.4 - 4,62 887 1,56 1,22
37 201 3.44 620 14.1 688 8.0 22.5 0,0138 | O 0.0138{0,0158 99,1 35.3 0.4] 7.8 10,6 7.7 4.66 1122 1.48 1.11 1, 3
Bt 3 211 6,88 631 28.3 1393 B.2 23.0 v.0137 |0 0.013710.0138 99.6 13.7 ] 0.8110.3 11,7 4.7 3 4.63 1132 1.54 1.12 3
33 ©o202 3.41 631 13.7 695 6.9 22.6 0,0083 {0,0058 {0.0141]0,0159 85.0 76.6 | 32.6] 3.9 7.1 56,9 - 4.85 1120 1.24 0.81 2
a6 Lo212 .89 631 E 27.9 1382 6,0 22.7 0.0080 {0,0058 {0.0138|0,0155 96.1 61.3125.215.0 6.3 52.8 - 4.65 . 1118 1.26 0.63 2
36 203 3,40 631 i 13.7 97 7.2 22.5 0,0063 {9,0079 {0.0142}0.0164 94.5 81.0 136,0] 2.6 1.8 60.8 - 4.82 | 121 1.186 0.68 2
37 204 3.2 631 13.9 698 7.8 22.8 0.0043 {0.0096 10.0139|0,0161 92,8 96,5 | 49.8} 2.0 3.7 75.0 bl 4.86 1105 1.10 0.93 2
SH 205 3.35 630 14.0 695 7.6 23.2 [J 0,0138 j0,0138(0.0156 85.9 78.2 123,17 2.1 4.1 58,1 1 5.46 1064 1,22 1.92 1, 2
53 209 3.38 636 13.8 699 7.8 23.0 ©0.0082 [0,0059 {0,0141{0.0152 89.7 100.1 {79.2] 4.3 6.1 78,1 - 4.74 1099 1.26 0.65
13 219 E B5.B7 632 27.9 1392 6.0 22.8 0.0081 |0,0058]0,0139]0,0151 93,7 81.2 | 44,0 4.8 6.0 71.8 - 4.73 1108 1.25 a.70
a1 208 1 3.38 630 13.8 691 7.3 22.8 0.0062 {0,0077 [0,0139|0.0148 90.7 127.7 1 63.2) 2.2 4.1 103,86 - 4.88 | 1084 1.14 0.46
12 207 3.42 635 13,6 709 7.3 22.5 ©,0044 | 0.0101 |0,0145}0,0153 92,1 135.6 {46,911 2.1 3.7 j111.2 - 4.55 1123 1.08 0.28
44 217 | 6.83 632 27,4 1394 5.7 22,6 0.0042 | 0,0099 }0.01410,0152 93,7 123.5 {34.21 2.9 3.6 112.5 - 4,75 1116 1.11 0.33
43 206 3.40 (X3} 13.7 698 7.3 22,6 o 0.0141 |0,0141{0.0156 96.7 83.2113.5| 2.5 4.5 62.8 1 4.90 1132 1,23 0.54 1
47 216 6.89 631 28.3 1402 6.0 23,0 0 0.0138 |0,0138)0.0156 97.1 73.0 (12,1 3.2 4.1 64.0 - 5.10 1123 1.23 0.56
K1 a04 4,83 786 17.2 1300 7.9 25.0 14,0101 [0.0108 |0,0209 10,0236 99.4 19.4 1.8{10,9 | 25,5 6,7 - 4.46 1498 1,14 0.30
39 403 1.76 782 6.8 1295 7.7 24.7 0.0063 {0.0151 {0.0214|0.0242 99.8 6,21 0.7}]6.5 15.5 0.8 - 4,42 1510 1.08 0.21
40 402 4,76 782 16.8 1308 7.9 24.6 0.0044 {0,0172{0.021610,0247 99.8 7,31 0.5 6,0 | 14,4 0.9 1 4.34% 1519 1.13 0.35 1
41 a0 4.77 782 16.7 1303 7.5 24.5 0.0032 [0.0184{0,0216]0.0245 99.7 11,8 G.4j 6.1 14.4 2.6 - 4.53 1518 1.16 0.40
49 504, 4.73 820 16.6 1359 7.8 25.8 0,0101 |0.0127 {0,0228[0.0249 99.8 6.91 0.3{11.2 | 29.0 0.8 - 4,67 1585 1.10 €. 25
50 s03 4.74 B20 16.4 1374 7.6 25.4 0.0063 {0,01700.0233[0.0257 98.9 3,0} 0.1}7,2 18.3 0.1 - 4.70 1599 1.09 0.26
51 Su2 3.74 t 820 16.4 1375 7.4 25.3 0,0043 {0,0190 }0.0233]0,0261 ¢9.9 4.2! 0.1] 6.4 16.4 0.1 e 4,84 1601 1.18 0.33
82 501 4.73 ! 820 16.4 1370 7.4 25.4 0.,0033 {0.0200}0,0233|0,0262 99.8 6,7 | 0.1}15,9 }14.9 0.6 1 4.82 1600 1.17 0.41 1
NOTES:
1, High Density Sampling Mode
2. Alternate Cups Fueled in Inner Annulus
3, Engine NOy Calculated Uaing 0.2 Power of P:
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Table XXXV. Summary of Test Results, Configuration D2,

Fuel-Air Ratio Average|
Inlet g fuel / g air Sample Emission Indices Total Exit
Air Reference tered Sample|Combustion g/kg tuel Pressure| Temper-

Humidity|Velocity | Outer Over~ |Over- Efficiency I Engine|Engine Loss |ature Pattern

g/kg Air| m/sec |Anaulus all all % HC |[NO, | NO, co % K Factor

3.0 17.6 o o - e - - - benct 4.23 425 -
3.0 17.8 0.0209 0.02090.0301 8.5! 2,91 2.8 - 4.50 0.86
2.9 17.9 0.0179 0.0179/0.0274 . 3.5 3.1 - 4.48 1090 o 9.94
2.9 18.0 0,0139 0,0139/0.0219 5.8) 401 3.6 4.55 1.15
3.1 18.0 0.0110 0.0110/0.0166 3.7| 3.4 4.45 850 1.23
3.0 18.1 0.0079 0.0079(0.0114 . 2.4 4.42 729 1.11
2.8 18.0 0,0050 0.0050 10,0061 1.3 1.2 588 1.17
2:7 24.1 0,0131 0.0131(0.0177 .71 9.0 . 1.42
2.7 22.7 0,0080 0.01380.0185 7.9 0.72
2.3 22.4 0.0041 0.01410,0155 . 1.36
2.7 22.7 0 0.0140(0.0143 i 5 -
2.7 23.7 0,0198 0,0198 (0,0337 0.75
2,9 23.6 0.0125 |0,0082 |0,0207|0,0282 0.59
2.8 23.3 0,0096 (0,0115 |0,02110,0256 0.54
2.9 23.5 0,0063 |0,0145 (0,0208/0,0233 0.42
2,9 23.9 0.0032 |0,0175 |0.0207(0,0219
3.1 24.1 0,0125 {0,0083 |0,0208/0,0273
3.0 24.3 0,0094 {0,0112 |0,02060,0239
3.1 24,1 0,0064 |0,0143 |0,0207}0.0235
3.2 24.5 0,0032 |0,0174 |0.0206|0,0226
3.6 25.0 0.0102 {0.0114 {0.0216]0,0257
2.9 24.7 0.0063 (0,0154 [0.0217;0,0241
3.1 24.8 0.0042 |0,0173 {0,0215/0,0235
3.0 24.9 0.0031 [0.0184 [0.0215]0.0230
25.6 0.0101 [0,0130 |0,0231/0,0266
1.6 25.6 0.0061 {0,0170 |0.02310.0249
25.9 0.0060 [0.0166 [0.0226(0,0247
2.5 25.6 0.0041 {0.0190 {0,0231/0,0243
2.9 25.8 0,0040 [0,0188 |0.02280,0248
2.9 25.6 0.0031 |0,0202 |0,0233]0.0254
2.8 25.6 0.0031 {0,0198 |0.02290,0241
2.4 25.6 o 0.0232 |0.0232]0.0244
2.4 25.4 o 0.0192 |0.01920,0205
25.3 o 0,0152 [0.0152]0.0175
2.7 25.4 o 0.0110 |0.0110/0.0114

N N
o
v

-
°
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High Density Sampling Mode

Single Position Sampling Mode

Engine NO_ Calculated Using 0.2 Power of Py

Cruise Coldition-Mach No, = 0,85, Altitude = 12.8 km




Table XXXVI, Summary of Test Results, Configuration D3.

Fuel-Air Ratio
& fuel/ g air Emission Indices

lﬁl—'- v./%8 ‘uel
Velocity [Over- [Over- Eng|Eng Profile|Pattern
m/sec | AN2 All HC | NOy| NO,| CO Factor |Factor |Notes

18.1
18.2 0,0105
18.0 0,0106
18.2 0,0076
17.4 0.017%0|
16.6 0.0153
19.3 0,0102
20.2 €,0101
25.1
22.9
22.7
22.6
23.0

o ° s Gl gy o
0.01050.0133
0.01060,0137
0,0076| 0. 0095
0.0130/0,0163
0.0153/0,0190
0.0102|0.0123
0.0101|0,0127
) o

° °

0.01380, 0162
0.0141{0.0181
0.0079| c. 0095
22.7 0.00800,0100
22.6 0.00500,0057
25.1 0.0112] 0.0210{ 0, 0242
25.2 0,0154|0,0215|0, 0242
25.2 0.0174} 0, 0214/ 0, 0244
25.5 0.0182|0.02110,0245
25.3 0.0132| 0,0234] 0, 0263
25.5 0.01710,0231|c, 0258
25.2 0.01750,0235| 0. 0264
25.2 0.0193] 0,0234| 0, 0258
2.0 0.0195| 0,0237| 0. 0265
25.5 0.0203| 0,0233| 0, 0260
25.4 0.0202| 0. 0233| 0,0257
2.3 0.v234| 0.0234] 0, 0255
2.3 0.0192| 0.0192| 0, 0208
380 2.2 0.0150| 0.0150{ 0, 0160
645 2.5 0.0109/ 0.0108| 0. 0117

e o & © 0 0jco 6 ©c 0000 O

©

1. Radia! lmmersion Sampling Mode
2, High Density Sampling Mode

3. Engine NOx Calculated Using 0,2 Power of 1’3
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Table XXXVII, Summary of Test Results, Configuration D4,

Fuel-Air Ratio Average
Inlet Inlet g fuel/g air Sample Emission Indices Exit
Total Air Reference Sample jon E/t fuel Temper-

Pressure Humidity [Velocity [ Outer nner |Over- |Over- |Efficiency TEn ature Pattern
Atm g/kg Air| m/sec |Annulus|AnnulusiAll All * K Factor

2.89 - 18.3 |0 ° — 429 -—
229 2.90 3.1 18.4  |0.0155 0.0155/0.0178 : 1.07
228 2.91 3.1 18.3  |0.0139 0.0139(0,0157 958 1.15
230 2.91 3.1 18.3  |o.0110 0.0110(0.0121 856 1.02
2.9 3.1 18.2  |0.0110 0.,0110/0.0103 855 -
232 2.90 3.1 18.3  |0.0080 0.0080| 00081 733 1.30
0.0059]0.0054 604 1.89
° U 629 —

e © © 9 © © © ©

396
233 2.89 299 2.3 18.3 €.0059
o

234 3.16 - 24.6 n

Notes:
1. Radial Immersion Sampling Mode

2. Data Taken after Fuel Nozzle Developed Leak
3, High Density Sampling Mode




Table XXXVIII., Summary of Test Results, Configuration D5,

Fuel-Air Ratio

Inlet g fuel/g air Sample Emission Indices

Afr Ref | e ICombus tion /kg fuel
Humidity{Velocity Efficiency

Number &/kg Air| m/sec *

235 . 18.6
L insted 18.2
237 2.8 18.2
238 2.8 18,1
239 2 2.7 18.0
240 2.7 18.1
242 2.7 18.2 [ 0.0089
2a 2.7 18,1 [0.0073
243 2.6 22,6 (0.0190
244 22.9 |0.0108
245 22.6 [0.0079 0,0079{0,0095
246 22.6 10,0049 0.0049}0,0056
254 25.1 (10,0103 0.0213/0.0244
253 25.1 |0,0060 0.,0208|0.0237
252 24.7 |o.0041 0.0211}0.0238
256 25.4 |0.0064 0,0231|0.0262
255 25.4 |0.,0054 0.0231/0.0261

l Pattern
CO [HC | NO, * Factor

0,0140{0.0197
N,0108]0,0128
0.0106/0.0124
0.00890,0099
.0088{6.0101
0.007310,0078
0.0140{0,0172
0.0108{0.0138

e © ojo 0o 000 0 O O

<

Notes:
1. High Density Sampling Mode
2. Radial Immersion Sampling Mode
3. Engine D' Calculated Using 0.2 Power of P’
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Table XXXIX.

N

I)A = e g B e

Pattern and Profile Factors for Atmospheric Pressure Combustor Test,

Configuration D6,

Inlet Inlet
Total Total Combustor Fuel-Air Ratio
Point Pressure Temperature | Airflow g Fuel/g Air Pattern | Profile
Number atm K kg/s Pilot Main | Total | Factor Factor
20 1.05 626 4,01 L0145 0 .0145 1.01 1.16




1 Table XL, Summary of Sea Level Ignition Test Results, Configuration D6,

Inlet Inlet
Jotal Total Combustor Required Fuel Flows (kg/hr)
Point Precsire | Temperature | Airflow Type 50% 100% 50% Lean :
Number atm K kg/s Igritor | Lightoff Propagation Propagation Cups Out Blowout R ——
50 - 287 272 spark 337 364 377 - -
60 1.01 284 3.58 torch 401 409 417 375 303
379 - 433 380 262
418 418 432 382 305
80 1.02 282 4.51 spark %28 429 229 356 202
428 435 439 364 207
423 440 440 360 205
70 1.03 283 5.47 spark 418 432 447 353 210
428 457 460 304 183
428 449 459 291 181
70 1.03 284 5.53 torch 399 416 482 - -
Notes:
a. JP-5 at 285 K
b. Barometric pressure = .987 atmospheres

—
w
—
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a. JP-5 at 285 K
b. Barometric pressure = .987 atmospheres

Table XLI, Summary of Sea Level Efficiency Test Results, Configuration D6,
Inlet Inlet Metered Measured
Total Total Combustor Fuel-Air Temperature Combustor
Point Pressure | Temperature Airflow Ratio Rise Efficiency
Number atm K kg/s g Fuel/g Air K % L
83 1.03 284 4,52 L0278 565 54 .4
72 1.04 284 562 .0210 364 44,5
il ) 1.04 284 5.46 .0230 485 6.7
73 1.04 285 5.52 L0243 546 58.9
Notes:




Table XLII, Summary of Test Results, Configuration D6.

‘T Fuel-Air Ratio

g fuel/ g Air Emission Indicies
Total| Inlet Sample g/kg fuel

Combustor| Fuel Air Reference Metered le [Combustion
Airflow |Flow |Humidity Velocity | Outer Tnner |Over- |Over- |[Efficiency Eng|Eng Profile
kg/sec kg/hrig/kg Alr n/sec Annulus|Annulus|All All % HC NO, NO, Factor

3.7 0 5.1 8.0 | O o o 0 - v | om e -
13.9 691 .1 18.0 | 0.0138 0 0.0138{0.0167 3.4 1.21
13.6 539 5.6 17.9 0.0110 0.0110{0.0125 2.1 1.14
13.7 537 5.0 17.9 0.0109 0.0109|0.0122 3.8] - 1.12
429 13.8 444 5.4 18.0 0.0089 0.0089 |0,0097 3.6 1.10
429 13.7 346 4.7 17.9 0.0070 0.0070|0.0084 1.12
628 13.4 697 4.0 22.1 0.0144 0.0144 [0.0180 b i 1.09
629 13.8 549 4.1 22.3 0.0113 0.0113{0.0135 i 1,09
631 13.7 400 4.4 22.5 0.0081 0. 0081 |0.0095 i 1.4

Yotes:
1. High Density Sampling Mode
2. Radial Immersion Sampling Mode
3. Engine -ox Calculated Using 0,2 Power of Pa




Table XLIII, Summary of Test Results, Configuration D7,

Facl-Air Ratto

lalet « Fuel g Abr Bsission bndives Average

Intet Total o Sanple K kg Fuel Total Exit
Metered J ] it

Total Tenpor= | Combustor Inler Air ] Reterence Sappie | Conbustran p e SAE Pressure | Terper-

Readiag | Point | Pressure | ature Airtlow Humidity | ¥elocs Outer nior | Over-] Over= | Bificiency i :8'("} Engens | Smoke Loss, ature | Protite] Pattern

3 Xumber Arn kg e & kg Aur L Aspul as | Annull \ ail I 14 ¢ Numbe b K Factor Factor

100
1oo 2. - o

101 : § i, TS ¥
0117
L0117 4 J LIl
0 8 1) § 875
oL ) .0100] 0127 > 821
aTe L0679 | Loon2 8 i 7i2

L0110 2 L0358 in 1633

L0110 L0101 5 y 1135
L0116 L0116 1056

194 ¥ 0079 L0079 ¥ | % azs
1317 3 22 L0212 0266 0313 N3 2 E J 1529 55

1003 ' OOR2 LO202 1 0235 ¢ 2 1327 0.33

1312 k L0010 L0213 2 s 5 i A . 1509 ©.56

PP i L0062 0215 % 9.8 $ U.98

130m E ~H908 v 0220 ‘ 96 .8 $ 0.t

27338 p L0058 | 232 267 100.0 . LY 4 0,51
2466 5.2 22,3 L0652 ) 20N} L6023 .9 7 0.35
2013 3 0062 LJOLi0 JHT72% . 7 99,6 0.28
061 LJOOTR 0139 35 99,1 h 0.36
<O040 L1800 L0230 253 09,9 ) 5 s “ 046
L0011 al90 | L0231 5 99,9 3 3 0.49
AN62 L0169 0231 ki 29,9 . .45
D061 L0167 0228 10,0 _ : 0.38
RS L0380 | L0233 99 .8 0.6

L0081 RS JO230 16 100,0 0.31

High Density Saspling Mod
Engine m‘ Calculated Using 0.2 Power of
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i Table XLIV. Summary of Test Results, Configuration D8. :
v G 4
-
b S
Inlet Fuel-Air Ratio Average
Inlet Total Total | Inlet | fuel / g air Sampl Emission Indices Total Exit
Total Temper~| Combustor] Fuel Alr Reference re © |Combustion g/kg fuel SAE Pressure | Temper-
Reading | Podnt |Pressurelature Airflow | Flow | Humidity | Velocity Outer |lnner |Over-| Over-|Efficiency Tgine | Smoke | Loss ature Profile | Patter»!
Sumber | Number| Atm K kg/sec kg/hr | g/kg Air | n/sec Annulus|Annulus{All | All %* co HC NOx| NO o Number| % K Factor Factor Notes!
488 100 3.0 429 13.8 o 4.3 17.6 o o 0 - - - - - - - - 4.51 429 - -
489 101 2.93 431 13.8 694 10.0 18.1 .0140 o L0140 .0178]| 99.0 3.9 | 1.3 | 2.9| 3.0 - - 4.94 261 1.36 1.04
490 102 2.94 428 13.9 579 5.4 18.0 L0116 o .0116| ,0137| 99.2 24.3 | 1.9} 3.2] 3.1 - 1 4.78 897 1.38 1.05 I 3
491 103 2.94 431 13.8 445 5.7 18.0 .0090 o .0090| .0106]| 99.2 18.5 | 3.3 | 2.9| 2.8 - - 4.87 782 1.28 0.77 ;
492 104 2.94 430 13.9 344 5.7 18.0 .0069 o .0069 .0080| 95.3 65.0 |31.6 | 1.8| 1.8 - L 4.7 693 1.46 1.75
536 201 3.39 628 14.1 694 7.6 23.1 .0137 0 .0)4'3 Li48] 99,5 21.2 | 0.5 | 6.4 8.4 2.5 2 5.39 1128 1.35 1.07 1, 2
533 202 3.41 628 14.0 704 7.4 22.9 .0070 .0069 L0139 .0151]| 92.3 ho7.9 {52.0 | 3.5| 6.9 85.4 - 5.55 1100 1.27 0.62
534 203 3.40 626 14.0 700 7.2 22.9 .0056 0083 L0139 .0149| 92.1 h23.0 {50.1 | 2.8} 5.3 99.3 2 5.67 1098 1.19 0.43
535 204 3.39 628 14.0 688 7.1 23.0 .0044 0092 .0137| .0146] 91.6 he0.8 [51.3 | 2.2} 4.2 Q15.8 » 5.80 1088 1.13 0.40
537 212 6.80 630 27.7 1391 6.0 22.9 0071 .0069 .0140| .0153| 94.2 91.7 |37.0 | 4.8| 6.1 81.7 - 5.32 1113 1.25 0.52
538 213 6.80 631 27.6 D387 5.4 22.8 0046 .0094 .0140| .0150| 94.2 n19.3 {30.6 | 3.8| 4.8 [08.4 2 5.34 113 1.12 0.36
539 214 6.81 627 27.6 1388 5.7 22.6 .0092 .0048 .0140| .0155]| 94.6 69.9 [37.6 | 5.6] 7.2 60.8 - 5.23 12 1.39 0.9%0
E 542 401 4.76 781 17.1 310 4.7 25.0 0042 0171 .0213] .0234| 99.9 4.8 | 0.1 | 6.6/15.3 0.3 - 5.31 1509 1.08 0.34
r EL 402 4.76 783 17.0 j 297 5.3 25.0 0062 .0150 ,0212] .0233] 99.9 4.4 |02 | 7.7127.7 0.2 3 5.27 1508 1.e7 0.29 1
540 403 4.76 778 17.0 i 301 7.6 24.8 L0081 .0132 .0213| .0229| 99.8 7.0 | 0.3 | 8.3/20.4 0.8 - 5.20 1506 1.12 0.34 b
543 404 4.76 781 17.0 ) 309 4.7 25.0 .0033 L0181 .0214] .0235| 99.8 6.9 | 0.1 | 6,5]14.8 0.8 - 5.33 1511 1.08 0.33 R ]
546 501 4.76 820 16.5 373 4.6 25.4 .0042 .0189 .me .0246] 99.9 281]0 8.1]19.6 01 - 5.28 1564 1.08 0.31
547 502 4.76 819 16.5 ) 366 4.5 25.4 .0062 0169 .0231] .0246| 99.9 23|02 2.0{21.8 0.1 1 5.20 1594 1.08 0.27 1
544 503 4.75 812 16.5 ) 369 4.4 25.2 .0082 .0149 L0231} .0247| 99.9 2.4 | 0.1 | 9.9{24.9 0.1 - 5.12 1589 1.10 0.30
545 504 4.76 815 16.5 an 4.5 25.3 .0031 ,0200 |.0231| .0252| 99.9 4.6 | 0.1 | 8.0{19.7 0.2 » 5.28 1591 1.08 0.35
Notes: 3
1. High Density Sampling Mode 3
2. Engine n_ Calculated Using 0.2 Power of '3 E
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Table XLV. Summary of Cross-fire Test Results, Configuration D8,

Fuel-Air Ratic
g fucl/g air Sample Emission Indices

Costns o Air Metered Combust i kg fuel
Airflow Humidi ty Outer | Inner | Over- Efficaency Engine:
kg/sec g/kg Air Annulus | Annulus | A1} *® NO,

13.9 7.6 L0138 ) 0138 99.1
13.3 6.7 62 0175 96.9
13.6 6.7 0158 .21 93.8
13.6 7.1 L0158 .0071 9.9
13.9 7.0 0108 o 99.5
13.6 6.5 o114 9.7
13.7 7.2 L0110 90.0
13.9 7.3 L0109 87.0
13.9 7.2 94.4
13.6 7.2 04.2
13.6 7.4 §7.9
13.8 7.4 80.5

“15.6 . 99.4

15.3
15.5 9.5
15.7 94.2
15.7 99.8
15.5
15.5
15.6
15.6
15.6
15.7
15.5
15.7
15.7
1.8
13.7
14.0
14.0

Inlet

13.9
13.9
14.0
8Os 5 13.9
809 14.0
810 14.0
L1%Y 13.0
812 14.0
813 14.0
84 14.0

Notes:

1. Unless Otherwise Indicated, Single-position Sampling Mode
2. Twelve-position Sampling Mode
3, Before Crossfire to Inner Dome

fraieriin
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Table XLVI. Summary of Test Results, Configuration D9,

Fuel-Air Ratio

inlet Total 1 & fuel / r Sample
Total Combustor | Fuel Refercnce —T\;r’a’!‘ Combriation
Reading Pressure Airflow Flow Velocity Guter Efficiency WG Profile

Numbe r Atm kg/ e kg/hr w/sec Anaulus | Annulus! * Factor

348 0 2.4 18.0 o -
549 1 2.91 18,2 .0138
2.91 18.2 L0116
2.9 8.2 0110
2.91 8.0 0110
2,92 18,2 . 0099
2.9 18,2 L0080
2,93 17.2 L0113
2.92 1 18.2 L0111
22,8 . 0139
23.0 0112
22.5
22,9
22,6
22.8
22,7
22,5
22.9
22.9
22,4
22.8
23.8
23.9
23.6
25.1
25.1
25.0
25.8
26.1
25.7
25.7

1, High Density Sampling Mode 3. Alternate Cups Fueled in Inmer Annulus
2. Single Position Sempling Mode 4. Engipe 'ox Calculated Using 0.2 Power of ',




Table XLVII., Summary of Test Results, Configuration D10,

Fuel-Air Ratio Emission Indices
Combusto

otal | a fuel ‘ ) air Sample g/kg fuel
Fuel |Inlet AirReference etere C i

bmﬁnq Point Airflow | Flow|Humidity | Velocity|Outer |Inner |Over- Efficiency] Engine| Engine Profile
Number | Number kg/sec  ka/hr|o/kg Air | m/sec Annulus| Annulus All % cO HC NO Cco Factor

580 14.0 6.9 18.3 0

581 14,0 10.6 18.3 L0137
585 2 13.7 7.8 17.9
582 2 13.9 10.3 18.3
583 141 7.7 18.3
141 7.9 18.3
14,0 8.0 23.0
14.0 7.6 23.0
13.9 22.9

=]

o - - - -
20137 32.5| 2.0 3.0 - 1.31
L0110 7.8] 1.4 3.3 1.28
.0098 15.0| 2.4 3.1 1.28
171§ 2.7 3.1 1.23
31.9{ 8.4 2.6 1.22
29.7/ 0.5 8.9 5 1.24
18,6/ 0.2 9.1 1.24
9.4{ 0.1 9.2 1.26
13.9 7.6 3.4{0.2 8.8 1.25
13.9 122,118, 4 4.7 1.19
14.1 68,08 .0|5 - 1.24
14.1 9 B4.515%3 - 1.26
14.1 70.4{16.3| 3.5 = 1.14
14.0 2 71.2p0.0| 2.5 - 1.13
14.0 5 21 92.7P3.5 1.13
14.0 2z 65.580.5 1.17
27.9 49.6p1.8 1.15
14.0 2 2 53+3/%.6 1.25
27.9 36.8}5.7 k- 1.24
16.4 10,2/ 0.1 1.11
17.3 . 9.7/ 0.1 ¢ 1.10
17.2 2 14,2/ 0.3 1.10
17.2 s 13.6{ 0.1 1.11
16.6 25 22 4.9 0 L 1.13
16.6 7 25 2 4.0l o 1.11
16.5 . ; 4.9 0

23.6 b 3.3 0 1.10
820 16,7 2 2 7.2 o 1.12

0O 0 ©0 9 0}j0 00 OC O

1.10

Notes:

1. High Density Sampling Mode
2. Alternate Cups Fueled in Inmer Annulus
3. Engine N‘ Calculated Using 0.2 Power of I‘:’




Table XLVIII, Summary of Test Results, Configuration D11,

Fuel-Air Ratio
Inlet Total] Inlet fuel / g air Sample Emission Indices Average
Total Combustor {Fuel Air Reference Metered Sample |Combustion g/kg fuel Exit
Reading|Point |Press Airflow |Flow |{Humidity |Velocity | Outer |Inmer |[Over- |Over- Fl’ficitlty Engine |Engine Temp |Profile|Pattern
No . No. Atm kg/sec |kg/hrig/kg Air m/sec |Annulus{Annulus| all all % NO, co K Factor |Factor

3

430 -
958 1.01
850 1.04
818 n 0.83
743 s 1.22
1132 1.07
1116 1.30
1131 0.91
1134 0.86
1128 1.18
1128 1.14
1118 1.3
1103
1101
1110
1116
1511
1519
1512
1514
1659
1336
1592
1594
1589
1588
1593

o 0 0

0.0139 0.013910,0160
0.0109 0.0109{0.0119
0.0100 0.0100/0.0109
0.0080 0.00800.0087
0.0138 0.0138{0.0515
0.0031 {0.0106 |0,0137/0.0145
0.0070 |0.0069 |0.0139/0.0146
0.0070 |0.0069 |0.0139/0.0148
0.0111 {0.0028 [0.0139{0.0149
0.0110 {0,0029 {0.0139{0.,0148
0.0112 |0.0027 [0.013910,C156
0.0070 {0.0068 |0.0138{0,0150
0.0031 |0.0106 [0.0137!0,0147
0.0035 |0.0103 [0.0138{0,0154
0 0.0137 10.0137/0,.0149
0.0033 [0.0180 [0,0213]0,0238
0.0042 10,0172 |{0.0214]0,0237
0.0061 |0.0151 [0,0212]0,0233
0.0082 |0,0130 {0,0212]0,0232
0.0041 |0,0220 {0.0261 |0, 0289
0.,0027 10,0136 [0.0163/0,0180
0.0031 |0,0197 |0,0228|9,0256
0.0036 |0.0193 |0,0229|0,0359
0.0041 |0.0188 |0,0229(0,0258
0.0062 |0.0167 |0,0229|0.0255
0.0082 |0.0148 |0,0230(0.0256

18.
18.
18,
18,
9.
22.
22.
22.

609 100 2,90 13.8 0
610 101 2,90 13.7 690
611 102 2.91 13.8 540
612 1133 2.91 13.7 492
613 . 2.92 2 13.6 392
614 3.42 5 13.8 689
617 3.40 13,9 686
618 3.39 13.9 698
636 d 6.80 ] 27,7 1385
619 3.4 13,7 689
637 6.79 27.6 1385
620 3.42 13.9 685
621 3j.a 14,0 695
622 3.40 14.0 692
635 2 6,80 627 27.9 1387
623 3.4 632 13.8 684
624 4.76 | T84 17.1 1309
625 4.76 TR8 16,9 1303
626 d 4.78 ™9 17.0 1297
627 4.78 789 17,0 1209
628 4.78 789 17,1 1600

629 4.78 789 17,1 1001
630 4.78 | 827 16,6 1360
631 52 4.77 826 16,6 1363
632 503 4.76 820 16,6 1371
633 504 4.79 819 16.6 1364
634 505 4.76 820 16.5 1364
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Notes: | High Density Sampling Mode
2. 15-Cup Sector Fueled in Inner Amnulus
3, Engine NO_ Calculated Using 0.2 Power of ’3
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Table XLIX, Summary of Test Results, Configuration D12A and D12B.

Fuel-Air Ratio

g fuel / g air
Total Samp!
Fuel Reference Metarad e

Reading Flow Velocity Outer Inner Efficiency Engine
No. N kg/hr i m/sec Annulus| Annulus | Overall | Overall % NOx

Emission Indices

sy /kg fuel

0 -

0.9140 | 0,0162
0.0115 | 0.0135
0.0109 | 0.0127
0,0098 | €.0116
0.0079 | 0,0092
0,0118 | 0,0139

638 0 17.8 0
639 690 18.0 0.0140
640 57 18.0 0.0115
642 i 544 18.3 0.0109
643 it 490 18,2 0. 0098
6dd 395 18.1 0.0079
645 544 16.9 0.0118

671 [ 18.6 0
612 699 18,1 0. 0140
673 863 18.1 0.0111
614 504 18.2 0.0101
675 405 18.1 0. 0081
696 301 18.0 0. 0061
L] To01 8.0 0.0161
692 1004 18.1 0.0123 |0.0080 0.0203 | -
€93 ‘ 1001 8.1 0.0103 |0.0098 0.0201 | -
694 1007 17.8 0.0084 |0.0123 0.0207 | 0.0227
695 997 18.0 0.0042 |0.0160 0. 0202 | 0.0206
676 705 22.3 0.0143 |0 0.0143 | 0.0160
685 1402 22.8 0.0112 |0.0029 0.0141 | 0.0152
684 1403 22.7 0.0092 |0.0050 0.0142 | 0.0152
683 1407 22.8 0.0072 |0.0070 0.0142 | 0.0155
682 1408 22,1 0.0057 |0.0086 0.0143 | 0.0162
€17 1318 25.3 0.0031 |0.0182 0.0213 ] 0.023
678 1317 25,0 0.0041 {0.0174 0.0215 | 0,0236
679 1320 25.1 0.0062 |0.0153 0.0215 | 0,0233
680 1318 25.0 0.0083 |0.0133 0.0216 | 0.0229
1319 25,1 0. 0025 |0.0191 0.0216 | 0.0236
1384 25.1 0.0032 |0.0204 0.02361 0,0262 |
1383 25.1 0.0042 |0.0194 0.0236 | 0,0260
1384 25,4 0.0062 |0.0172 0.0234 | 0.0259
25,3 0.0082 |0,0152 0.0234 | 0,0256

B e e

[ >
0,0140 | 0,0157
0,0111 | 0,0122
0.0101 | 0,0115
0.0081 | 0,0093
0.0061 | 0,0068
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1387
1383 25,3 0.0036 10,0197 0,0233 | 0,0261

N O WD

Pt A

Engine Prototype Pilot Stage Fuel Nozzles (Configuration 12A)
Gas Samples Not Taken, Efficiency from Exit

High Density Sampling Mode

15-Cup Sector Fueled in Inner Annulus

Engine NOy Calculated Using 0.2 Power of Py
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Table L, Summary of Sea Level Ignition Test Results, Configuration D12A,

Fh- Nabded ¥ LA

Inlet Inlet
Total Total Combustor Required Fuel Flows (ke/hr)
Point Pressure | Temperature | Airflow Type 50% 100% 507 Lean
Number atm K kg/s Ignitor | Lightoff Propagation | Propagation Cups Out | Blowout
61 1.00 315 2.72 spark 208 208 219 133 -
206 211 217 122 91
202 202 214 152 88
205 - - - -
71 1.01 309 J 31 spark 220 - - 128 8
- - 35
81 1.01 315 3.63 spark 217 222 - 173 55
231 - 249 161 39
217 230 244 161 28
222 229 247 163 48
226 - - - -
101 1.03 310 4.81 spark - - - 217 90
120 1.04 319 5.49 spark 231 252 254 - 106
230 248 253 213 118
254 - 277 227 117
Notes:
a., JP-5 at 302 K
b. Barometric pressure =.990 atmospheres

—
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Table LI. Summary of Sea Level Efficiency Test Results, Configuration D12A.

Inlet Inlet Metered Measured

Total Total Combustor Fuel-Air Temperature Combustor
Point Pressure | Temperature Airflow Ratio Rise Efficiency
Number atm K kg/s g Fuel/g Aiy K %
63 1.01 314 2.69 .0233 643 69.6
64 1.01 312 2.67 .0280 793 74.2
82 1.02 316 3.67 .0204 591 73.6
83 1.02 316 3.69 .0238 689 74.8
84 1.02 316 3.64 .0277 767 721
121 1.05 316 5.51 .0184 597 82.3
122 1.05 315 5.50 .0206 656 82.2
123 1.06 315 L | .0229 714 80.8

Notes:

a. JP-5 at 302 K
b. Barometric pressure =.990 atmospheres
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Summary of Test Results, Configuration D13.

Fuel-Air Ratio
g fuel / g air

Total Combustor | Fuel | Inlet Air | Reference

ALITYND ¥0Od 40

ST @DVd TVNIOIY

Metered TSllnpl. c Su:ple
4

Reading | Poin!
| No.

| Press Airflow Flow | Humidity | Velocity Outer Inner ’
kg/sec kg/hr | g/kg Air m/sec Annulus | Arnulus | Overall | Overall

[

|

!

| Intet Totai
¥ { Efficiency

! %

13.9 0
13.9 700
14,0 571
13.8 497
13.4 402
13,9 i 701
13.7 | &0l
28.0 | 1186
13.8 | 499
{997
401
791
303
590
1403
| 1407
| 1399
1290
130¢
1300 |
| 1305 |
1387
2756
1195
2373
2280 |
1017
2021
833 |
P 1667
1393
2752
| 1394
516 H3BE 2741
s07 | | sz he 6 1388
517 { 3 2199
587 | 6. 1967
567 V12 | | | 91

(1] -
0.0140 | 0.0176
0.0115 | 0,0125
0.0100 | 0,0119
0.0083 | 0,0093
0.0140 | 0.0166
0.0122 | 0.0146
0.0118 | 0,0147
0.0101 | 0.0110
0.0098 | 0.0122
0.0081 | 0.0089
0.0078 0.0078 | 0.0093
| 0.0061 0.0061 | 0.0070
0.0059 | © 0.9059 | 0.0068
| 0.0030 | 0,0110 | 0.0140 | 0.9157
0.0060 | 0.0081 | 0.0141 | 0.9157
0.0085 | 0.0054 | 0.0139 | 0.2157
0.0030 | 0,0180 | 0.0210 | 0,240
0.0041 | 0.0171 | 0,0212 | 0,42
0,0061 | 0,011 | 0.0212 | 0.0239
0.0082 | 0.0132 | 0.0214 | 0.0239
0.0038 | 0.0196 | 0.0234 | 0,0262
0.0035 | 0,0195 | 0.0230 | 0,0274
0.0036 | 0.,0164 | 0,0200 | 0.0219
| 0,0035 ! 0.0164 | 0.0199 | 0,9235
0,003 | 0.0160 | D.0196 ! 0.0230
| 0.0036 | 0.0134 | 0.0170 | 0.0194
0.0035 | 0.0135 | 0.0170 | 0.0201
i 0.0035 | 0,0101 | 0.0136 | 0.0160
| 0.0035 | 0,0105 | 0.0140 | 0.7164
| 0.0025 | 0.0208 | 0.0233 | 0.0266
0.0025 | 0.0204 | 0,0229 | 0.0270
| 0.0047 | 0.0188 | 0.0235 | 0.0266
| 0.0045 | 0.0186 | 0.0231 | 0.0270
0.0062 | 0,0170 | 0.0232 | 0,0260
0.0060 | 0.0169 | 0,0229 | 0,0267
0.0060 | 0.0168 | 0.0228 | 0.0267
0.0063 | 0.0169 | 0.0232 | 0.0256

183 e
18.3 | 0.0140
18,3 | 0.0113
18.3 | 0.0100
18.3 0.0083
0.0140
| 0.0122
| 0.0118
0.0101
' 0.0098
0.0081
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Notes:

1. Single Position Sampling Mode

2. Engine NOx Calculated Using 0.2 Power of P3
15 Cup Sector Fueled in Inner Annulus
High Density Sampling Mode
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Table LIII. Summary of Test Results, Configuration D13 (DOT).

Fuel-Air Ratio
Inlet Inlet __ & fuel/g air Sample Emission Indices
Total Combustor Air Reference Vetered Combust ion g/kg fue
Reading Point Pressure Adrflow Humidity Velocity Outer Inney Over~ Efficiency ne
~ mber Number Atm K kg/sec g/kg Air | m/sec Annulus | Annulus | all %

Profile
Factor Notes (1)

q
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&
H
L2
EE

19.3 .0060 0177 -0237
27.5 -0061 0177 .0238
26.5 L0032 .00%0 .0122
23.9 .0061 0177 .0238
28.0 0061 0179 0240
23.1 0061 .0178 .0239
19.3 0061 .0180 0241
26.6 .0063 0180 -0243
23.2 L0063 0179 .0242
23.3 .0062 0181 .0243
16.0 .0085 L0155 .0240
22.7 -0061 0179 L0240
19.3 .0061 L0179 0240
19.2 »0062 0181 0243
20.4 0062 0178 0240
27.4 .0062 .0180 .0242
27.5 .0031 .0090 L0121
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Notes:
1. Single position sampling mode
2. Bleed airflow iess than design
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EE’ Table LIV, Summary of Test Results, Configuration D14A.
Fuel-Air Ratio
g fuel / g air
eyl theiiuip Fotal Metered Sample P m;:?:-l:k“ Coapie Baiists s
Total | Total {Combustor | Fuel |Inlet Air |Reference Combusti ¥ SAE | Press| Exit
Reading | Point | Press | Temp Airflow Fle . | Humidity | Velocity Outer Inner Efficiency Engine | Engine | Smoke | Loss Temp Profile | Pattern
No. Na. Awmn K kg/sec kg/hr | g/kg Air | m/sec Annulus | Annulus | Overall {Overall Y €O | HC NO‘ NOx co Neo. % K Factor | Factor | Notes
768 100 2,97 | 433 13.8 0 4.4 18.0 0 o 0 0 i : ; . - % . 4.42 | 433 - -
787 10 2,93 | 432 13.8 704 9.7 18.1 0,0141 | 0 0.0141 | 0.0147 98.6 45.9 | 3,31 Lo | 3.1 - + 4.59 | 966 1.48 1.07
769 102 2.91 | 430 13.8 561 6.6 18,2 0.0113 | 0 0.0113] 0,0136 | 99.1 26.4 | 3.0 | 2.6 | 2.6 - 0 4.62 | 864 1.8 1.16
788 102 291 | 423 13,8 557 9.7 17.9 0.0112 |0 0.0112} 0.0117 | 99.0 28.2 | 3.7 2.8 | 3.0 - 1 4.48 | 855 1.45 1.16
789 103 2.93 | 428 13.9 501 8.8 17.9 0.0100 | 0 0,0100 | 0,0105 98.9 26,8 | 4.5| 2.8 | 2.9 - . 4.41 | 816 1,45 1.13
790 104 2.93 | 430 13.9 403 9.4 18.1 0.0081 | 0 0.0081 | 0.0083 | 98.3 34.8 | 9.2 2.6 | 2.7 - - 4.46 . 745 1.40 1.16
782 261 .41 | 628 ¥ 10 8.0 22.6 0143 0 0.0143] 0,0152 59.4 24.4 | 0.8 5.9 | 1.7 3.4 i .71 48 1.47 1.15 1
83 202 3.41 | 628 13.7 608 8.6 22.5 n.0123 {0 0.0123{ 0.0132 99.7 12.5 | 0.4 | 6.4 | 8.4 1.1 s 4.72 ]1080 1.46 1.10 1
800 212 6.80 | 626 27.7 1213 6.3 22.7 0.0122 | 0 0.01221 0,0132 | 99.8 71|03 2.9 8.8 2.4 0 4.76 {1075 1.50 1.35 1
784 203 3.40 | 628 13.8 505 9.2 22.6 0.0102 | 0 0.0102} 0,0104 | 99.8 61|03 6.9 9.3 0.5 i 4.75 | 1008 1,47 1.19 1
801 213 681 ! 62 27.8 1008 7.3 22.8 0.0101 | 0 0.0101 | 0,0110 99.9 3.1 {0.2] 80] %0 1.1 0 4.7 | 1006 1.50 1.38 1
785 2 3.40 | (27 13.7 406 8.4 22,6 0.0082 | 0 0,002 6,0083 | 99.% 3.5 | 0.3 7.5 ] 9.9 0.3 - 4.75 | 938 1.44 1.07 1
802 214 £.82 | 629 26,7 807 6.7 22.7 0.0081 | 0 0,0081 | 0,0087 99.9 2,0 0.2 80| 8.8 0.7 4.73 | 936 1.53 1.44 1
786 205 3.40 | 627 K3t 305 9.7 22,6 0.0062 | 0 0.0062 | 0.0062 99.8 7.4 1 0.7 5.6 7.6 0.6 & 4.79 | Be3 1,44 1.19 1
803 218 6.81 | 629 2.9 606 H 22,8 06,0060 | v 0,0060 | 0.0065 99.8 61 | 0.4 1.6 | 8.2 2.0 - 4.76 | 860 1,57 1.33 1
797 216 6.80 | 628 7.8 1412 6.5 22.8 0.0031 | 0.0110 | 0.0141 0.0161 95,4 hei, t22,0| 3.5 | 473 | sols : 5.17 |21 1.16 0.58
798 217 6.80 | 628 27.9 1419 6.5 22.8 0.0062 | 0.0080 0.0142] 0,0159 | 95,1 87,7 128.5 | 4.9 | 65 |79 3 5.12 1121 1.16 0.58
799 218 6,80 | 625 27.9 1417 6.9 22.7 0.0091 | 0.0050 001411 0.0155 | 94,4 7.5 139,44 5.7 1 7.6 lez23 . 5.06 11115 1.41 0.
R T o T %.76 | 126 17,6 1355 9.0 24,0 0.0031 | 0.0183 0.0214 | 0,0243 99,6 16,4 | 0.4 | 5.1 ] 8.6 8.8 B 3.99 | 1464 1.19 0. 51
780 302 4.76 | 727 17,5 1355 9.6 241 0.0042 | 0.0171 0.0213! 0.0240 | 99,7 11.5 | 0.2 5.2 | 8.7 5.2 1 4.98 1463 .t 0.50
804 303 4.78 | 731 17.6 1349 8.8 24.0 0.0062 | 0.0151 0.0213} 0,0237 99.7 10,7 § 0.2 | 6.2 | 10.1 4.6 4.88 | 1467 1.13 0.50
805 304 4.78 | 734 17.5 1351 9.3 24,0 0.0083 | 0.0131 0.0214 0,0239 | 99.¢ 13,9 | 0.4 7.0 | 11.2 6.9 - 4.86 1471 1.11 0.56
775 | 411 9.51 | 784 341 2656 5.9 5.2 .0031 | 0.0185 | 0.0216] 0.0254 99, 4 4.4 ] 0.0 |10.4 | 12.0 0.7 - 9.98 | 1522 1.18 0.7
776 2 9.53 | 785 34,1 2654 6.1 25,1 0.0041 | 0.0176 | 0.0217] 0.v2s52 99.9 3.0 0.0 [10.7 |17.6 0.4 1 4.95 1523 1.16 0.45
P da aw e et e | b1 | s |amuiees | esniess] wa faalselweind |on] (el ew |as
53 | 7 3. 649 6.9 25,0 0.0025 | 0. . 02 . 025. X s ¥ g s i -
_.;2;.5__.4—}{: ::'5"6"' s :,.: ?2-7',9 e 25.3 0.0021 | 0.0213 | 0.0234] 0.0275 | 99,8 t.4] 0.2 [12.2 | 21.8 2% | 24 485 1574 F'{"'g_ 0.58
794 12 9.60 | 822 33.0 2780 8.0 2¢.3 0,0031 | 0,0203 | 0.0234| 0.0270 | 99.9 4.3 | 0.1 lazar | 215 0.5 0 4.86 |15%0 1.18 0.57 2
795 513 9.54 | 821 32.7 2770 €1 25,2 0.0042 | 0.0194 | 0.0236| 0.0274 | 99.9 2.4 | 0.1 12,5 | 216 0.2 - 4.78 1611 1.16 0.52
796 al4 9.53 | 821 32,7 2767 5.6 25.3 0.0063 | 0.0172 0.0235| 0.0269 | 100,0 1.9 | 0.1 |13.4 | 22.9 0.2 i 4.75 |1609 L1 0,44
Notes:
1. Engine NO Calculated Using 0.2 Powerof P3
2. High Density Sampling Mode
il
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Table LV. Altitude Relight Test Results. Configuration D14B. th—

Rdg. Simulated Combustor Operating Conditions Lightoff :
No. Flight Attempt :

Condition T T P W AP PT W f Light s

F 3 3 c iy f Of%
Alt.| M
P atm-K

km K K atm kg/s % | m/s kg/hr
809 4.9 33 303 304 i 3 | 1.32 - 30.4 249 .0524 Yes
810 6.5 .36 302 304 449 1:32 - 19.8 249 .0524 | Yes
811 Tl 39 302 303 .381 1.34 ~ 14.2 249 .0516 | Yes
812 8.8 42 301 303 327 1.34 - 10.5 249 .0516 Yes
816 8.7 435 299 299 s 395 2:36 - 8.7 249 .0293 | Yes
813 et .58 300 300 531 3.37 - 11.0 249 .0205 Yes
814 7.9 | .63 | 299 | 300 | .476 3.54 - 8.4 249 .0195 | Yes
815 8.4 .65 299 299 456 333 - 8.3 249 .0209 Yes
820 1:8 .54 298 298 .966 5.44 - 22.6 249 .0127 Yes
818 8.2 .87 298 298 .687 5.33 - 1r.2 249 .0125 Yes
81¢2 9.9 925 298 298 646 5.49 - 10.0 249 .0126 Yes
817 013 .01 1 298 1 299 F 333 2.36 - 6.2 390 .0459 | No
814A 9.6 st l 299 300 .408 3.40 - 6.4 249 .0203 No
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o Table LVI. Summary of Test Results, Configuration D14B.
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Table LVII. Summary of Test Results, Configuration R1.

Fuel-Air Ratio

& Tuel/g air Average|
Sample Enission Indices Exit

Metered Sample el 7xg tusl Tomphrs

Velocity Main Pilot| Over-|Over- Efficiency ature |Prefile|Pattern

{ All | ALl % K Factor |Factor

17.9 0 0 o i
15,0 0,0115 j0.0115 |0,0128
e | 0,008 [0,0098 | 0,0103
17.3 0,0122 (0,0122 | 0,0130
M @,0136 10,0136 |0.0152
19,1 0.0216]0,0116 | 0.0127
2.7 | 0.0137 10,0137 | 0.0160
2.8 {00080 10,0089 0,0139 | 0.0183
2.7 10,0079 0.008% 0.0137 | 0.0154
2.7 !0.0000 0,008810,0137 10,0134
@me |0 0.0136 0.0138 | 0. 0154
e o 9.0139 (0,0139 | 0,0156
2.6 0.0000 0, 0067 [0.0137 [ 0,0135
207 0.0085]0,0057 0,0138 |0.0150
2.8 0,006 [0.0074 10,0139 |0.0041
4.6 0,0088 10,0073 |0,0138 |0.0153

240 6,0141 [0.0088 [0, 0209 | 0.0236
®n.4 ©,0149 10,0057 10,0206 : U,0230

4, 0161 [0.0047 10, 0208 |0, 023)

4.7 u.‘lx'&oﬁ.xuu««;‘;ﬁ.’ll 0,028

249 |0.0190 00038 [0.0228 |0,0857

24,8 |0.019910,00%0 10,0229 {0,025

25,5 |0.0197 0,0028 v,0225 |0,0208

25,1 l0.0149l0.0077 |0, 0286 | 0.02586

25,1 16,0170 60,0058 [0,0228 |0.0256

25,8 |0.01650.0057 [0.0032 |0.0233

25.0 |6, 0193 0.0038 0,021 |0.0287

28.5  |0.0187 |0, 008850.0225 |0.0257
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Table LVIII, Summary of Test Results, Configuration R2,

Fuel-Air Ratio Average

Total| Inlet g fuel / g air Sawple Emission Indiccs Total Exit
Cox Fuel Air Re ferencel ¢ tered Sample |C tion g/g fuel Pressure |Temper—
Atrflow | Flow [Humidity Velocity Pilot [Over- |Over~ |Efficiency ngine [Engiue Loss ature Prohle& Pattern
ky/sec |[kghrig/kg Airi a/sec Stage | all »il * HC |NO, | NO, co % K Factor | Factor

14.0 - 18.3 ) 0 ) o e | - 4.18 429 - e

12.2 2.8 16.% 0,0161{0.0161/0.0178 2.1| 3.4| z.9 3.56 1.09 | 0.42
129 it 8.2 0.0138{ 0,0138(0.0149 1 29| 2.8 4.53 1.07 | 0.45
15.3 3.6 s | 0.0137,0,0137}0.0155 3.6| 3.2 3.95 1.09 | 0.4
13.8 1.9 wa il 0.0116{0,0116/0 0126 3.0 ; 4.34 1.08 | 0.64
ia.. 2.5 .2 | 0.0095. 1, 0095}0.0101 3.2 4.25 1.09 | 0.42
13.9 2.5 ms | 1 0,0060| 0.0060|0,0062 ] 4.19 114 1 0.8
18.0 6.7 182 | lo.0118 0.0118]0,0138 4.4 4.38 i 1.14 | 0.48
19.5 i e 20,46 To 0 0 L 238 Fit s

19.8 3 4.5 23.5 30.01.) 0,014010.0155 9.1 ¢ ¢ 5.01 1.06 2.41
19.7 (4.8 23.3 | 0.00650,00770.0142 0.0156 5.04 1.0¢ | 0,73
19.9 20,7 10,0080 0.00570,0137 0,0153 - 4.57 1.1 11,07
19.9 8 20.9 | 0,0089 0.0048/0.0137 0, 0152 ¢ J 4.65 L E o0
19.3 2 ¥ 20,0 | 0.0081!0, 00600, 0141 0,0153 1.20 118 ] 1es
19.1 7.1 | (8.8 | 0.00930,0050(0,01430,0157 4.12 1.16 | 0.71
otk B w | 201 |0.0104/0,0040/0.0142 00136 ; 4.25 1.19 | 1.08
17.6 58 we (0 0.,0210/0.0210 [0,0236 | ; 4.38 1.07 | 0.32
17.8 22.7 | 0,0137 0.0074]0,0211 [0.0241 ¢ 4.49 1.07 | 0,32
17.8 5.6 22.9 |0.0149 0,0058/0.0207 |0.0244 ; 4.52 1.07 | 0,31
18.0 6.2 23.3 | 0.0158 0,0048|0,0206 0, 0242 : 4.68 1 1.08 | 0.2
16 7 7.1 23,0 | 0.0145 0,0078!0.0223 [0,0251 4.24 {1.07 | 0.5.
16.7 6.2 23,3 |0.0158/0,0063/0,0221 {00254 5 a.31 1.07 | 0.32
16.6 22.8 10,9171 /0,0052/0,0223 [0.0249 4.15 1.07 | 0.32
17.1 24.5 | 0.0139'0,0073/0,0212 [0.0244 4.69 1.05 | 0.53
16.9 ’ 24.4 |0.0165/0.0049|0,0214 0.0251 4.52 1.05 | 0.56
16.9 24.4  |0.0141/0.0074/0,0215 |0,0247 4.53 1.06 | 0.66
16.9 24.4  |0,0166/0,0048]0,0215 [0,0250 4.56 1.07 | 0.38
16.6 24.7 | 0,01610,0069]0,0230 [0,0262 4.46 1.07 | 0.33
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4.7
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16.7 1366 24 0.0172/0,0048{0,0227 |0,0261 4.55 1.07 0.34
16.7 1363 0,01880,0039/0,0227 [0,0258 4.55 1.07 0.33
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Note:
1. High Density Saspling Mode 3. Al Main Injec’ors Fueled
2. Alternate Main Injectors Fueled 4. Engine NO_ Calculaied Using 0.2 Power of P,




Table LIX.

Summary of Test Results, Configuration R3.

A m'p‘

R TR

‘ Inlet | } fuel Air Ratio T T IR HisEHETY TAverage! T
Inlet Total ‘ Totai| Inlet | g fuel & air ] Sample | ":‘(."h’:lil i Total | Exat |
Total tﬂwr:(mlmslw Fuel Air Reterence Me tered Sampie |Combust xon| e Pressure [Temper- |
Point |Pressure| ature | Airilow | Flow (Humidity|Velocsty [Main TPilot [Over- [Over- :Lllu iency! | Engine Loss E ature Proiile Proiile
Number| Atm, K ‘ kig/sec | kg/hrl g kg Air] msec | Stage {Stage ALl All . { co | mc NOx g K (Pattern Factor Notes
i< . + T t 1 i
100 | 2.8 429 [ 1y 1o - 8.2 ‘ i " v R T U I A B 4 el
: | i | | i
wo | a.s7 az1 E 4.0 |u B T o ! iy o3 sb ke fu e L S R 421 i Lailiabin )
101 ] 2.90 a3 | 133 szl a6 | s G . oom3l o, 00K o7 l7s Wiasun {inl S Loven Toaeines bl e
102 2.89 430 f s 583 4.3 i 19 i 9,012016.0120 0O, 113 N, 1 51 ')} 6.7 8.3 4.1 bR - BNK 1.17 L |
105 2.9 431 2.9 6 4.9 17.4 X L0137 10, 013710, 0161 9=, 5 Wik i B b 9614 A1 e . | - | o8z | 1.15 | 0.31 gu" Bld
]
104 2.85 133 12.2 699 16,7 DL REUNER B REERU R E 8 o5 - - - 1029 .13 § 0 {127 Bid
S 1Y 3.56 80 | 16,7 I 679 4.3 | A u U030, 018 16,013) N, 7 — : - : 4.17 ' ®90 1191 0.7 l 4.8 Fy
i ¥ 1 i -
106 4.54 i 488 | 2008 i P .9 o110 99,4 W S j 413 1 909 1.20 0.36 ;7,07 Iy
+ : + it ¢ il
201 3.38 T T Sam e BOTL LT 99,1 1.9 | - 3. 1¢ 1 soe 1.17 f 0.62 ! :
210 jewo | e3 27.5 éos | 2.1 23,1 [, TO L 070 [ 0us0 | v, 7 ; | -~ ; 899 | 1.1K | | s
202 3.30 628 I 17 | eee $.7 22,6 R T BTN R FR LT T ] 99,6 1.4 : 2% i jaa L2 i 3
i | i ! { i
212 6.80 633 | 217 1 i o Gariatio man o, sire 99,8 2.5 | 1.6 {1149 | 1.28 0.70 | 3
{ i
208 | 3.38 620 e Thmell aa | s« lu.vz12/0. 02120, 2.0 1 o W o TR R 3
- 4 : & il
401 | 4.74 786 e lioms | z.s | 218 | 0.007800.0038 0 021210, 0232 s8] - PR R U R
{ i { i
11 | 9.53 T84 33.9 tzzm gz | s 0.5178 0.0080(0. 02120, 02a2] 957 9.5 [ 4.x3 | 1476 | 1.07 anit e
i | ]
402 4.72 785 16.8 1287 1.3 25,0 G, 160 U, 0048 [0, 0213 |1, 02391 96,7 33.3 1 -~ 3.8 i 148K | 1.06 r.32 i -
412 9.53 753 34,2 lasm 2.7 23,0 | 0.0163 U, 004N u.u‘:niu.nn.,, 98,2 -- 3.83 | 1490 TR G e --
' 1 § H
403 4.68 775 146.7 L yove 3.5 ? 24.7 [ 0.004310.0070 6.0215 |0, 0242] 989 35,31 2.8 3.85 | 1502 a6 1G22 11
413 9.53 w0 34.1 ERSIT G 204 P ga 1,0l x'.'vn.\,moin‘n.uzml‘u.nzu 99,1 18.1 0.9 3.%9 ‘ 1494 1.06 0.28 , -
404 4.74 773 16.9 L1883 | 3.6 ; 24.6 H.0I7210. 00890, 0211 [0, 023) 97.4 20.5 - 3.84 | 1478 | 1.06' 0.43 2
405 4.76 78 17.1 i 1290 3.5 24.9 tL Uk Al 0, s 0. 0209 0,0237 ¢ 99 | 13.5 2.3 3.7 1489 | 1.06 l 0.57 1, 2
s01 4.74 821 16,4 51363 i.s 2.5 | U018 10,0039 0, 0228 6, 0262 97.8 | 21,9 | -- 3.83 1569 ‘ \.u?w; G, 40 --
' i 1 i
51 9,53 L] 3a.e *fzz» 0.7 5.0 |1 voe) u.m«;ﬁu.n:.’u;n.n:uni 98,9 | 15.0 | -- 3.80 1578 ‘ 1.u7|' 0,30 —
502 4,94 820 | 6.4 [1380 1.4 2.3 [ 0181. 0. 0050100231 1o, 02601 99,1 11,0 | -- | 8.78 | 1588 | 1.07{  0.32 -
i H i ! i
512 9.53 219 2.5 &2117 1.8 2.1 | VL0IKZ 0.0050]0,0232 10,0268 99.6 48 Bk | = 3.71 1595 | l'mi ©.30 -
¥ i i { |
503 4,74 ; L] 6.5 1362 @ 1.7 B3| ”."lbl10.(&»6&\'.“2;11)m.vzti»l: 99,6 3] ‘ 1.0 | 2.0 .n 1585 ] 1.06 0.28 -
| | | i | { {
504 9.53 W8 2.7 j’?‘l:ﬂl 1.9 .1 l ('.msz;v.m:u(v.' 232 10,0272 99.% | 8 11 0,5 n.:s] 230 1 2 10 3.68 1595 1,07 0.27 --
! 1 1. 1 | et I |
Yotes: 1. Yigh Density Sampling Yode
2, Alternate Main Injectors Fueled
3. Engine NO, Calculated Using 0.2 Power of Py
#romitisig Prigrin: v i i 4 ® 4 ] L4 % ! ¥ 1 4 t
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1. High Density Sampling Mode
2. lgi:' NOy Calculated Using 0,2 Power of P3

Table LX. Summary of Test Resviis, Configuration R4.
Fuel-Air Ratio
Inlet m':gl/- ot ampie]  Sample "":); :::"‘ A;:::”
Total C % ion Temper-
P Velocity | Main Pilot |Over- |Over- |Efficiency Eng ature |Profile|Pattern
| Atm m/sec | Stage | S All All % €O _|HC |NO_ | NO, K Factor |Factor |Notes
2.89 185 |o 0 0 o -- i il M et g BB EH G (R --
e | 201 18.2 |0 0.0133 | 0.0133/0.0149| 98.8 |48.7] 0.8]|2.9] 2.7| -~ | -- 4,09 936 1.13 | 0.57
103 | 2.89 18.3 |o 0.0115 | 0,0115/0,0130, 98,8 |44.8}1.3]3.2{/3.0 -~} 0 4.23 873 1.13 | 0.60 1
48 | 302 465 8.2 |o 0.0093 | 0,0093|0,010% 99,9 |37.5|1.8|3.8| 3.6/ -] - 4.11 793 1.16 | 0.69
w0z | 2.9 396 18,2 o 0.0080 | 0.0080{0,0085| 98,5 [37.5/6.5!3,8|3.6] -~ | -- 4.19 740 1.13 1 0.8
w1 | 2.9 249 1.2 |o 0.0050 | 0,00500.0047| 60.3 [145.3(363.6| 0.3/ 0.3] -~ -- 3.60 551 1.17 | o0.89
203 | 3.42 629 14.2 646 | 4.3 23.2 {0 0.0127 | 0.0127/0.0140, 99.6 |17.5| 0,1 6.2} 7.6 1.5| 1 4,08 1095 1.21 0.67 1,2
192 202 | 3.43 629 141 w9l 2.7 23.0 lo 0.0099 | 0.0099/0.0109( 99.6 [15.8]| 0,2 8.4{10,1 1.3| -- 4,08 997 1.20 | 0.70 2
191 201 | 3.37 629 13,9 33| 2.9 23.2 {0 0.0068 | 0.0068|0,0073] 99.6 12.4{ 0.8 7.8] 9.4] 1.1] -- 4.03 889 1.22 | 0.86 2
194 301 | 470 733 i7.7 30| 2.7 24.3 | 0.0130| 0.0077 | 0.0207|0.0224] 96.5 |79.6|16.6|7.1/10,2/64.9] -- 3.99 1424 1.07 | 0.25
195 302 | 4.78 731 e LM 4z 24.2 o.ouo! 0.0069 | 0.0208| 00222 94.8 |87.8!31.4|5.5] 8.2/72.5| -- 4.03 1416 1.08 | o.27
196 303 4.75 733 17.7 1322 3.5 24.5 0,0158 | 0,0049 | 0,0207| 0. 0218| 89.0 79.6(86.9| 2.8 4.2/82.9! -- 4.08 1373 1,08 0.36
200 404 | 4,75 754 W0 (3 42 25.2 |0.0118] 0.0097 | 0,0218/0,0231] 98,3 |51.1| 5.4(10.122.6/30.4] -- 3.97 1505 1.07 | 0.31
199 403 | 477 785 17.0 | 1308 3.8 25.0 |0.0146| 0.uv. 8| 0,0214/0,0234 97,8 |56.7| 8.3]7,1/15.7135.0 -- 3.97 1500 1.07 | 0.25
198 402 | 478 784 .o |*mal sa2 25.1 |0.0167| 0,0048 | 0,0215{0.0237] 95.4 |72.4{290.5]3.6| 8.1|48.2] 1 3.96 1483 1.06 | 0.34 1
201 405 | 4.75 785 17.0 | 1538 4.3 25.1 | 0,0202 o.oo«i 0.0251/0.0277] 98,5 |37.0) 6.6| 4.6/10.4{19.3] -- 4.17 1614 1.07 | 0.8
197 400 | 478 785 M8 11 4.0 24.9 | 0.0179| 0,0038 | 0.0217/0.0234  89.7 84.8/83.5| 2.3| 5.0/58.8/ -- 3.93 1448 1.06 | 0.36
204 503 4.76 820 16.6 1364 4.1 25.6 0.0160 | 0,0069 | 0.0229) O.0250 99.3 23.5| 1,6/ 9.0|21.7| 8.6 -- 3.94 1583 1.07 0.27
203 502 | A.m 820 16.5 1368 4.2 25.5 | 0.,0180]| 0.0050| 0.0230( 0.0254 98.5 |37.7| 6.5| 5.1/12.3]18.3] © 3.89 1581 1.06 | 0.30 1
202 501 | 4.7 17 16.5 1366 | 4.3 25,5 | 0,0190| 0.0040 | 0.0230| 0.0255| 95.7 5&.)129.3 3.4| 8.3[34.0f - 3.96 i 1556 1.06 | v.32
Notes:
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Table LXI. Summary of Test Results, Configuration RS3.

Fuel-Air Ratio
Inlet Inlet g fue'l/g air Sample Emission Indices
Total Air Re ference Me tered Sample |Combustion /kg fuel

Pressure Humidity [Velocity Pilot |Over- |Over- |Efficiency Engine|Engine Profile|Pattern | Notes

Atm g/kg Air| m/sec Stage | all all % NO, Factor |Factor

2.92 18.2 0 0 0
2,97 18.3 o V] o 0
2.85 18.1 0 0 o

2.9 5 18.2 0.0136/0.0136/0.0157
2.89 + 18.0 0.0121{0.0121{0.0136
2.9 18.2 0.0105}0.,0105}0.0112
2.93 18.0 0.,0090|0,0090|0,0092
2.91 : 18,0 0,0070{0,0070(0,0071
3.4 22.4 0,0137{0,0137/0.,0150
3.40 22.5 0,0100{0,0100(0,0107
3.38 22.8 o 0.,0071{0.0071/0.0075
4.76 24.0 0.0125(0.0083|0,0208{0,0239
4.78 24.0 ‘0.0138 0.0069|0,0208|0.0238

o ol o ¢ © © ©

4.74 24.3 0.0162[0,0045{0.0207{0.0233
4.76 25,1 0.0141/0,0168|0,0209/0,0237
4.78 24.7 0.0163|0,0050{0,0213/0,0246
4.79 24.9 0,0179/0,0049]0.022810 0261
4.80 24.8 0,6196/0,00:49{0,0245|0,0280
4.7 24.9 0.0174/0.0040]0,0214/0,0236
4.73 25.4 0.0180{0,0050{0,0230{0,0270
4.7 25.5 0.0187|0.0040|0,0227 0.0259

1

Notes*®
1. High Demsity Sampling Mode

2, Engine n’ Calculated Using 0.2 Power of I:
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Table LXII, Summary of Test Results, Configuration R6.

Fuel -Air Ratio
luistesall iz Evission Indices

Inlet s Sample Exit
Combustor Alr Reference Natered A® tion 8/%g fusl Temper-

Atlrfiow Humidity|Velocity Main| Pilot| Over- Efficiency Eng ature |Profile|Patter.
kg/sec 8/kg Air|m/sec Stage| Stage| All All % K Factor |Factor | Notes

5 Avor.‘es

13.8 2.4 17.9 - - - | 429
13.9 0.8 18.2 - - - | 429
13.9 2.4 17.9 0.0134 | 0.0134{0,0157 it | o43
14.0 2.5 18.1 0.0116 | 0.0116{0.0134 ‘
i3 9 2.5 18,1 0.0099 | 0.0099/0.0112 o 816
13,9 2.3 17.8 0.0089 | 0.0089|0.0098 ¢ 780
13.9 2.6 18.1 0.0067 | 0.0067|0.0069 | ! 688
14.1 2.3 22.4 0.0132 | 0.0132/0,0145
14.2 2.3 2.7 0.0097 | 0.0097|0.0106
14.2 2.3 22.6 0.0069 | 0.0069!0,0072
14.1 2.2 21.9 |0.0069| 0.0070| 0.0139|0, 0142
14.2 3.3 22.6 |0.0089| 0.0048 | 0.0137]0,0102
17.9 i 2.5 23.7 |0.0129| 0.0079 | 0.02080.0238
17.4 1334 | 2.4 23.9 0.0041 | 0.0072 | 0.0213|0.0242
17.6 1336 | 2.3 24.0 |0.0160| 0.0050 | 0.0210(0,0238
17.1 1324 | 3.9 25.1 0.0143 | 0.0071 | 0.0214|0.0243

e ale W b A o-

-

Notes:
1. High Demsity Sampling Mode
2. Engine m. Calculated Using 0.2 Power of
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Table LXIII. Summary of Pattern and Profile Factors For Atmospheric
Pressure Combustor Test, Configuration R7.

Inner Inlet

Total Total Combustor Fuel-Air Ratio
Point Pressure | Temperature| Airflow g Fuel/g Air Pattern Profile
Number atm K kg/s Pilot | Main | Total | Factor Factor
10 1.05 426 191 0 .0109 | .0109 = 1.07
20 30D §29 207 0 .0136 | .0136 48 1,05
30 1.05 756 281 L0160 | .0050 |.0210| .86 1.08
31 1:05 756 303 .0189 | .0038 | .0227 ] 1.24 5
32 .05 159 305 .0179 | .0049 | .0228 i 111
SF 1.05 754 310 0171 | .C060 | .0231 .36 1.10
40 1.05 808 299 L0175 | .0054 |.0229 | .34 5 s
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Table LXIV. Summary of Sea Level Ignition Test Results, Configuration R7.

Inlet

Total
Pressure

Atm

Inlet
Total
Temperature
K

Combustor
Airflow
kg/s

Type
Ignitor

Required Fuel Flow (kg/hr)

Lightoff

50%
Propagation

100%
Propagation

50%
Cups Out

Lean
Blowout

99

299

spark

266
219
223
227

266
225
244
255

266
246
247
255

152
157
148

82
87
92

233
266
266
261

246
266
271
271

261
266
289
278

214
190
205

147
140
130

227

197

138

1.01
1.03

266
264
280

290
308
299

317
323
329

290
285
289

227
234
230

Notes:
8.
b.

Jp-5 at 295 K
Barometric pressure = .982 atmospheres
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Table LXV. Summary of Sea Level Efficiency Test Results, Configuration R7.

Inlet Inlet Metered Measured

Total Total Combustor Fuel-Air |Temperature | Combustor
Point Pressure Temperature Airflow Ratio Rise Efficiency
Number atm K kg/s Fuel/g Air K %
52 1.00 299 2.67 .0234 604 67.2
53 1.00 298 2.66 .0282 848 81.2
61 1.01 299 3.63 .0207 612 76.0
62 1.02 299 3.62 0241 783 85.0
63 1.02 <99 3.58 .0281 892 85.4
71 1.05 302 5.40 .0184 584 80.8
72 1.05 302 5.40 .0206 688 86.0
73 1.06 301 5.44 .0224 768 89.2
Notes:

a8, JP=5 8t 295 K

b.

Barometric Pressure = 0.982 atmospheres

-
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Table LXVI, Summary of Test Results, Configuration R7.

F:O;:i;‘l:::o Emission Indices Average
Sample g/ Fuel Total Exit

Inlet Air | Reference Metered C: ion Bagtne 3 Pressure | Temper-

Poine Humidity | Velocity |[Main |Pilot | Over- Efficiency NO Loss ature |Prufile| Pattern

Number g/kg Alr n/sec Stage | Stage | all * % K Factor Factor

100

i8.1 0
18.0
102 18.2
17.8
104 17.8
22.6
22,7
24.2
24.4

24.2

24.6
24.8
25.2
25.0
25.2
25.3
25.2
25.56

201
202
301
302
401

402
403

301
502

si2
513
314
315

MOTES :

1. MHigh Density Sampling Mode
2. Bagine :u‘ Calculated Using 0,2 Power of P]

SIGN R




APPENDIX D

SLCTOR RIG TEST DATA

This appendix contains summaries of the operating conditions, combustor
performance data, and exhaust emission data for each sector rig test con-
ducted in the Phase II Program. The sequence in which these tests were
conducted is presented in Table LXVII. The detailed data summaries are
then presented in Tables LXVIII through XCV.

i
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Table LXVII. Sector Combustor Test Sequence.

60° Sector Rig ) Data
Run Test Configuration Type Table

Number Date Number Test Number

10/16/74 S1
10/24/74 Sl
10/31/74 Sl
11/13/74 DS1A
11/25/74 DS1B
12/5/74 RS1A
12/19/74 DS2A
12/20/74 DS2B
12/23/74 DS2C
12/31/74 DS2C
1/7/75 DS2D
1/14/75 RS1B
1/24/75 DS3
1/28/75 DS4
2/18/75 DS4
2/26/75 DS3
2/27/115 DS5A
3/3/75 DS5B
3/5/75 DS6
3/7/75 DS7
3/11/75 RS2A
3/12/75 RS2B
3/14/75 DS5B
3/18/75 DS5B
3/26/75 DS5A
4/8/75 DSS5C
4/21/75 S1
4/22/75 s1
4/22/75 SJ
4/24/75

4/25/75

4/26/75

4/28/75

4/28/175

4/29/75

4/30/75

4/30/75

5/3/175

5/3/175

5/4/75

5/12/75

5/13/75

5/14/75

LXVIII & Ref 9
LXVIII
LXVIII
LXIX
LXIX
LXXXIX
LXX

LXX

LXX

LXX

LXX
LXXXIX
LXXI
LXXII
LXXXIII
LXXXIII
LXXXIII
LXXXIII
LXXXIII
LXXXIII
XC

XC
LXXIII
LXXIII
LXXIII
LXXIII
Ref 9
Ref 9
Ref 9
LXXXVII
LXXXVII
LXXXVII
LXXXVII
LXXXVII
LXXXVII
LXXXVII
LXXXVII
LXXXVII
LXXXVII
LXXXVII
LXXIV
LXXIV & Ref 9
Ref 9

VaE~NIULUPDPLON =
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Table LXVII. Sector Combustor Test Sequence. (Continued)

60° Sector Rig (1) Data
Run Test Configuration Type Table
Number Date Number Test Number
44 5/14/75 DS20 2 Ref 9
45 5/15/175 DS20 2 Ref 9
46 5/21/75 RS3 2 Ref 9
47 5/23/175 RS3 2 Ref 9
48 5/27/75 RS3 2 Ref 9
49 5/27/75 RS3 2 XCI & Ref 9
50 5/28/75 DS21 2 LXXVI
51 5/29/75 DS22 2 LXXVII
52 5/30/75 DS23 2 LXXVIII
53 5/30/75 DS24 2 LXXIX
54 6/6/75 DS22 6 LXXXVIII
55 6/10/75 DS25 6 LXXXVIII
56 6/11/75 DS26 6 LXXXVIII
3 57 6/16/75 LS27 6 LXXXVII1
58 6/20/75 DS28 2 LXXX
59 7/2/75 DS29 2 LXXXT
60 7/21/175 DS30 2 LXXXI1
61 7/25/75 DS30 2 Ref 9
62 7/29/75 DS30 2 LXXXII & Ref 9
63 7729/75 DS 30 2 Ref 9
64 7/30/75 DS30 2 Ref 9
65 9/8/75 DS 30 3 LXXXII
66 9/17/175 DS31A 4 LXXXIV
67 9/18/75 DS31B 4 LXXXTV
68 9/23/75 DS31C 4 LXXXIV & LXXXV
69 9/24/75 DS31D 4 LXXX1V
70 9/25/175 DS32A 4 LXXXIV
71 9/25/75 DS32B 4 LXXXIV & LXXXV
72 10/6/75 DS33A 4 LXXXIV & LXXXV
73 10/7/75 DS33B 4 LXXXTIV
74 10/8/75 DS33C 4 LXXX1V
75 10/9/75 DS33D 4 LXXXIV
76 10/10/75 DS33E 4 LXXXIV
77 10/21/75 DS34 4 LXXXV
78 10/23/75 DS34 5 LXXXVI
79 10/24/75 DS34 5 LXXXVI
80 10/29/75 DS35 5 LXXXVI
81 10/30/75 DS36 5 LXXXVI
82 11/5/75 DS36 4 LXXXV
83 11/7/75 DS35 4 LXXXV
84 11/11/75 DS37 4 LXXXV
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Table LXVII. Sector Combustor Test Sequence. (Concluded)

12° Sector Rig (1) Data
Run Test *  Configuration Type Table - T
Number Date Number Test Numberx

1 1/30/75 Fsl 8 XCIII

2 3/12/75 cs2 7 XCII

3 3/13/75 cs2 7 XCII

4 3/31/75 cs2 7 XCII

5 4/3/75 FS2 8 XCIV

6 4/15/75 cs3 7 XCII

7 4/29/175 CS4 7 XCII1

& 5/5/75 CS5 7 XCIT

9 5/8/75 CS6 7 XCII

10 5/15/75 CcS6 7 XCII & Ref 9

1 5/16/75 FS3 8 XCV & Ref 9
12 6/12/75 Cs7 7 XCII

13 6/16/75 cs8 7 XCIL

14 8/6/75 Cs9 7 XCII & Ref 9
(1) Type Test

(2) Altitude Relight Ambient Air and Fuel

(3) Altitude Relight Cold Air and/or Cold Fuel
(4) Idle Emissions

(5) Subidle Efficiency (exit temperatures)

(6) Atmospheric Discharge Cross-fire

(7) Carboning

(8) Flashback
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Table ILXVIII. Altitude Relight Test Results, Configuration S1.

Combustor Type - Std. Prod. CF6-50 Fuel Injector - Std. Production Nozzles

Alternate Nozzles Fueled

Simulated Blowout W
Flight Combustor Qperating Condition Lightoff Attempt Condition
Condition R BTV | VE Vg
Rdg [ ALt. Tp | T3 | P35 [ Ye [ ap/p {atmer/ | (EQUIV) Light | (EQULV)
No.| km | Mp K K atm | kg/s % m/s kg/ht £ Off kg/hr £ Notes
10 3.2 | 0.29 306 | 301 | 0.68 | 1.33 - 45,4 249 0.0520 Yes 29 0.0061
1 6.1 | 0.35 310 | 307 | 0.47 | 1.36 1.06 | 21.9 249 0.0509 Yes 29 0.0059 .
2 7.7 1 0.38 | 311§ 305 | 0.38 | 1.53 2.04 | 12.7 249 0.0452 Yes 37 0.0067
35 7.8 0.38 311 311 0.38 | 1.53 - 12.7 249 0.0452 Yes - -
3 8.4 | 0.48 | 311 | 307 | 0.37 | 1.99 3.78 9.3 249 0.0348 Yes 64 0.0089
9 3.7 | 0.39 307 302 | 0.66 | 2.29 1.43 | 25.3 249 0.0302 Yes 50 0.0061
8 6.0 0. 46 311 302 0.52 2,29 2.34 15.6 249 0.0302 Yes 59 0.0072
7 6.9 | 0.49 311§ 305 | 0,47 | 2.30 1.43 | 12.9 249 0.0300 Yes 48 0.0058
6 8.7 | 0.55 311 | 307 { 0.39 | 2.30 2,34 8.9 249 0.0300 Yes 50 0.0060
11 4.6 | 0.49 306 301 | 0.64 | 3.15 2.83| 17.3 249 0.0220 Yes 42 0.0037 i
12 7.3 1 0.61 { 306 301 | 0.50 [ 3.15 4,831 10.5 249 0.0220 Yes 48 0.0042
13 8.2 0.65 311 317 0.46 3.22 5.67 8.7 249 0,0215 Yes 48 0.0041
31 8.3 § 0.65 313 | 312 | 0.4¢ | 3.17 5.93 8.7 249 0.0218 Yes - - J
14 8.9 | 0.68 | 313 | 317 0.44 | 3.22 6.27 7.8 249 0.0215 Yes 37 0.0032 ;
33 9.1 1 0.68 ] 312§ 312 | 0.43 | 3.17 6.74 7.7 249 0.0218 Yes - - i
28 6.6 | 0.67 313 | 312 | 0.58 } 4.16 5.90 | 10.7 249 0.0166 Yes 55 0.0037 ;
- 30 10.5 | 0.90 313 { 312 | 0.53 | 4.16 7.31 8.8 249 0.0166 Yes - - :
20 9.3 ] 0.81{ 311 | 317 0.50 | 4.24 8.16 7.7 249 0.0163 Yes - - |
22 7.7 | o.84 | 312 317 | 0.70 | 5.41 6.48 | 11.9 249 0.0128 Yes 68 0.0035 s ‘\
24 10.7 | 1.02 313 314 0.62 | 5.38 8.46 9.3 249 0.0129 Yes 66 0.0034 : B
26 |»10.7 |>1.00 | 312 | 313 | 0.59 | 5.35 9.17 8.6 249 0.0129 Yes - - e
36 8.7 | 0.42 | 313 ] 311 | 0.34 | 1.53 - 9.6 249 0.0452 No - -
5 9,1 { 0.57 | 311 | 307 0.37 | 2.30 5.05 8.0 302 0.0300 No - - . .'
34 9.4 | 0.58 | 312 { 311 | 0.36 § 2.31 4.84 7.3 249 0.0300 No - - S ;_
18 9.8 0.73 313 319 0.36 4.24 16.4 4.0 249 0.0163 No - - f
8 3.2 0.29 307 274 0.68 | 1.35 - 44,9 249 0.0512 Ies - = o :
1 6.1 | 0.35 306 263 0.47 1.38 - 21.5 249 0.0501 Yes 31 0.0062 : i
2 7.9 1 0.42 306 2517 0.39 | 1.55 - 12.8 249 0.0446 fes 27 0.0049 .
3 8.7 0.51 306 252 0.37 2,01 - 9.1 249 0.0344 Yes - -
5 6.9 | 0.49 306 | 260 0.48 | 2.33 - 12.8 249 0.0297 Yes 48 0.0057
11 7.2 0.60 306 267 0.51 | 3.19 - 10.7 249 0.0217 Yes 46 0.0039
12 9.0 | 0.68 | 306 262 | 0.43 | 3.19 - 7.6 249 0.0217 Yes 42 0.0036
14 8.2 1 0.74 1 307 | 279 | 0.54 | 4.19 9.2 249 0.0165 fes - -
15 9,1 | 0.79.] 307 | 279 | 0.52°| 4.19 - 8.6 249 0.0165 Yes 57 0.0037 ,
: 16 9,2 1 0.43 | 306 | 245 0.30 { 1.38 - 8.1 249 0.0501 Ho - - x
4 9.1 0.57 306 252 0.37 2.33 - 8.0 249 0.0297 Yo - - 3
8 3.3 0.29 252 288 0.68 | 1.33 0.47 45.4 249 0.0520 Yes - - <
1 5.8 0.35 253 261 0.49 1.35 0.89 23.3 249 0.0512 Yes - - !
2 7.8 0.41 | 252 253 0.39 1.52 1.58 1 13.1 249 0.0455 Yes - - T :
) 3 7.9 0.48 253 260 0.41 | 1.98 2.35 11.1 249 0.0349 Yes - - : 1
; 61 4.4] 0.511 249 | 258 0.37 | 1.98 2.78| 9.2 | 249 0.0349 | Yes - - 1 Cup, No Prop. i
= 4 8.4 0.54 249 257 0.41 | 2.29 3.13 9.6 249 0.0302 Yes - - ;
11 7.1} 0.60 252 281 0.51 ] 3.13 3.81 | 11.0 249 0.0221 Yes - = i
12 7.9 0.63] 251 | 288 | 0.48 | .3.13 4.50 9.5 249 0.0221 Yes - -
; 13 9.0 | 0.68] 252 281 0.43 | 3.13 5.33 7.7 249 0.0221 Yes - - 1 Cup, No Prop. ; :
14 7.6 0.70 253 298 0.55 4.11 7.05 9.5 249 0.0168 Yes - - : 5
E 15 8.7 0.76 251 298 0.52 4,11 7.76 8.7 249 0.0168 Yes - - : ,
E 16 9.6 | 0.47 | 253 ] 250} 0.30 | 1.52 2.62 8.1 249 0.0455 Mo - - 3
E 7 9.1 N.57 | 249 257 0.38 | 2.29 3.70 8.1 249 0.0302 Mo - - co ‘
Note: 1. Lean Blowout, Unless Otherwise Noted - j
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Table LXIX. Altitude Relight Test Results, Configurations DS1A and DS1B.

Combustor Type - Double Annular Fuel Tnjector - As Noted

. All Pilot Stage Injectors Fueled
. Like Configuration 1I-16 Except Fuel Injectors as Noted

Simulated Blowout

- Flight TuﬁMQ%L_
3
(EQU1V)

Condition f
L Light | (EQUIV)
kg/hr f Off kg/hr . Notes

1)

» v
auE

E

km

=
9
e

(=]
B

5223

465 0.0953 Yes - * Airblast Injector
463 0.0965 Yes 95 0.0199 (DS1A)

376 0.0773 Yes - -
376 0.0773 Yes 82 0.0168
376 0.0459 Yes - -
376 0.0459 Yes 0.0200
376 0.0459 Yes 0.0366
376 0.0459 Yes 340 0.0416
0,0322 Yes 204 0.0175
0.0322 Yes 332 0.0284
0.0322 Yes 318 0.0273
0.0169 Yes 139 0.0094
0.0169 Yes 123 0.0083
0.0169 Yes 158 0.0107
0.0130 164 0.0086
0.0132 154 0.0081
0.0132 156 0.0082
0.0773
0.0459
0.0322
0.0169
0,0131
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0.0063 9 kg/hr nozzles
0.0094 (DS1B)
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88858
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0.0191
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Table LXX, Altitude Relight Test Results, Configuration
DS2A, DS2B, DS2C and DS2D,

Combustor “vpe = Louble Annular Fuel Injector = As Nored

e All Pilot Stage Injectors Fucled B
® Like Confipuration D4, Fxcept Fuel Infectors ar Yoted

Similated Blowour oo
Flipht torhuator Operation Gondition 7 " Liphtoff Attempt ucondhlun .n
: ] I THE ¥
Te T3 §Py R Lerp {ate-r/ | cequivy Lighe | (Equiv)
K 3 atm kpfu Z /s kp/hr £ Off kp/hr £ Hotes
292 1297 { 0,93 [ 147 | 0.3 | 773 | 249 | o.0a21 | Yes 3 | 0.0 | 9 kg/br nosales
293 | 30t | o.am | 247 | o6 | A4 | 200 | oloa?3 | Yeo 46 | o0.0087 | “cosaa
2931300 | o6z | Laz | 16 | 15,3 ] ze9 | wi0s73 | ven | 17 | o.o2m
393 | 299 [ 091 | Lz | ae | er | 269 | 0u0a73 | tes | 12 | wio2u -
201 | 208 0,28 [ 147 | 3.6 | 6.9 | 200 | 00672 | ves | 117 | o.v221
291 | 294 1 0.93 [ 2,30 | 0i7 | 4206 | 209 | o0.0291 | ven 41 | 0.0047
202 | 294 | 038 | 2,39 | 44 | 79 | 249 | 0,0291 | Yes | 136 | a.o0158
294 | 296 [ 0,37 | 2,39 | 5.5 | 6.6 | 249 | 00291 | vea | 13 | o.0162
289 | 291 | 0,03 | 3,05 | 1.3 | 340 | 249 | 00207 | Yes | 139 | a.0115
290 | 293 | 048 [ 3,35 | 5.3 | 9.1 | 249 | g.0z08 | ven | 147 | o.0122
200 | 293 | 0,45 | 235 | a2 | 7.8 | 240 | ocoz08 | ven | 152 | 0127
291§ 286 | 0.93 [ 5046 | 3.6 | 210 | 269 | 0,0128 | vos | 166 | 0.0085
287 | 289 | 0.68 | 5.42 | 6.2 | 1.2 | 249 { 0.0128 | Yes | 166 | o0.0085 o
288 | 284 | 0,63 | 5.44 | 7.5 | 9.6 | 249 | 0.0027 | Yen | 169 | 0.0086 | (4 of 5 cups)
288 { 284 [ 0,63 | 5047 | 251 9.6 | 373 | o018 | ves | 189 | o.o0ms 1
201 | 279 [ 0.66 | 550 | 85 | a6 | 240 | 00127 | Yes | 182 | 0.0092 | (3 of 5 cupm)
22| 297 | 0.2l | 147 | - wo | - - - 249 | oan1 | 2
291 {294 { 0.31 | 2,39 | 5.3 - - - 259 | 00291 | 2
28| s {291 a3 s | - &7 ] - - - 249 | p.0207 | 2
Lo | 2910 | 28 | 0.50 | 5,46 | - 60 | - - - 249 | owoizs | 2
0.5 | 289 | 208 | 0.24 | a7 | 4.8 | 5.3 | 209 0472 | wo - - .
0.5 | 289 | 208 | 0.2 | 347 ] 6.8 | 20 | 209 | 0.0472 | We - -
0.63 292 | 205 [ 0,31 | 2,39 | 6.7 | 5.3 | 249 | 0.0291 | o - -
o710 200 | 293 focd2 | 3.3 | 73 | 67 | 209 | 60208 | we - -
0.78 | 290 | 232 [ 0035 | 3.35 {108 | 47 | 249 | 0.0208 | ne - -
1.0 | 291 279 | 0.56 | 5,50 [ 9.7 | 7.6 | 249 | @.0127 | wo - -
0,96 | 288 | 287 | 0.56 | 5.50 | 9.5 | 7.7 | 373 | o.orss | wo - -
2 1510.5{>r0 | 291 | 286 } 0,50 | 5,87 | 73 | seo | 29 | 00128 | wo - =
T4 U0.9] 0.26 | 292 | 288 [ 0,94 | Loo | 0,33 | 77,3 | 2@ | U.0a54 | Yer 3T {0007 | 18 kgfhr nosaies
1wl 3.4 0.29) 234 | 291 | o.e7 | 1d0 | oiee | 3903 | 2u9 | olosss | ves 21 | o.0086 | (ns2p)
] 52| 0.33] 200§ 2e8 | 053] 150 | tos] 251 | 249 | 0.0454 | Yes | 106 | 0.0197
16| 9.2 0.43] 202 289 [ 0,30 § 1.50 | 3.a8| 8.1 | 249 | 6.0454 | Yes | 166 | 0.0308
1l n1| 0.33) 285 | 2es | 0.94 | 2,22 | e8] az.k | 249 | 00281 | . ves 48 | 0.005%
13| a8 o56] 202 288 0.3} 2.4z | as1] a2 | 249 | o282 ] veo | 193 | vl02m:2
7| 12| e39] 290288 fo.05 | 339 | 10| w2 | 200 | p.ozee | Yes | 182 | ol6l4s
0| 77| 0.62] 293|286 | 0.49 § 138 | 5.27] 0.2 | 249 | oioz0r | ves | a1l | olo116
9| 8.4 0.65( 201 | 284 | 0.45 | 339 | Gaz| 8o | 249 | 00191 | ves | 200 | o.0165
2| 2.1| o.55| 201 f 290 {096 | 545 | 330 2.3 ] 376 | 0.0191 | ves | 285 | o0.0125
17| 88| 0.90| 200 | 288 | 0,67 | 5.48 | 6.87| 109 | 376 | 0.0192 | ves | 207 | olo106
61 10.0) 0.97( 287} 282 { v.6a | 5.4 | 7.76) 9.8 | 37 | 0.0196 | Yes | 203 | c.0103
1% n.s 0,49 i) 23R N2k 1,50 - fh - - - 249 0.0454 2
20 9.9 0.60 | 289 ] 286 { 034 | 2042 | - 6.5 | - - - 249 | o281 | 2
2| 9.2] 0.69) 290 | 284 | a2 | 3.3 | - 6.9 | - - - 249 | o.0200 | 2
22 |a110f-1,0 | 291 290 | ous0 | 545 | - 61 - - - 269 | o.6l91 | 2
12| 9.6{ 059 | 292 | 287 1 0.35 | 2042 | 528 a8 | 20 | c.o2m | me - -
8 9.2 0. 69 292 284 | 0,42 3.59 7.22 6.9 kY1) 0.0308 Ho - =
13 0.8 0.26 | 202 | 28| 095 [ .50 [ 0,30 [ 79.6 | 245 | 0.0453 | Yes 4 | 0.0086 | 45 kg/hr nozeles
7| 32| 029 292 291 | 068 | L.4s | 0,67 | 41,0 | 269 | 0.0455 | Yem | 146 | 0.0%8 | (bsic)
16 4.9 033} 200 | 291 | 0,55 | 149 | 1.03] 265 | 249 | 00455 | ves | 163 | 0.0%3
151 86| 042 292 | 290§ 0.33 | a9 | 287 99 | 200 | 6.0855 | ves | 174 | 0.032%
Wl 9.3 046 | 203 | 288 | 0,30 | 150 | 59| R0 | 249 | 00653 | Yes | 185 | 0.0343
91 L1| 0,37 200 | 288 | 0,95 | 2,42 | 068 | 4904 | 209 | oio2m | ves | 196 | oloz2s
12| 8.9 a.56{ 201 | 287f0.38 | 2.42 | 470 &0 | 376 | 00431 | ves | 190 | o0.0218
w| 9.6 059 290 | 288 | 0,35 | 2,42 | 5.67| 6.7 | 408 | 0.0469 | Yes | 231 | 0.D266
50 12| 09| 291} 2931 094§ 336 | 129 3s.9 § 289 | 00703 | Yes - -
8 87| .67 | 201|293 [ 0.4 ] 330 | 667 76 | 376 | 03z | Yes | 183 | d.0152
7] 96| o7if 2ot | 293§ 041 | 33 | 78| 65 36 | 00312 | ves | 190 | .15
1| 2.1} 0,55 292 {294 { 0.94 | 5.37 | 3.22| 208 | 176 | 0.0106 | Yes | 213 | o.o0llo
4 0.0 0.97 | 291 | 291 { 0.6a | 5.60 | BII| 9l9 | 376 | 010193 | Yes | 197 | 0.0099
342100700 | 201 292 | 060 | 5.3 | Bes| &9 | 37 | 0.0193 | ves | 256 | 0.01%2
18 | 10,0 0.45 | 202 | 288 { 0,27 | dus0° | - 6.1 | - - 29 | o5 |2
19 | 0.4 0.62 | 291 | 288 | 0232 | 2022 | 5.5 | - - - 249 | 0.0281 | 2
20 | 20,4] 0.75] 291 | 298 | 0.37 { 3.3 | = 55 ] - - - 376 | 0032 | 2
1| 0.9 0.26 | 257 [ 293 | 0,94 | 1.59 | @3] 734 | 376 | o.0655 | ven -
2] 3.2 0.9} 354 | 22a-| 068 | 159 | B.65] 38a | 379 | 020655 | Yes - -
3] 61| 0,35} 253 | 265 | 0.43 | 159 | 1.08] 188 | 36 | 0.0855 | Yes - B
4| 76 0390 253 | 251 | 0,38 | L39 | 1897 1z.6 | 376 | 0.0655 | Yes - -
6 L1| 0.33 | 250 | 268 | 0.94 | 2.43 | 0.5 | 481 | 376 | 0.043%0 | Yeo - -
71 36] 0.38 ) 250 | 266 | 0.68 [ 243 | 132] 25,2 | 376 | o.04%0 | vee - -
8| s.6| 0.45] 251 | 263 [ 0,65 | 2.43 | 175 163 | 376 | 0.0430 | Yes - -
n| L2 o3} 21| 27 | ol 9 | 132 3.5 | 376 | 0.0%08 | Yes - -
12| 40| 0.67] 251 | 267 | 0.68 | 339 | 2:24| 18.0 | 376 | 0.008 | ves - - o
150 2,0 0.55§ 252 | 287 | 094 5045 | 321 2004 | 376 | 00091 | Yes - -
16 | Ses| 0.73 253 | 287 | 0.7 | 545 | ho9s] 1as | e | oiolst | ves - -
17| 84| 0.88] 253 | 287 | 068 | 5.45 | e.28{ 102 | 376 | 0.0051 | Yes - -
18| 9.41 0.94] 253 | 288 | 065 | 5.45 | 6.95| 10.4 | 376 | 0.019% | Yes - -
5| 9.0f 0,43 250 | 264 [ 0.31 | 1.59 | 227 Bio | 376 | 0.0655 | Yes - -
9| 82} 056 251 | 257 [ edar | 2.a3 | 321 93 | 376 | 0.0430 | Yes - -
101 9.5 0.59 1 249 | 247 | 0,36 | 2,43 | 5,23 69 ) 3 | 0.04%0 | ves - -
13| 6.4 0.57 | 252 {268 | 055 | 330 | 61| 11,7 |6 | 0,0008 | Yes - - ;
3 ) 9.0} o681 252 | 262 f 0,63 | 330 | scon | 7.2 | san | 0.0447 | Yes - -
ZU| 3, {030 [ 289 | 29 | 0.66 | 1.48 | 0.7L | 36.B | 376 | 0.00F | Yes | 133 | 0.0769 | ALrblast Injector
23 5 | 0.33( 200 {292 | 0,53 | 149 | .02 | 246 | 376 | 0.0699 | ves | 285 | 0.0532 |  (ps2m)
26| 7.4 0.39 | 200 | 292 [ 040 | 149 | 1298 140 | 396 | 0.0699 | Ve | 67 | 0.0684
25| 8.0f 060 [ 200 292 § 036 } .49 | 243 | 1.7 | 376 | 0.0699 | Yes | 34 | o.p6s9
9| 2l] 033|288 | 308 {00k | 2,96 | 072 | a8 | A7 | 0.0849 | Yoo 95 | 0.0113
1| 7.7) 0.52 | 288 | 306 | 0.44 [ 2.35 | 3.6 [ 20:8 | 472 1| 0.0547 | Yes | 201 | 0.03%%
0 8.6 o056 287|070 |z | aar| 9.3 | 412 | 0.5 | ves | 205 | o.0tes .
2| L2f0.30] 285 {30094 |33 | 1200 35,1 | w6 | 0.0%5 | ves | 256 | e.0215
41 221 0.4 | zae | 00 0,82 | %31 | 172 27,0 | 472 | 0.0388 | Yes | 264 | 00221
71 .6 o.58) zes {206 | 056 | 027 | w36 1ie |42 | oo | Yes | 38 | c.0m
61 8.1 0.63) 283 | 305 | 0.7 | 3.28 | .51 9.0 | 472 | 0092 | ves | 435 | 0.0%9
s | 88l 067282 {302 04 |32 | 64| 7.7 | 472 | 0,02 | Yes | 235 8
174 2.1 055 | 289 | 202 | 0.9% | 530 | 327 | 2100 | 240 | o028 | ves | 225 | olonis
15| 8.80 091205 302|067 {530 | 690 ] 11 | 36 | 0.0197 | Yea - -
18 1 10,0 097 Fa9s [ 02 Poses {530 | 760 ] 20,0 | 326 | 0.0197 | ves | 168 | o.0088 .
26| 80] 040|290 1292 |0.36 [ L80 | ~ | an7 | - - - 249 | 0.0456 | .2 )
1B &4l 0a1|zaa e o062 {205 ] - |27 ] - - 269 | 0.0200 | 2
12 70| 049 {288 | 306 | 047 {2035 | - | 1208 | - - - 376 | o0 | 2
27| 9,21 6.87{ 288 | 308 |0.37 | 2.3 | - 7284 - - - a2 | oowse | 2
28 | 2.5 0.8} 285 | 300 |0.79 | 531 | - | 2aws |- - - 376 | 0.0315 | 2
2 96| 071 | 286 [ 300 | 0oa1 | 531 | - 6.5 | - - - 472° | 0.0388 | 2
% [>11.0 [=%.0 | 289 | 302 |o.54 {5310 | - 12 | - - - 249 | o.ol2g | 2
Y| 0.9} 0.26 | 288 | 309 [ 0u94 | 146 | 0.29 | 79.6 | 472 | 0.0878 | e - -
N9t 1, Lonn Blovout, Unlens Dtherwlse Notod
2. Pressire Blovant
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Table LXXI, Altitude Relight Test Results, Configuration DS3.

Combustor Type - Double Annular Fuel Injector - Std. Production Nozzles

e All pilot stage injections fueled
® Like configuration D1 except for pilct swirlers

Simulated Blowout
Flight ating Condition Lightoff Attempt Conditi
Condition

t.] Mp

Wi Wi
Ve ap/p (EQUIV) Light=| (EQUIV)
xg/s % kg/hr £ off | kg/br

249 0.0502 Yes
249 0.0503 Yes
249 0.0503 Yes
249 0.0503 Yes
249 0.0503 Yes
249 0.0289 Yes
249 0.0290 Yes
249 0.0289 Yes
249 0.0209 Yes
249 0.0209 Yes
249 0,0209 Yes
249 0.0124 Yes
249 0.0124 Yes
249 0.0124 Yes
408 0.0203 Yes
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Notes:
1. Lean Blowout, Unless Otherwise Noted
2, Pressure Blowout

Table LXXII. Altitude Relight Test Results, Configuration Ds4.,

Combustor Type - Double Annular Fuel Injector - Std. Production Nozzles

e All pilot stage injectors fueled
® Like configuration D4 except for pilot swirlers

Simulated
Flight atin Ctﬂt_lltio Lightoff Attempt
Condition Wg 'f

Alt.] Mp Ty W, AP/P (EQULY) Light=-

km K kg?s % kg/hr of f f

1.34
1.34
1.34
1.34
1.34
2,34
2.32
2.33
3,20
3.21
3.21
3.26
5.45
5.45
5.45
5.45
1.34
2.34
3.20
5.40

249 Yes 0.0113
249 Yes 0.0141
249 Yes 0.0124
249 Yes ©.0124
249 Yes 0.0124
249 Yes 0.0097
249 Yes 0.0140
249 Yes 0.0140
249 Yes 0.0090
249 Yes 0.009%0
249 Yes 0.0087
249 Yes 0.0053
249 Yes 0.0067
Yes 0.0061
Yes 0.0061
Yes 0.0057

- 0.0508
- 0.0291
- 0.0291
- 0.0216

296
294
294
294
294
293
294
289
287
287
287
287
287
287
286
293
293
289
287
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1. Lean Blowout, Unless Otherwise Noted
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LXXIII. Altitude Relight Test Results, Configuration DS5A ,

Combustor Type - Double Annular Fuel Injector - As Noted

e All pilot stage injectors fueled
e Like configuration D5 except has preprototype primary swirler (CS2)

Simulated Blowout
Combustor T Lightoff Attempt Condition(1)

We b3
TF T3 (EQUIV Light | (EQUIV)
K K kg/hr off kg/hr Notes

286 | 280 209 Yes 60 9 kg/hr Nozzles
290 | 281 249 Yes 68 (DS5A)
290 | 281 249 Yes
290 | 281 ; 249 Yes 66
286 | 280 249 Yes 82
290 | 280 249 Yes 82
290 | 280 249 Yes
286 | 278 249 Yes 89
290 | 288 249 Yes 102
290 | 283 249 Yes 123
286 | 279 249 Yes 149
286 | 278 249 Yes 149
286 | 27 249 Yes 171
286 | 279 249 Yes 102 0206 18 kg/hr Nozzles
286 | 278 249 Yes 143 (DSSB)
286 | 278 249 Yes 103
286 | 277 249 Yes 102
286 | 279 249 Yes 137
286 | 277 249 Yes 109
286 | 277 249 Yes 88

277 249 Yes 103
278 249 Yes 137
286 | 277 249 Yes 119 0.0105
286 | 276 249 Yes 117 0.0
286 | 278 249 Yes 157 0.0082
286 | 276 249 Yes 163 0.0084
286 | 276 249 Yes 170 0.0088
241 296 249 Yes 204 0.0416

290 Yes 177 | 0.0352 J
290 Yes 0.0326 Facility Limit
248 | 289 249 Yes o No Prop, Fac. Lim.
238 | 295 321 Yes 0.0262
245 289 249 Yes 0.0169
243 | 290 249 Yes 0.0284
252 | 290 249 Yes 0.0257 Facility Limit
257 283 376 Yes 0,0128
253 | 286 249 Yes 0.0129
243 | 294 249 Yes 0.0125
243 | 289 249 Yes 0.0120
243 | 289 Yes 0.0117 Facility Limit
243 | 293 Yes 0.0118
243 | 295 Yes 0.0079
242 289 Yes 0.0076
237 | 289 Yes 0.0084
52 | 303 Yes 0.0284 14 kg/hr Nozzles
272 Yes 0.0334 (DSSC)
260 Yes 0.0342
251 Yes 0.0367
242 Yes 0.0423
304 Yes 0.0214
272 Yes 0.0752
261 Yes 0.0233
256 Yes 0.0247
304 Yes 0.0166
272 Yes 0.0251
272 Yes 0.0251
262 Yes 0.0234
304 Yes 0.0103
303 Yes 0.0019
303 Yes 0.0110
303 Yes 0.0121
272 0.0502
256 0.0359
262 0.0315
272 0.0215
303 0.0128
251 -
244
261
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Notes:
1. Lean Blowout, Unless Otherwise Noted
2, Pressure Blowout
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Table LXXIV. Altitude Relight Test Results, Configuration DS19,

Combustor Type - Double Annular Fuel Injector - 14 kg/hr Prototype Nozzles

e All pilot stage injectors fueled
® Like configuration D7 except has preprototype primary swirler (CS2)

Simulated Blowout

Flight Combustor Operating Condition Lightoff Attempt Condition(l)

Condition Wi Wg

% 17 il | % 4P/P (EQUIV) Light | (BQUIV)
K K atm | kg/s b3 kg/hr E of f kg/hr f

FE
b )
>
(-
b4

"

oWV NULwWOUnW

298 | 299 | 0.93| 3.17 267 0.0234 Yes 231 0.0203
298 | 299 | 0.55| 3.18 305 0.0266 Yes 217 0.0190
298 | 296 | 0.48 ] 3.17 376 0.0329 Yes 199 0.0174
301 | 301 | 0,93 | 5.32 332 0.0173 Yes 238 0.0124
298 | 299 | 0.76 | 5.33 381 0.0199 Yes 232 0.0121
298 | 300 | 0.63| 5.33 286 0.0149 Yes 278 0.0145
298 | 299 | 0.44} 3.17 - - - 267 0.0234
301 | 301 | 0.60} 5.32 - - - 376 0.0196
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Notes:
1. Lean Blowout, Unless Otherwise Noted
2. Pressure Blowout

Table LXXV, Altitude Relight Test Results, Configuration DS20.

Combustor Type - Double Annular Fuel Injector - 14 kg/hr Prototype Nozzles

e All pilot stage injectors fueled
e Like configuration D7 except has preprototype primary swirler (CS2)
and no pilot dilution

Simulated Blowout
Flight Combustor Operating Condition Lightoff Atten Condition(l)
Condition PT/V W Ws
Mp w | 13 Ve ap/P | atm-K/|(EQUIV) (EQUIV)
K K kg/s m/s kg/hr f kg/hr f

B

®
g

309
309
309
309
304
304
309
308
309
308
304
308
307
306
309
309
308
304

1.32 . 88.1 | 249 0.0515 95 0.0200
1.32 . 44.7 | 249 0.0516 101 0.0212
1.32 . 249 0.0516 136 0.0286
1.32 249 0.0515 131 0.0286
2.37 249 0.0300 122 0.0150
2.26 249 0.0300 135 0.0190
2.26 249 0.0300 150 0.0184
3.12 249 0.0218 163 0.0145
3.12 249 0.0218 163 0.0146
3.12 249 0.0218 177 0.0158
5.28 249 0.0129 169 0.0082
5.26 249 0.0129 169 0.0089
5.27 249 0.0129 167 0.0088
5.28 249 0.0129 169 0.0089
1.32 - - 249 0.0515
2,27 - - 249 0.0300
3.12 - - 249 0.0218
5.28 - - - 249 0.0129
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Notes:
1. Lean Blowout, Unless Otherwise Noted
2. Pressure Blowout
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Table LXXVIII. Altitude Relight Test Results, Configuration DS23.

Combustor Type = Double Annular Fuel Injector = 17 kg/hr Prototype Nozzles
@ All Pilot Stage Injectors Fueled

e Like Configuration Except Has Preprototype Primary Swirler
(cs2) and Dilution in Fourth Panel

Simulated | Blowout
Flight Combustor Operating Condition Lightoff Attempt Condition
Condition PT/V

1)

-

We We
M e s We sp/P | atm-k/| (EQUIV) Light | (EQUIV)
km P K K atm | kg/s m/s kg/hr f off kg/hr f

o

301 | 298 | 0.93
301 | 298
301 | 298
301 | 298
301 | 298
301 | 297
301 | 302
301 | 297
301 | 297
301 | 298
301 | 298
301 | 297
301 | 298

R

VMW LWNULUNOYSON

249 0.0454 Yes 112 0.0230
249 0.0516 Yes 122 0.0252
249 0.0262 Yes 150 0,0180
249 0.0301 Yes 109 0.0131
249 0.0209 Yes 133 0.0121
249 0,0219 Yes 134 0.0117
249 0.0121 Yes 163 0.0085
249 0.0119 Yes 174 0.0090
249 0,0119 Yes 154 0.0088
251 0.0516
251 0,0301
250 0.0219
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Notes:
1. Lean Blowout, Unless Otherwise Noted
2. Pressure Blowout

Table LXXIX, Altitude Relight Test Results, Configuration DS24,

Combustor Type - Double Annular Fuel Injector - 17 kg/hr Prototype Nozzles
e All Pilot Stage Injectors Fueled

e Like Configuration D8 Except Has Preprototype Primary
Swirler (CS2) and Dilution in First and Second Panels

Simulated
Flight Combustor Operating Condition Ligl of f Attempt
Condition PT/V Vg

Alt. Iy I M We ap/p | atm-K/| (EQUIV) Light
km K K atm kg/s % m/s kg/hr f off

301 0.93 | 3.19 ] 1.45 35.6 318 0.0277 Yes 0.0223
301 0.93 | 5.33 | 4.13 21.3 329 0,0172 Yes 0.0143
301 0.65 | 5.33 | === 10.2 — o —— 0.0131
k 13E TR 0,93 | 5,10 | 3.73 22.3 54 0.0193 No -—

Notes:
1. Lean Blowout, Unless Otherwise Noted
2., Pressure Blowout

URIGINAL PAGE IS _
OF POOR QUALITY ~ FRECEDING PAGE BLANK NOT FILMED
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Table LXXVIII. Altitude Relight Test Results, Configuration DS23.

]
. Combustor Type - Double Annular Fuel Tnjector — 17 kg/hr Prototype Nozzles J
e All Pilot Stage Injectors Fueled i

A

e Like Configuration Except Has Preprototype Primary Swirler
(C$2) and Dilution in Fourth Panel

Simulated | Blowout (1) g
Flight Combustor Operating GCondition Lightoff Attempt Condition %
Condition | PT/V g We j
Rdg| Alt.| ™ * Ty T3 P3 We AR/P atm-K/ [ (EQUIV) Light | (EQUIV) 5
No.| km 4 K K atm kg/s % m/s kg/hr £ 0ff kg/br £ Notes i
i
12 1.0 | 0.26 | 301} 298 | 0.93 | 1.35 | 0.28 84,7 249 0.0454 Yes 112 0.0230
13 9.4 | 0.44 | 301 | 298 [ 0.30 | 1.35 | 3.23 8.6 249 0.0516 Yes 122 0.0252
; 9 1.2 | 0.33 ] 301 | 298 | 0.93 ) 2.31 | 0.82 49.4 249 0.0262 Yes 150 0.0180
; 11 3,7 | 0.59 | 301 298 | 0.35 | 2.31 | 6.52 6.8 249 0.0301 Yes 109 0.0131
: 6 1.2 | 0.39 ] 301 | 298 | 0.93 | 3.18 | L.46 35,9 249 0.0209 Yes 133 0.0121
N 8 9.9 | 0.72 | 301} 297 | 0,40 { 3.18 | 8.98 6.5 249 0.0219 Yes 134 0.0117 :
2 2,2 | 0.55 | 301 | 302 | 0.93 | 5.32 | 4.04 21.5 249 0.0121 Yes 163 0.0085 :
5 9,1 | 0,92 | 301} 297 | 0.66 | 5.36 | 8.70 10.7 249 0.0119 Yes 174 0.0090 g
4 |<11.0 |<1.0 301.| 297 | 0.61 | 5.36 {10.29 9.3 249 0,0119 Yes 154 0.0088
i 15 9.4 { 0.44 | 301§ 298 [ 0.30 } 1.35 [ -~ 8.6 —_— — ——— 251 0.0516 2 ;
14 | 10.9 | 0.64 | 301 | 298 | 0.30 | 2.3L{ —- 5.3 — —— ——— 251 0.0301 2
- 7 110.7 | 0.76 | 301} 297 | 0.36 | 3.18 | - 5.5 ——— — ——— 250 0.0219 2
. 10 | 10.6 | 0.62 | 301 { 298 | 0.31 { 2.31 | 8.16 5.6 249 0.0301 No — ———
- Notes:
1. Lean Blowout, Unless Otherwise Noted
. 2., Pressure Blowout ‘
4
; Table LXXIX., Altitude Relight Test Results, Configuration DS24,
{ : Combustor Type - Double Annular Fuel TInjector — 17 kg/hr Prototype Nozzles
: .
' e All Pilot Stape Injectors Fueled
1
® lLike Configuration D8 Except Has Preprototype Primary
Swirler (CS2) and Dilution in First and Second Panels §
‘ |
i o Simulated Blowout ﬁ
" : Flight Combustor Operating Condition Lightoff Attempt Condition(l)
Condition ) PT/V | Wg Wg
Rdg [ ALt | M Tp T3 P3 We ap/P | atm-K/| (EQUIV) Light | (EQUIV)
No. | km p K K atm kg/s % m/s kg/hr f Off kg/hr f Notes
: 3 1.2 §0.39.§ 301 | 296 | 0.93 | 3.19 | 1.45 35.6 318 0.0277 Yes 256 0.0223
i o 1 2.2 {0,551 301 300 | 0.93 | 5.33 | 4.13 21.3 329 0.0172 Yes 274 0.0143
; 4 9.7 | 0.95 | 301} 300 | 0.65 | 5,33 | - 10.2 —— —— - 251 0.0131 2
5 2 2.2 }o0.55 | 301 | 300 | 0.93 ] 5.10 { 3.73 22.3 354 0.0193 No —— —
f i Notes: :
; 1. Lean Blowout, Unless Otherwise Noted
2, Pressure Blowout

URAIGINAL PAGE IS ,‘
OF POOR QUALITY, ~ FRECEDING PAGE BLANK NOT FILMED
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Table LXXX. Altitude Relight Test Results, Configuration DS28.

Combustor Type - Double Annular Fuel Injector - 17 kg/hr Prototype Nozzles

s All Pilot Stage Injectors Fueled

e Like Configuration D12A Except Primary Swirler Ae = 0.733 cm?

‘l,u RIS S S

Simulated Blowout )
Flight Combustor Operating Condition Lightoff Attempt Condition "~
’ Condition PT/V We Ve
E Rdg| Alt.| M Ty T3 Pj Ve AP/P | atm-K/ | (EQUIV) Light | (EQUIV)
[ No.| km P K id atm | kg/s % n/s kg/hr £ 0ff kg/hr £ Notes
? 1 0.6 | 0.26 | 302 | 317 | 0.99 1.32 | 0.24 98.3 167 0.02352 Yes 76 0.0159
3 9 5.5 ] 0.34 | 302 | 317 | 0.51 | 1.32 | 1.06 26.1 162 0.0341 Yes 90 0.0190
8 6.4} 0.36 | 302 | 317 | 0.46 | 1.32 | 1.27 20.8 172 0.0363 Yes 80 0.0168
: 7 8.4 | 0.41 | 302} 317 | 0.34 | 1.32 | 1.83 11.7 178 0.0375 Yes 66 0.0139
3 6 ‘9.2 1 0.43} 302 317 | 0.31} 1.32 | 2.13 9.3 180 0.0380 Yes 67 0.0142
0 15 0.9 | 0.3 | 302 314 | 0.98 | 2.18 | 0.56 58.4 167 0.0213 Yes 83 0.0105
| 10 6.0 1 0.46 | 302 | 314 | 0.52 j 2.18 | 2.35 16.5 189 0.0241 Yes 86 0.0110
i 14 8.3 | 0.54 | 302 | 314 | 0.41 | 2.18 | 3.17 10.2 178 0.0226 Yes 83 0.0106
’ 13 9,1 | 0.57 | 302 314} 0.37 | 2.18 | 4.13 8.5 167 0.0212 Yes 91 0.0116
3 16 0.9 { 0.40 | 299 314 | 0.99 | 3.09 1.13 41.5 171 0.0154 Yes 112 0.0101 |
: 20 3.1 1 0.64 } 299 314 | 0.47 | 3.09 5.39 9.4 179 0.0161 Yes 126 0.0113 |
19 9.0 | 0.68 | 299 314 | 0.43 1 3.09 | 6.54 7.8 193 0.0174 Yes 120 0.0108
22 1.5 1 0.53 | 301 | 312 | 1.00 | 5.23 | 3.13 25.0 198 0.0105 Yes 149 0.0079 —
27 7.9 0.86 301.{ 312 | 0.69 | 5.23 ] 6.69 12.1 194 0.0103 Yes 143 0.0076 1
26 9.6 | 0.95 301 ] 312 | 0.65 | 5.23 | 7.88 10.6 183 0.0097 Yes 145 0.0077
25 |<11.0 |<1.0 301 | 312 ] 0.58 | 5.23 }10.31 8.4 203 0.0108 Yes 145 0.0077
12 | 10.4 | 0.62 | 302 ] 314} 0.32 | 2.18 | - 6,2 —— — —_— 247 0.0314 2
24 1<11.0 |<1.0 301 | 312 | 0.50 | 5.23 | ~=- 6.3 —— — —— 247 0.0131 2
5 | 10.0 | 0.45 | 302 317 | 0.27 | 1.32 | 3.86 7.1 143 0.0301 No —-— — 1
41 10.0| 0.61 | 302 | 314 ] 0.34 | 2.18 | 5.04 6.8 181 0.0230 No — -——
18 9.9 | 0.72} 299 314 | 0.40 3.09 7.63 6.7 191 0.0172 No — —— |
]
Notes:
1. Lean Blowout, Unless Otherwise Noted
2. Pressure Blowout e b
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Table LXXXI. Altitude Relight Test Results, Configuration DS29.

Combustor Type - Double Annular Fuel Injector — 17 kg/hr Prototype Nozzles
e All Pilot Stage Injectors Fueled

e Like Configuration D12A

f
i

[)L Lahs ¥ 5K AVJMU; P

2
E = — Simulated Blowout )
£ L5 v} G2 Flight Combustor Operating Condition Lightoff Attempt Condition
(@) E Condition FT/V | Wg Vs
(o) Rdg] Alt.] M v | T3 | P3 Ve AP/P | atm-K/{ (EQUIV) Light| (EQUIV)
w ? No. P K K atm Kg/s % n/s kg/hr £ Off kg/hr £ Notes
g o 37 0.7 1 0.26 | 299 | 3131 0.99 | 1.33 ] 0.22 95.9 173 0.0360 Yes 137 0.0286
> 41 8,3 0.41{ 299} 313} 0.35}{ 1.33 | 1.8 12.2 208 0.0432 Yes 120 0.0250
? P 42 8.7} 0.42 | 299 | 313 | 0.33 | 1.33 | 5.94 10.8 200 0.0415 Yes 125 0.0261
= 31 9,0 | 0.43| 299 | 313 | 0.31 | 1.33 | 1.89 9.6 212 0.0441 Yes 116 0.0242
a 24 0.9 | 0.34] 298 | 312 | 0.99 | 2.23 | 0.54 58.3 181 0.0225 Yes —- —_—
: 34 6.1 ] 0.46 | 298 | 312 | 0.52 | 2.23 | 2,07 16.1 206 0.0257 Yes 135 0.0169
33 6.6 | 0.48] 298 | 312 | 0.49 | 2.73 | 2.09 14.5 205 0.0255 Yes 137 0.0170
32 7.1 1 0.50 | 298 | 312 | 0.47 | 2.23 | 2.41 13.0 206 0.0258 Yes 133 0.0166
31 7.6 | 0.52| 298 | 312 | 0.44 | 2.23 | 2.99 11.6 211 0.0264 Yes 137 0.0170
30 8.1 053] 298 | 312 | 0.42 | 2.23 ) 3.28 10.4 239 0.0299 Yes 115 0.0143
29 8.7 1 0.551 298 | 312 | 0.39 | 2.23 | 4.25 9.1 260 0.0324 Yes _— ——
28 9,1] 0,57} 298 | 312 | 0.37§ 2.23 | 5.12 8.3 282 0.0328 Yes 122 0.0153
13 0.9 1. 0.40| 297 [ 308 | 0.99 | 3.15 | 1.17 41.1 204 0.0180 Yes 134 0.0118
23 5.9 | 0.55 ) 297 | 308 | 0.57 | 3.15 | 3.62 13.6 194 0.0171 Yes 135 0.0119
22 6.5 0.57{ 297 | 308 | 0.54 ] 3.15 | 4.03 12.4 196 0.0173 Yes 140 0.0123
21 6.9 1 0.59 | 297 | 308 | 0.52 3.15 | 4.33 11.4 208 0.0183 Yes 142 0.0126
20 7.4 0.61] 297 1 308 | 0.50 | 3.15 | 4.75 10.5 215 0.0110 Yes 137 0.0120
18 7.8 °0.63| 297 { 308 | 0.48 | 3.15 | 5.09 9.8 199 0.0176 Yes 139 0.0122
18 8.1 0.64 ) 297 | 308 | 0.47 | 3.15 | 5.62 9.1 198 0.0155 Yes - —
16 9.0 0,68} 297 308 ] 0.43} 3.15 | 6.98 7.7 272 0.0240 Yes —— ——
15 9.7 0.71| 297 { 308 | 0.40 | 3.15 | 7.71 6.7 271 0.0239 Yes —_— —
1 1.5 0.53 | 295 302 | 0.99 | 5.40 | 3.22 24.1 209 0.0107 Yes 151 0.0078
11 8.4 | 0.881] 295 | 302 | 0.68| 5.40 | 7.13 11.3 225 0.0116 Yes 151 0.0077
10 9,01 0.91§ 295 302 ] 0.66  5.40 | 7.55 10.8 227 0.0117 Yes 160 0.0082
9 9,8 0.96 | 295 | 302 | 0.64 | 5.40 | 8.32 10.1 275 0.0142 Yes 152 0.0078
71.10.71 1.0 295 | 302 | 0.62 | 5.40 | 8.95 9.4 213 0.0110 Yes —— —
6 }[<10.7 | <1.0 295 | 302 | 0.58 | 5.40 [10.67 8.2 219 0.0112 Yes 177 0.0091
38 | 10.2 | 0.46 [ 299 | 313 { 0.26 | 1.33 | —= 6.5 — —— —— 249 0.0515 2
27 | 10.2 ]| 0.61| 298 | 312 | 0.33 | 2.23 | —— 6.3 — — —— 249 0.0308 2
14 {10.3 | 0.74 | 297 | 308 | 0.38§ 3.15{ - 6.0 — — — 249 0.0218 2
. 4 1<10.7 }<1.0 295 { 302 | 0.55| 5.40 | —~ 7.3 — — ——— 249 0.0127 2
Notes:
1. TILean Blowout, Unless Otherwise Noted
[ 2. Pressure Blowout
I O
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Table LXXXII.

DY ‘M dothar by B s et G M
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Altitude Relight Test Results, Configuration DS30,

Combustor Type — Double Annular

® All Pilot Stage Injectors Fueled

e Like Configuration D12A Except Primary
Swirler A = .833 cm?

Fuel Injector - 17 kg/hr Prototype Nozzles

Simulated Blowout (1)
Flight Combustor Operating Condition W Lightoff Attempt wConditian
Condition T T P W PT/V £ £
Rdg[™ Alt.| . ¥ 3 3 c Ap/P | atm-K/ | (EQUIV) Light | (EQUIV)
No.| km P X K atm kg/s % m/s kg/hr £ 0ff kg/hr £ Notes
28 1.0 | 0.26 | 302 | 313] 0.93 [ 1.34 0,32 85.0 175 0.0364 Yes 37 0.0077
30 2.2 | 0.27 | 302§ 313| 0.77} 1.34 0.45 | 58.7 181 0.0377 Yes 37 0.0077
32 4,7 | 0.32 | 302 | 313 0.57 | 1.34 1.08 1 31L.6 175 0,0364 Yes 80 0.0167
35 9,5 | 0.44{ 302 313] 0.29 [ 1.34 3.04 8.3 195 0.0406 Yes 81 0.0169
26 1.1 0.33 | 302 | 313 0.94 | 2.23 0.66 ) 52.7 176 0,0219 Yes 76 0.0095
20 7.3 1 0,50 | 302 | 313} 0.46 | 2.23 2.83| 12.5 171 0.0214 Yes 116 0.0145
24 8.6 | 0.55 | 302} 313 0.40 ) 2.23 3,92 9.3 176 0.0220 Yes 105 0.0131
11 1.1 | 0.39 | 304 313} 0.95 | 3.13 0j 37.7 176 0.0156 Yes 82 0.0073
18 6.9 | 0.59 | 304 | 313 0.52 | 3.13 3,96 | 11.4 186 0,0165 Yes 105 0.0093
16 8.3 | 0.65 ] 304 | 313 0.46 | 3.13 4,96 8.9 199 0.0176 Yes 106 0.0094
15 9.0 | 0.68 | 304 | 313 0.43 | 3.13 6.49 7.7 195 0.0173 Yes 104 0.0092
3 1.1 | 0.52) 305 313} 1.05| 5.31 3,01t 27.2 199 0.0104 Yes 134 0.0070
10 5.6 | 0,73 ] 305 | 313] 0.77 | 5.31 5.83 | 14.6 191 0.0100 Yes 134 0.0070
- 9 6.7 | 0.78 | 3051 313}{ 0.73| 5.31 6.53 1 13.3 181 0.0095 Yes 118 0.0062
7 ] 10.5 | 1.0 305 | 3131 0.63 | 5.31 9.06 9.7 208 0,0109 Yes 118 0.0062
5 [»10,7 |>1.0 305 313| 0.58§ 5.31 | 10.79 8.4 225 0.0118 Yes 128 0.0067
23 9.4 | 0.58 | 302 | 313§ 0.36 | 2.23 - 7.7 - - Yes 249 0.0308 2
34 | 10,2} 0.46 | 302 ] 313 0.26 | 1.34 7.35 6.7 247 0.0513 No - -
13 9.8 { 0.71 1 304 | 313 0.40| 3.13 7.75 6.7 247 0.0219 No - -
15 0.8 | 0.25 | 300 | 308 ] 0.99 [ 1.36 0.2 95.4 173 0.353 Yes 151 0.,0307
33 4,9 | 0.32 § 302 | 313 0.56 | 1.33 1.1 31.6 247 0.0233 Yes 150 0.0311
10 8.2 | 0.40 | 300 ; 306 0.36 | 1.36 1.8 13.0 170 0.0346 Yes 152 0.0311
11 9.4 | 0.43 | 300 | 306 0.30f 1.36 2.7 9.2 166 0.0340 Yes 147 0.0299
13 | 0.1 | 0.45 } 300 | 306} 0.26 | 1.36 3.6 6.9 169 0.0345 Yes 145 0.0297
17 0.9 | 0.32 | 300 | 308] 0.99 | 2.23 0.6 58.4 172 0.0214 Yes 136 0.0169
5 6.7 | 0.47 | 301 | 305 | 0.49 | 2.26 2.8 14.0 176 0.0217 Yes 169 0.0208
28 7.6 | 0.52 1 303§ 311 0.43] 2.23 3.8 10.8 167 0.0208 Yes 156 0.0195
6 7.9 | 0.53 | 300 | 305 | 0.42 | 2.26 4.0 10.4 176 0.0216 Yes 168 0.0207
24 9,8} 0.581 302 | 313| 0.38| 2.23 5.7 8.6 170 0.0212 Yes 111 0.0138
19 0.9 | 0.37 { 300 308} 1.01} 3.16 1.2 42.5 181 0.0158 Yes 123 0.0108
34 4,71 0.50 | 303 ] 302 0.64 | 3.18 3.1 16.9 182 0.0159 Yes 173 0.0151
2 7.3} 0.60 { 300 302 | 0.53| 3.18 5.4 10.0 185 0.0161. Yes 172 (1.0130
: 35 9.4 | 0.70 | 304 | 313} 0.43} 3.13 6.5 7.7 215 0.0191 Yes 104 0.0092
: 22 1.2} 0.53 | 302} 309 1.05| 5.33 3.1 26,9 194 0,0101 Yes 184 0.0096
32 6.1 | 0.74 ] 303 | 302! 0.73} 5.42 6.4 13.3 193 0.0099 Yes 163 0.0084
30 9.8 { 0.97 ] 303} 300| 0.63 | 5.42 9.1 9.8 201 0.0103 Yes 158 0.0081
23 | 10.3 | 0.65 } 302 | 313} 0.36 | 2.23 - 7.7 - - Yes 249 0.0311 2
14 | 10.4 | 0.77 | 304} 313 ] 0.3%] 1.15 7.8 6.8 249 0.0221 No - -
11 1.1 ] 0.26 | 243 307 | 0.94 | 1.31 0.2 87.7 249 0.0521 Yes 41 0.0086
10 6.1 ] 0.35( 238 | 257 | 0.48 | 1.31 0.8 22.4 249 0.0526 Yes 122 0.0258
9 7.6 | 0.38 ] 226 { 249 ] 0.39 | 1.31 1.3 15.0 249 0.0527 Yes 136 0.0286
12 1.2 | 0.33 | 248 | 308 0.93( 2.29 0.7 50.2 249 0.0305 Yes 101 0.0123
N 7 7.0 | 0.48 | 244 | 262} 0.48 | 2.26 2.5 13.1 249 0.0307 Yes 117 0.0144
f 13 1.5 { 0.40 | 242 309 | 0.93 | 3.10 1.4 36.2 249 0.0224 Yes 182 0.0163
E 5 6.4 | 0.56 | 241 | 274} 0.54 | 3.10 3.6 12.7 249 0.0244 Yes 199 0.0178
5 1 7.9 { 0.86 | 248 | 308 ] 0.68-1 5.25 7.6 11.5 249 0.0132 Yes 191 0.0101
# 2 9.1 { 0.93 ] 243 | 311 | 0.65 | 5.23 8.3 10.7 367 0.0195 Yes 204 0.0108
Y 8 8,5 | 0.53 | 244 | 258 0.40. 2.26 3.4 9.3 367 0.0451 No - -
E 6 7.9 | 0.62 | 244 | 268 | 0.48.% 3.10 4.8 9.6 408 0.0365 No = -
£ Notes:
' 1. Lean Blowout, Unless Otherwise Noted
2. TPressure Blowout
| | 192 0 2,
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Table LXXXIII.

Idle Emissions Test Results, Swirl Cup Investigation.

Pilot Stage(l) Features

Secondary Emission Index, (2) g/kg @ f =
Configuration Fuel Primary Mixing .008 .009 .010 .011 L012 .013 .015
Number - Nozzle Type | Swirler Type Section Cco HC Co HC Cco HC Cco HC co HC cz HC co HC
DS3 Standard B5 No - - 77.1149.5| 68.8] 35.6 | 66.2 | 24.9 | 68.0 | 26.2 | 70.1 | 16.5] - -
Production
CF6-50 67.6 1 25.7
DS4 Standard B5, 25% No 80.5150.4 [71.2|34.9}71.3{ 25.3174.7 |118.9 - - 77.6 1 12.4 - -
Production | Reduced
CF6-50 Flowrate
DS5A Prototype Prototype Yes 48.3112.5| - - 40.0( 3.0(39.8| 2.4 }48.1| 1.4 - - - -
39.5| 1.7
DS5B Development | Prototype Yes ~ - 48.0114.5| - - 35.9|1 5.0 - - 36.84 2.0]{48.7| 0.8
DS6 Development { Development Yes - - 37.6| 8.1|39.7} 7.4135.7} 5.2 (36.3| 3.0|42.1| 2.4 - -
37.7 3.8
DS7 Development { Development No - - 68.0|35.0{ - - 67.0 | 35.0 | - - 69.0]31.0} - -
(l)Double Annular Combustor Like D5 Except as Noted
(2)

P, = 2.9i atm

T
v

=429 K

3 18.3 m/s
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Table LXXXIV.

Idle Emissions Test Results,

Fuel Nozzle Investigation¥*.

‘First Outer Emission Index, B/kg, @ £ =
Configura— [Cooling Ring| Pilot Stage .008 .009 .010 .011 .012 .013 .014
Test Rig tion Number {Flow 7 W¢ Fuel Nozzle Type co HC co HC co HC co HC co HC co HC co HC
Full Annular| D12A 1% Annular Prototype Std. 30.3 |14.1] 22.5110.0}21.2| 8.1 24.5 ) 7.3]30.5 6.8 | 38.0 6.5146.0 6.1
D12B 1% Unshrouded Simplex 23.7 6.5|19.0} 4.5}18.1} 2.9]122.0 2.8 ]26.0 2.6 |3%5.0] 2.7[44.3] 3.0
D14A 3% Unshrouded Simplex 34.8 .21 30.0 6.2126.8 | &.5) 26.4 | 3.1]32.0 3.0 | 38.0 3.045.9 3.3
D14B 3% Annular Prototype Std. | 49.3 | 31.0 4.0 |26.8143.7 |21.7]48.4 118.8 53.5 | 17.1162.0 | 15.9 ] 71.0 1 15.0
60° Sector DS31A 12 Annular Prototype Std. - - 21.21 7.8125.8| 7.6[28.9] 5.1 34.21 4.2 - - - -
(Like D12A)
DS31B 1z Annular Prototype Mod. 29.2 6.3] 24.5 5.0 § 24.9 591 26.2 | 4.5 | 25.8 | 3.1]32.6 2.8]1 - -
Shroud Air Closed
DS31C 12 TUnshrouded Simplex 20.6 5.5 119.21 3.6 20.2 3.27123.5 3.1128.2| 2.7 130.11 2.0 - -
(Like D12B)
DS31D [ Sector Prototype Gi1(i4.2125.4 | 3.0119.9] 2.3 8.6 | 0.9 18,9 0.5 120.1 0.3 - -
DS32A 5% (Engine |Annular Prototype Mod. 37.5] 9.0 30.8| 6.425.2) 4.8 2.1 | 3.7 | 28.3 | 3.5 [32.4] 3.1 - -
Design) |62° Spray Angle
DS328 2% Unshrouded Simplex - - 21.4 7.6 20.01 2.0/20.1] 2.1{25.9 3.2 |32.9 | 4.6 - -
DS33A 3% Unshrouded Simplex 40.1 5.5131.9 | 4.9[25.0} 3.9 26.0 3.7127.9 3.4 | 36.6 | 4.8 - -
(Like D1l4A
Pilot)
DS33B 3% Amnuiar Prototype Mod. | 29.8 | 5.0 7161 5.8]21.9| 7.2[25.9] 3.3 28.6 | 7.1 (31.9| 4.7 - -
62° Spray Angle 21.7| 4.3 25,0 6.5 36.0 ] 4.1
DS33C 3% Annuiar Prototype Std. 3.5 | 17.5 ) 39.1 [ 13.2} 33.1 10.9) 26.5 7.2 | 26.5| 5.7 |33.3 8.2 - -
(Like D14B 48° Spray Angle 27.91 6.1
Pilot)
DS33D 3% Same, Max Radial 101.9 | 56.0 | 74.4 | 32.7 39,6 [11.4 1 27.9 7.3127.2 6.0 [30.0| 4.4 — -
& Max Axial Tmmersion
DS33E 3% Same, Max Radial 8B [22.45] 35.4 | 16.5 | 27.1 [11.4 22.5] 8.8}121.5 6.2126.5 6.8) - -
& Min Axial Tmmersion

*
Double Annular Combustor

P3 =.2,91 atm
T = 429 K
v, = 18.3 m/s

R
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o - Table LXXXV, Idle Emissions Test Results, Airflow Investigation .
&
[p]
: =
| & —_—
Airflow, % We 2
1st 2nd 4th 4th Emission Index g/kg, @ £ =
Test Conf. | Outer | Outer.| Outer| Inner 0.008 0.009 0.010 0.011 0.012 0.013 0.014 T "0.015 0.016
Rig No. Cool. | Dil. Dil. Dil. co HC co HC co HC [0 HC Cco HC co HC co HC co HC co HC
Full D128 | 1.0 | 4.5 0 4.4 123.716.5[19.014.5118.1] 2.9 |22.0]2.8{26.02.6{34.0]2.7]44.3]3.0] _ 1 _ ——
Annular| p13 1.0 4.5 o] 4.4 34,319.5127.015.0]21.8}3.0]19.0]2.2)21.8 2.0132.0f2.0]49.0} 2.5] - - - - |
Di4A | 3.0 4,5 0 4.4 34.819.2130.016.2126.814.5(26.413.1 32.013.0,38.0] 3.0145.9] 3.3} — - = -
60° DS31Cc | 1.0 4,5 ¢ 4.4 20.6 1 4.4119.2[3.6[20.2]3.27|23.5] 3.1]28.2 2.7130.112.0] ~ - - - - _
Sector | DS32B{ 2.0 4.5 0 4.4 21.412.6]20.0f2.0{20.1f2.1|25.9|3.2{32.9 4.6 - - - _ -
DS33A | 3.0 4.5 0 4.4 40.116.5]31.9]4.925.0(3.926.0] 3.7 27.9 (3.4 36,6} 4.8] - - - - -
DS34 3.0 4.5 2.0 4.4 29.315.6125.2|4.6123.4|3.9|24.1]3.9125.0!3.5 28.4|3.4132.2| 2.9] 34.912.4)37.9] 2.8 |
; 24.11 3.2 32.6] 2.6 |
DS35 (3.0 A5 2.0 0 27.313.5)23.6|2.6|21.6]1.8)21.9]1.6!21.3 1.4 124.511.4129.3]1.7]{31.3]1.5 34.8}1 1.3 aEme—
DS36 - | 3.0 4.5 0 0 26.3}13.622.4(2,7120.4)2.0{21.111.7122.6 1.6{27.3|1.8)30.9}1.8]35.8}2.1 37.4)1.8
DS37 | 3.0 6.5 0 0 27.413.3122.0§2.4§19.4]1.8 |18.4 1.4121.0)1.4]24.,811.5{28.8{ 1.6 31.0 1.6§34.211.5
i
E (l)D'ouble Annular Combustor (2)1’3 = 2,91 atm A‘
¢ Unshrouded Simplex Fuel Nozzles I3 = 429 K i
i Engine Prototype Pilot Stage Swirlers VR =18.3 m/s }
3
if
i
W""“’
/
i
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Table LXXXVI.

Subidle Temperature Rise Test Results.

B We
Simulated (EQUIV) T3 P3 . Temperature Rise, X, at f =
Configuration RPM kg/s K Atm 0.0150 | 0.0175 | 0.0200 | 0.0225 0.0250 | 0.0275 | 0.0300 | 0.0325 | 0.0350
DS34 3000 4,52 300 | 1.22 - 392 530 649 751 - - - -
3500 5.50 294  1.37 242 409 558 704 781 817 868 909 941
4000 6.34 301 | 1.55:| 414 646 732 782 825 - - - -
DS35 3500 5.50 286 | 1.35 271 439 564 632 767 884 935 979 1014
DS36 3500 5.50 297 | 1.36 235 444 647 805 819 926 961 981 995
Standard
Production
Combustor
(Reference) 3500 5.50 294 | 1.37 | 328 428 528 628 736 767 778 778 778
. i s 5 + 3 v d ¢ 1 1 i H I %
; . . . : o : . w G
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= Fg : Table LXXXVII. Cross-Fire Test Results, Airflow Investigation¥*. 5 ._
§ [op) ! i
& : |
3] g ‘ |
¥} > |
- gF . — 1
; : ain Stage Fuel-Air Ratio ‘ |
; qﬁ; Main Stage Fuel-Air Rat 3
, ~ 1 Full Propagation Lean Blowout 3 ~,
‘: s . RN ¢ b . - :
ain Stage Airflow pistribution (ZW ) Crossfire T, = 630 K T, = 533 K f_. = 0.010
E . c 3 3 Pilot
Config. Slot k
= = = «,
fPilot: fPJ'.lot T3 |
Primary Secondary | Dome | Inner Linex ‘
Swirler Swirler | Holes Holes 0.005 | 0,010 l0.015 | 0.005{ 0.010 0.015 630 K | 533 K {l
! DS8 9.2 37.1 0 4.2 (lst Panel) No 0.030 | 0.027{0.023 - —— o 0.015 | -=—— |
' DS9 9.1 37.0 0 0 No §.020 | 0.025]0.022 § 0.032]0.028 0.031 0.017 | 0.020
DS10 3.4 28.9 0 0 No 00251 0.022]0.018 | 0,032]0.031}0.031 0.005 | 0.009
DS11 9.1 28.8 4] 8.4(1lst Panel) No No 0.028| —— e — — 0.015 ———
Light
DS12 9.1 28.8 0 8.4(2nd Panel) No ——— 0.025]0.023 —— m—— —— 0.018 | ——— ,
DS13 3.4 28.7 0 8.3(2nd Panel) No 0.027 | 0.02270.019 —— —— f— 0.004 | —— |
DS14 3.4 28.7 0 8.3(1st Panel) No 0.030 | 0.02810.021 e P ——= 0.004 | ~—— j
DS15 3.4 36.9 0 8.4(1st Panel) No 0.028 | 0.02610.026 —— ——— —— 0,019 | —— ™
DS16 3.5 28.9 %.8 | 10.6(1st Panel) No 0.024 | 0.02410.023 ——— 1 0.025] -—= 0.006 | 0.008 1
DS17 3.5 28.9 4.8 | 10.6(1st Panel) Yes 0.017 | 0.017]0.017 | 0.0250.024 } ——— 0.005 | 0.008 ’
DS18 3.5 29.0 0 10.6(1st Panel) Yes 0.015 | 0.015/0.015 | 0.024 ] 0.022 0.018 0.005 | 0.007 |
é
*60° Sector Double Annular Combustor Like Configuration D6 Except as Noted 3
P3 = 1,1 atm
VR = 23.2 m/s at 630 K, 20.0 m/s at 533 K
(1) Pilot Stage Cup Flow = 12.2-13/8% Yo
Pilot Stage Dilution Flow = 3.1-4.6% WC e
— ——a—
©:
XY
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Table LXXXVIII.

Cross-Fire Test Results, Slot Geometry Investigation*,

Crossfire Slot

Main Stage Fuel-Air Ratio for Full Propagation

Geometry
Axial Circumferential f pilot = 0.005 f pilot = 0.010 f pilot = 0.015
Configuration Length width Tq = T3 = T3 =
Nunber em cm %29 K] 520 K| 630 K| 429 K| 520 K 630 K 429 K| 520 K 630 X
DS25 3.9(2) 2.5(2) 0.030 { 0.021 | 0.017 | 0.025 | 0.019 0.016 0.023 § 0.022 0.016
DsS27 3.9 1,2 >0.030 { 0.030 | 0.020 |>0.030 | 0.030 0.018 | >0.030 | 0.030 0.018
DS26 2.7 2.5 >0,030 | 0.021 | 0.018 |>0.030 | 0.020 0.020 | >0.030 § 0.020 0.018
DS22 4] 0 >0.030 | >0.030 {>0.030 |>0.030 {>0.030 | >0.030 | >0.030 [>0.030 >0.030

Fq

VR

1.1 atm

(Z)Like pSl7, 18 & Full Annular D8-14

23.9 m/s @630 K, 19.5 m/s @520 K, 1913 m/s @429 K

(1)60" Sector Double Annular Combustor Like Full Annular Configuration D8 Except for Slot Geometry Changes

[WE R AN ¢
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Table LXXXIX., Altitude Relight Test Results, Configuration RS1A and RS1B.
ot Combustor Type - Radial/Axial Staged Fuel Injector - As Noted
e All Pilot Stage Injectors Fueled
e Like Configuration R2 Except Fuel Injectors
as Noted
Simulated Blowout W
Flight Combustor Operating Condition W Lightoff Attempt _Condition
: Condition T T P W PT/V £ N
! Rdg! Alt. M {1 °F “3 3 c AP/P atm-K/ | (EQUIV) Light | (EQUIV)
No. | km b K K atm kgls % m/s kg/hr £ Off kg/hr £ Notes
: 19 1.2 1 0.38 288 | 288 | 0.95 | 2.93 0.92 | 40.6 373 0.0354 Yes 297 0.0281 | Airblast Injector
23 4,7 ] 0.48 | 288 | 290 | 0.63 | 2.92 2,26 | 18.0 373 0.0355 Yes 250 0.0238 (RS14)
21 5,2 | 0.50 288 | 289 | 0.60 | 2,93 2.47 ] 16.1 373 0.0354 Yes 250 0.0238
12 1.6 | 0.46 | 289 | 286 | 0.95 | 4.03 1.72 | 29.4 373 0.0257 Yes 248 0.0171
17 3.5 | 0.53 288 | 287 | 0.76 | 4,03 2,69 1 19.1 373 0.0257 Yes 278 0.0192
14 4.0 | 0.55 287 | 286 0.73 | 4.03 2,95 | 17.5 272 0.0187 Yes 218 0.0150
2 2,0 ] 0.53 | 288 | 279 0.95 | 5.01 8.90 6.9 373 0.0207 Yes 231 0.0126
10 8.0 | 0.8L | 289 { 283 | 0.63 { 5.02 5.88 | 10.4 373 0.0206 Yes 185 0.0108
7 1*10.7 1>1.0 288 | 281 | 0.60 | 5.03 6.58 9.3 373 0.0206 Yes 191 0.0105
had 25 5.8 | 0.52 288 | 288 | 0,56 | 2.93 - 14.3 - - - 373 0.0354 2
i 26 4.3 ] 0.56 289 | 286 | 0.71 | 4.03 - 16.6 - - - 373 0.0257 2
27 4»10.7 |>1.0 288 | 278 | 0.48 | 5.07 - 6.0 - - - 373 0.0204 2
24 0.9 ]0.29 288 | 291 | 0.95 | 1.68 0.34 | 70.4 463 0.,0764 No = - ’
i 17 0.9 | 0.26 291 | 303 | 0.94 {.1.47 0.39 | 79.7 249 0.0464 Yes 68 0.0129 18 kg/hr Nozzles
21 3.3} 0.29 293 | 302 | 0.67 | 1.47 0.66 | 40.5 249 0.0464 Yes 84 0.0160 (RS1B)
20 5.1 1°0.33] 293§ 303 | 0.54 | 1.47 1,01 | 26.0 249 0.0464 Yes 117 0.0222
19 7.2 {1 0.38 292 | 303 | o0.41 | 1.47 1.75 | 14.9 249 0.0464 Yes 150 0.0284 E
18 7.9 1 0.40 291 | 303 | 0.37 | 1.47 2.04 | 12.6 249 0.0464 Yes 155 0.0294 ;
9 1.1 ] 0.33 | 291 | 300 | 0.94 { 2.37 0.82 1 49.3 376 0.0440 Yes 68 0.0080 ’ 1
10 5.4 | 0,44 | 288 | 302 0.56 | 2.37 2.25 | 17.3 376 0.0440 Yes 163 0.0191 i
: i1 6.0 ] 0.46 288 | 302 | 0.52 | 2.37 2.58 | 15.3 376 0.0440 Yes 171 0.0201
" 12 6.7 | 0.48 289 | 303 | 0.49 | 2.36 2.93} 13.5 376 0,0442 Yes 176 0.0208
13 7.3 ] 0,51 ] 289 | 302 | 0.46 | 2.36 3.44 1 11.7 376 0.0442 Yes 176 0.0208
14 8.0 0.53 290 | 303 | 0.42 | 2.36 3.94 | 10.0 376 0.0442 Yes 186 0.0218 : ;
X 2 1.1 0.39 289 | 280 | 0.94 | 3.42 1.46 | 34.2 376 0.0305 Yes 106 0.0086 ¥
7 6.2 | 0.56 | 287 | 281 | 0.56. | 3.36 4,271 12.2 249 0.0202 Yes - -
6 6.9 1 0.59 287 | 281 | 0.52°§ 3.36 4,78 { 10.8 249 0.0202 Yes 183 0.0151 j
- 5 7.6 | 0.62 287 | 281 | 0.49 | 3.42 5.60 9.3 462 0.0375 Yes 139 0.0113
w 3 23 2.1 1 0.55 293 |- 288 1) 0.94 | 5.46 3.76 | 21.4 376 0.0191 Yes 189 0.0096
[ 25 4,21 0.65 291 j 285 0.82° | 5.46 4.98 | 16.4 376 0.0191 Yes 163 0,0083 i
- 27 7.6 { 0.84 290 | 285 0.70 { 5.47 6.95 1 11.9 376 0.0191 Yes - - 3
' 28 8.8 ] 0.90 | 293 | 283 | 0.67 | 5.48 7.81| 10.8 376 0.0191 Yes - - ;
30 8.5 | 0.41 291 | 303 0.34 | 1.47 - 10.4 - - - 249 0.0464 | 2 :
i 31 8.4 | 0.54 291°] 300} 0.41 | 2.37 - 9.2 - - - 376 0.0440 | 2 :
5 15 | 10,9 | 0.64 | 290 | 303} 0.30 {~2.36 - 4.9 - - - 249 0.0288 | 2 5
‘ 2 16 9.5} 0.58 290 | 3031 0.36 ] 2.36 - 7.1 - - - 340 0.0400 | 2 ;
: 32 9.9 | 0.72 289 | 280 0.39. | 3.42 - 5.9 - - - 376 0.0305 | 2 ;
; 29 1»11.0 {>1.0 293 | 283| 0.52 | 5.48 - 6.6 - - - 249 0.0124 | 2 ;
; i 24 {>11.0 | >1.0 291 | 288 0.51 | 5.46 - 6.2 - - - 376 0.0191 | 2 }
; “ 4 8.3 ] 0.65 287 | 281 0.46 | 3.42 6.55 8.1 462 0.0375 No - -
: 3 9,1 0.69 289 | 281} 0.42 | 3.42 7.53 6.9 462 0.0376 No - -
Nores:;  yean Blowout, Unless Otherwise Noted :
2. Pressure Blowout :
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8 Table XC. Altitude Relight Test Results, Configuration RS2A and RS2B,.
Combustor Type — Radial/Axial Staged Fuel Injector - 18 kg/hr Nozzles
e All Pilot Stage Injectors Fueled
e Like Configuration R3 Except Ignitor as Noted
Simulated Blowout w
Flight Combustor Operating Condition Lightoff Attempt Condition
P W W
Condition T T P W PT/V £ £
Rdg[ ALt.| F 3 3 c ap/p | atm-K/| (EQUIV) Light | (EQUIV)
No.| km P K K atm kg/s % m/s kg/hx £ Off kg/hr £ Notes
17 0.8 4 0.26 | 291 | 289 | 0.96 | 1.39 0.23 4 88.1 249 0.0489 Yes - - Upstream Ignitor
22 4,1 ] 0.31] 2911} 291 0.61 | 1.39 0.63 | 34.8 249 0.0491 Yes 143 0.0286 (RS24)
21 6.6 | 0.37 | 290 | 290 | 0.44 | 1.43 1.551{ 18.1 249 0.0477 Yes 161 0.0313
20 7.9 | 0.40 ] 290 | 290 | 0.37 | 1.39 - 13.2 249 0.0489 Yes - -
18 8.7 1 0.42 | 291} 289 { 0.33 [ 1.39 - 10.3 249 0.0489 Yes 142 0.0283
10 1.0 1 0.33] 291 | 289 | 0.98 { 2.16 0.48 ) 57.6 376 0.0481 Yes 103 0.0132
16 5.7 | 0.45 | 289 | 289 | 0.55 | 2.16 1.80 | 18.2 249 0.0314 Yes 207 0.0265
13 7.8 0.52 | 290 | 289 | 0.44 | 2.16 2.87| 11.6 249 0.0314 Yes 198 0.0253
1 0.9 | 0.40 ] 291 290} 0.99 | 3.23 1.12'} 39.8 249 0.0210 Yes 218 0.0187
15 3.5 0.45 | 2911 289 | 0.71 | 3.26 2.27 ] 20.6 249 0.0209 Yes 198 0.0169
7 5.1 ] 0.51 ] 291 289 | 0.62 | 3.26 3.19 | 15.4 249 0.0209 Yes 197 0.0168
6 5.5 | 0.53 | 292 | 291§ 0.59 | 3.37 3.79 | 13.6 249 0.0202 Yes 177 0.0146
23 1.3 1 0.52 | 291 | 289 [ 1.02 | 5.49 2.91 | 25.1 249 0.0124 Yes 182 0.0092
25 8.4 | 0.88 | 201 | 287 | 0.68 | 5.47 6.57{ 11.2 376 0.0191 Yes 169 0.0086
11 9.7 | 0.59 ] 291 | 289 | 0.35 | 2.17 - 7.3 - - - 376 0.0481 2
8 9.7 | 0.7t | 291 | 289 | 0.40 | 3.26 - 6.6 - - - 375 0.0320 2
19 9.2 | 0.431 291 | 289 | 0.31 | 1.39 - 8.9 249 0.0489 No - -
14 9.2 | 0.58 ] 291 | 289 | 0.37 | 2.19 4.72 8.2 376 0.0477 No - -
4 8.2 | 0.65 ) 2927 293 | 0.46 | 3.21 5.73 8.8 | 376 0.0325 No - -
5 6.7 |- 0.58 | 292 { 290 | 0.53 | 3.24 4,36 11.4 376 0.0322 No - -
24 |>11.0 |>1.0 291 | 287 | 0.59 | 5.42 8.73 8.6 376 0.0192 No - - '
11 5.3 1 0.44 | 291 | 287 | 0.30 | 1.41 2.46 8.4 249 0.0482 Yes 211.0 0.0415 | Downstream Lgnitor
9 | 10.1}| 0.61 ] 291 | 287 { 0.33 | 2.17 4.54 6.6 249 0.0314 Yes 200.0 0.0256 (RS2B)
10 | 10.6 | 0.62 | 201 | 287 | 0.31 | 2.17 5.25 6.0 249 0.0314 Yes 201.5 0.0258
5 0.9 | ©0.40 | 291 | 287 { 0.99 | 3.18 1.02 | 40.1 249 0.0214 Yes 210.9 0.0184
8 8.4 | 0.65| 291 | 287 | 0.46 | 3.20 5.33 8.6 249 0.0213 Yes 194.7 0.0169
71 10,4} 0.74 | 291} 287 | 0.38 | 3.22 8.02 5.8 249 0.0211 Yes 196.2 0.0169
1 1.2 1 0.52° | 291 ] 286 | 1.03 | 5.52 2.88 1 25.1 249 0.0123 Yes 186.7 0.0094
& 7.6 1 0.84 ] 291 | 286 | 0.70 | 5.52 6.53] 11.8 249 0.0123 Yes 188.6 0.0095
3] 11.2 {>1.0 292 | 286} 0.61 | 5.52 8.70 8.8 249 0.0123 Yes 198.6 0.0100
6 | 10.7 | 0.76 { 291 | 287 [ 0.36 | 3.18 - 5.5 - - - 245.3 0.0214 2 '
2 . 15.5 |>1.0 291 | 286 | 0.51 | 5.51 - 6.3 - - - 245.9 0.0124 Facility Limit
Notes:
1. Lean Blowout, Unless Otherwise Noted
2. Pressure Blowout
i & 3 4 3 ] % 3 # L4 13 % % i T b 1 it ] ji4 i # i i i 5
* 3 * £ e [ H = R F3 % I3 * P B 5 ¥ * » 1 w » w ¥ 4 » "
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Table XCI.

Altitude Relight Test Results, Configuration RS3.

Combustor Type -~ Radial/Axial Staged Fuel Injector - 18 kg/hr Nozzles

e All Pilot Stage Injectors Fueled

® Like Configuration R5 Except has 60 Flameholders

Simylated Blowout (1)

Flight Combustor Operating Condition Lightoff Attempt Condition
e - W W

Condition T T P W PT/V £ f

Rdg[ Alc.] .’ ¥ 3 3 e AP/P | atm-K/{ (EQUIV) Light [ (EQUIV)

No.J km - “p K K atm kg/s Z m/s kg/hr £ Off kg/hr f Notes
1 1.0 | 0.26 | 2981 298 | 0.93{ 1.35 0.20 85.2 249 0.0515 Yes 68 0.0140 ] Downstream Ignitor
5 3.4 } 0.29 298 | 298 | 0.66 | 1.35 0.41 43,0 249 0.0516 Yes 73 0.0150
4 5.2 | 0.33 { 298| 298 | 0.53{ 1.35 0.42 27.5 249 0.0516 Yes 85 0.0174
3 8.6 0.42 1 298 298 | 0.33 ] 1.35 0.20 10.9 249 0.0516 Yes 114 0.0235
2 9.3 | 0.44 | 298| 298 | 0.30 | 1.35 0.10 8.8 249 0.0516 Yes 134 0.0275
6 1.2.4 0.33( 298 297 { 0.93 | 2.32 0.60 49.7 249 0.0300 Yes 98 0.0117
8 7.5 0.51 | 298 | 296 | 0.45 2.32 | 1.80 11.5 249 0.0300 Yes 130 0.0157
7 8.1 1 0.54 | 298 297 | 0.42 2.32 | 2.06 9.9 249 0.0300 Yes 127 0.0153

10 1.2 0.39 | 298 296 | 0.93 3.18 | 1.13 36.2 249 0.0218 Yes 131 0.0114

12 7.0 | 0.52 | 298} 295 { 0.52 3.18 3.18 11.1 249 0.0218 Yes 136 0.0119

11 7.8 | 0.63 ] 298} 295 | 0.48 | 3.18 3.66 9.7 249 0.0218 Yes 139 0.0121

13 2.2 } 0.55 1298 295} 0.94 | 5.37 3.18 21.4 249 0.0130 Yes 149 0.0077

15 9.0 ] 0.91 f 298| 294 | 0.66 | 5.37 6.21 10.8 249 0.0129 Yes 141 0.0073

14 | 10.1 | 0.98 | 298} 294 | 0.63 | 5.37 6.90 9.9 249 0.0129 Yes 141 0.0073

16 9.3 | 0.44 | 298| 298 | 0.30 | 1.35 - 8.8 - - - 251 0.0516 12

17 8.1 1 0.54 1 298] 297 | 0.42 | 2.32 - 9.9 - - - 250 0.0300 2

18 7.8 | 0.63 | 2981 295 0.48 | 3.18 - 9.7 - - - 250 0.0218 {2

19 [10.1 ) 0.98 | 298| 294 | 0.63| 5.37 - 9.9 - - - 249 0.0129 {2 y

Notes:

1. Lean Blowout, Unless Otherwise Noted
2. Pressure Blowout

|
|
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Table XCII. Carboning Test Results.

e 12° Sector Rig, Boattail Shrouded Fuel Nozzle

e 4.5 Hour Test Cycle with Heayy Distillate Fuel

Swirler Assembly *
CSsl CSs2 CS3 CS4 CS5 CcS6 Ccs7 CsS8 Ccs9 -
Configuration Number
Primary Swirler 2
Aes , Effective Flow Area, cm 0.645 0.535 0.535 0.755 0.755 0.755 0.923 | 0.735 | 0.838
Swirl Angle, degrees from axial 60 57.5 57.5 37 37 37 37 37 37
Venturi
LT’ Throat length, cm 1.19 1.52 1.19 1.93 1.19 1.02 1.02 1.02 1.02
DT’ Throat diameter, cm 1.91 1.91 1.57 1.73 1.57 1.73 1.73 1.73 1.73
Design Ratios
A s/AT 0.226 0.188 | 0.275 0.322 0.387 0.322 | 0.386 0.314 | 0.358
LT/DT 0.63 0.80 0.76 1.12 0.76 0.59 0.59 0.59 0.59
Posttest Inspection Results
Carbon on Fuel Nozzle? Yes Yes No No No No No No No
- Carbon on Venturi? Yes Yes Yes Yes Yes No No Yes No

*Development Design for Airblast Fuel Injectors, Carbon Tested in another Program.
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Table XCIII, Flashback Test Results, Configuration Fs1,
®  Like Configuration R3 Except Premix Length of 10.2 cm
i Pressure (Temperature)~(Inlet Temperature), K
Inlet Air Fuel-Air Ratio Loss re
b4 Reading Pressure | Temperature Actual Flameholders¥ Alr
s Number |Fuel Type Atm 14 Pilot | Main | Overall % Design | L 2 3 4 5 6
: 1 JP-5 9.7 775 0.004 - 0.004 3.94 1.05 | 449 ) 131 | 484 | 147 -2 -4
; 2 JP=5 10.1 778 0.004 | 0.022]0.026 3.78 1.10 | 422 | 105 | 461 | 125 |-263 | -249
: 3 JP-5 9.6 776 0.006 - 0.006 3.96 1.06 | 776 | 224 | 768 | 222 1 1
4 JP=-5 9.5 776 0.006 | 0.020 | 0,026 4,02 1.05| 763 | 205 756 | 209 | -253 | -240
5 JP-5 11.8 815 0.004 —-— 0.004 3.21 1,02 -- | 124 - - 2 2
6 JP-5 9.5 815 0.004 { 0.022}0.026 3.98 1.06 | -~ | 108 - == | =275 | =157
7 JP-5 9.5 816 0.006 —-— 0.006 4,01 1.01] - | 198 -~ - -1 -2
8 JP=-5 11.8 814 0.006 | 0.020|0.026 3.25 0.98| -~ | 188 - -~ =265 | -262
& 9 JP=5 9.5 815 0.008 — 0.008 4,00 1.00| ~-= | 252 —-— - g Y
10 Jp-5 9.6 815 0,008 | 0.018}0.026 3.90 0.98 | -~ { 253 - -- | =251 | =256
1 JP-5 9.6 777 0.008 —- 0.008 3.83 0.96 | - | 293 - - -2 -3
i 12 JP-5 9.5 765 0.008 | 0.018 | 0.026 3.93 0.96 | -~ | 270 —— - =242 | -177
E 13 JP=~5 12,9 810 0.004 - 0.004 4,00 0.99{ -~ | 137 - - 1 0
£ 14 JP-5 12,9 817 0.004 | 0,022 | 0.026 3.87 0.97 | -~ | 124 - -- | =256 | -238
N 15 JP-5 12.8 814 0,006 —— 0.006 4,02 0.94] -- ] 198 - - 1 2
16 Jp=-5 12.9 811 0,006 0.020 | 0.026 4.00 0.98 | -~ | 197 - ~= | =246 1 -246 1
- . 17 JP=5 12.9 811 0.008 - 0.008 3.98 0.97| -- | 255 — - 2 0
: 18 JP-5 13.0 810 0.008 | 0.018{ 0.026 3.98 0.97 1 ~~ | 246 - == | =244 | <236 i
19 JP-5 15.0 829 0.004 —— 0.004 3.88 1,02 -] 122 - — 2 - g
20 JP-5 15.0 829 0.004 | 0,022 0.024 3.94 1.03 ) ~ 97 - -~ | ~255 | -238 {
21 JP=5 15.2 825 0.006 —~— 0.006 - —| - 12 —_— el 6 - )
22 JP=5 15.2 825 0.006 | 0.020] 0.026 4,31 1.05{ -~ | 120 - - [ ~238 | -224 ~“
23 JP-5 14.8 831 0.008 - 0.008 - -~ == 10 —_— - 1 _ i
24 JP~5 14.8 831 0.008 | 0,018 | 0.026 3.95 0.99 | - 54 - -~ 1 =244 1-188 ‘
}
;
;
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e . Table XCIV. Flashback Test Results, Configuration FS2.
>
e Iike Configuration R5 Except Premix Length = 10.2 cm
. 3
bl |
Pressure (Temperature)-(Inlet Temperature) K ;
Inlet Air Fuel-Air Ratio ' Loss e - |
Reading Pressure | Temperature Actual Flameholders#* Air >
Number Fuel Type] atm K Pilot | Main |Overall % Design| 1 21 3 4 5 6 17 819 10 11 1 ‘
' 1 Jp-5 4.8 726 0.004 | 0.017 | 0.021 3.75 1.17] 45 471409 |-132 | 322 {118 - | -143] 88| -41 -27 3 ) ‘
i 2 JP-~5 4.8 730 0.008 | 0.017 | 0.025 3.75 1.05{-95 | —45 | 226 {-166 | 205} 791 -~ -186{ 48] -33 | -18
b 3 JP-5 4,8 781 0.004 | 0.019 | 0.023 3.80 1.091-67 | -21{227 |-188|205| 79{- | -192 391 -43 1 36
4 Jp-5 4.8 785 0,008 } 0.019 | 0.027 3.66 1.05) 21 27 | 441 |-134 | 362 { 139 | - | -129| 98} -36 -27
5 JP-5 4,7 806 0.004 | 0.019 | 0.023 3.77 1.07{-54 | -12 | 227 {-182 204} .79~ | -190 331 -30 1 -22
6 JP-5 4.8 © 805 0.008 | 0.019 | 0.027 3.71 1.07) 41 46 | 434 |-140 | 336 | 129 | - | -105] 86 | -27 -20 A
7 JP-5 9.5 820 0.004 | 0.022 | 0.026 3.96 0.98| 24 49| 259 |~162 | 255 94| - -19} 52} -50 | ~43 ;
8 Jp-5 9.5 820 0.008 | 0.018 | 0.026 4.06 0.931134 | 136 | 483 | -81} 410|158 - 54118 | -41 | -22 ‘
9 JP-5 12.9 823 0.004 | 0.022 | 0.026 4,00 1.00} 34 34| 63 |-127 2494 91 - 384 78| -56 | —34
10 JP-5 12.9 822 0.008.1 0.018 | 0.026 3.95 0.93134 | 154 | 601 | -23 | 540 ] 221} ~ 156|167 | -38 | -41
11%* Jp-5 16.3 818 0.004 | 0.022 | 0.026 3.98 0.76} 97 | 131|333 | 333325131 - 56105 | =22 | -37
12 JP-5 9.6 824 0.008 | 0.018 | 0.026 4,04 0.48)184 | 204 | 615§ -19 | 592 250 { - 841167 | ~41 | 56
13 Jp-5 12,9 821 0.008 { 0.018 | 0.026 4.02 0.42]|164 | 203}634 | -10] 594|257} - 80171} -56 | -37
14 JP-5 11.8 834 0.008 | 0.018 | 0.026 3.52 0.42}170 | 179 | 638 41599 | 264 - 92{172 | -37 ¢ -31
1 < ]
1
T
2 1
> <+ °x 'x |
i ;
< Co 2 %3 ;
- —
9 8 7
p — I L I |
T — |
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: * Thermocouple Locations
%% Pressure Drop Indicates Liner Failure Occurred at this Condition
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Table XCV, Flashback Test Results, Configuration FS3,

Pressure {Temperature)~{Inlet Temperature), K
h Inlet Air Fuel-Air Ratio Loss SAL
l{ : Reading Pressure |Temperature Act/ Flameholders¥ Adrs Smoke
i o Number | Fuel Type Atm K Pilot Main |Overallf % Des,| 1 2 3 4 5 6 7 8 9 Number
1 JP-5 3.0 434 0.0045 | O 0,0045 - - 292 | 274 | 272 | 229 | 174 131 {132y -6 | -6 -
2 11.8 632 0,004 | O 0,0041 | 3,87 | 1,03 |108 | 106 91 90 68 11 58f =12 | -10 -
3 9,7 820 0.0037 | O 0,0037 }3.92| 0,99 87 87 72 78 58 -79 58| -24 | ~24 -
4 8.7 822 0,0037 | 0,0177 | 0,0214 | 3,80 0,99 12 2 79 89 | 27 ~-65 50| -2x | ~53 -
5 9.7 820 0,0075 | 0.0140 | 0,0215 | 3.78 | 0,95 | 144 | 131 | 187 | 190 43| -151102{ -23}~-71 | ~-=
6 Blend B 9,7 820 0,0037 | 0,0176 | 0,0213 | 4,06 | 1,01 29 20 69 81| ~26 ~45 44] ~741 ~56 -
i 5 7 2.6 820 0,0077 | 0.0144 | 60,0221 [ 3,76 | 0,99 | 127 | 113 § 198 | 201 49 -32|103| ~59 | <78} -=
i i
i 8 9,6 822 0,0038 10 0,0038 } 4,02 1,02 106 | 120 82 94 68 -2 81 -211| ~11 —
: H 9 13.0 824 0,0039 | 0 0,0039 3,92 0,93}108 | 122 88 | 102¢ 71 49 81 -13§-11| -~
:’ 10 13.2 819 0.0037 | 0.0178 | 0,0215 | 3.87(1.01 16 17 72 83} -19} -148 58] -25] -39 -
i i 11 13,0 823 0,0075 | 0,0144 | 0,0219 | 3,861 0,99 | 152 | 144 | 201 | 211 70} -43 | 135] ~38 | ~54 4.9
3 'g 12 16,1 830 0,0041 | 0 0,0041 | 3,73} 1,01} 104 | 113 76 84 58 17 64 -13 | -13 -
X P 13 ** 16,2 825 0.0053 | 0,0151 | 0,0204 | 2,82} 0,77 67 54 64 | 117 23 o 69) -18| -32 Llad
i .
- : 14 16,1 823 0,0078 | 6.0145 | 0,0223 | 3.62 | 0,93 | -36 | 149 66 | 206 | 151 -6 }117| -22| -34 6.3
; : é 15 16.5 821 0,0059 | 0,0166 { 0,0225 | 3,25 ) 0,84 ] 227 | 219|175 | 180| 133 27122| -22| ~10 —
i
g 16 JpP-5 15,9 825 0,0079 | 0,0140{ 0,0219 | 3.44 | 0.88 | Out | 206 | 100 § 204 | 190 50 87{-104 | ~33 —_ }
1 : : 17 16,1 826 0,0080 ] 0,0148 | 0,0228 | 3,33 | 0,87 | Out | 219 | 129 { 224 | 203 26 79) -77 | -43 5.6 ;
‘ 18 15.6 829 0,0079 10,0149} 0,0228 | 3.65 } 0,87 | Out | 202 62 179} 223| ~21 77 ~5641 -39 -=
19 v 13.4 827 0,0067 ] 0,0123} 0,0190 | 3,86 0,79 | Out'| 172 22| 158§ 106 6 65} -31| ~-73 1,7
i
7 |
o -
T &F x°
i
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NOMENCLATURE

Quality

Effective flow area (geometric area X area

coefficient)
Swirler effective area
Primary swirler venturi throat area
Carbon monoxide pollutant emission

Carbon dioxide emission.

Primary swirler venturi throat diameter

Emission index

Environmental Protection Agency
Emission Parameter

Total combustor metered fuel-air ratio

Main stage metered fuel-air ratio

Pilot stage metered fuel-air ratio

Sample fuel-air ratio, determined from

gas analysis
Combustor inlet air humidity

Total unburned hydrocarbon pollutant

emission

Length from primary swirler vane exit to

venturi throat

Aireraft flight mach number

Total oxides of nitrogen pollutant
emission
Combustor inlet total pressure
Combustor exit total pressure
Combustor inlet total temperature
Combustor exit total temperature
Local combustor temperature rise
(T3.9,local N TB,average)
Average combustor temperature rise

(T3.9;average - T3,average)
Combustor reference velocity

Compressor discharge airflow rate

Silhia rhad 1 A T IR I A L 4

——
e e

Units

1o

cm

cm

cm

cm
g/kg fuel

1bs emission/
1000 1b thrust = hrs .

gho0/kg dry air

cm

atm

atm

m/s

kg/s o




-~

H

Weibniaiail
2

NOMENCLATURE (Concluded)

s

TeGcnnsidl-

. Symbol guantitx

We Combustor airflow rate

i. We Fuel flow rate

Main stage fuel flow rate
Pilot stage fuel flow rate
Total combustor fuel flow rate

n Combustion efficiency

avess o oy

Units

kg/s

kg/hr
kg/hr
kg/hr
kg/hr
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