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SUMMARY

This report describes the efforts performed and the results obtained
in Phase III of the Experimental Clean Combustor Program. The primary
objectives of this program were:

° To develop advanced technology combustors for current and future
CTOL commercial aircraft turbine engines, with significantly
lower pollutant emissions levels than those of current technology
combustors;

. To demonstrate the pollutant emission reductions in an advanced
commercial aircraft turbofan engine.

In Phase I1I, a Double Annular Combustor and new engine fuel control
and supply components were first evaluated in component tests, Following
these tests, the combustor and fuel control and supply components were
evaluated in an extensive series of CF6-50 engine tests. In parallel with
these efforts, work was also conducted on four program addenda. These
addenda were the Turbulence Measurement Addenduw, the Diesel No. 2 Fuel
Addendum, the Noise Measurement Addendum, and the FAA Probe Validation
Addendun. The results of these program addenda are presented in four
separate reports.

In the Phase III component tests, the performance and operating charac-
teristics of the b_uble Annular Combustor were found to be nearly the same
as those of the Phase II prototype combustor configuration, and it met all
development engine installation and assembly requirements. However, the
carbon monoxide and hydrocarbons emission levels at engine idle operating
conditions were found to be substantially higher than those of the Phase 1I
prototype combustor. Following this finding, a series of diagnostic and
development tests of the combustor was conducted in an effort to eliminate
the cause of these higher emission levels. Some emission level reductions
were realized, but levels equivalent to those of the Phase II prototype
combustor were not obtained. It was determined that the differences in
emission levels were due to small differences in the pilot stage and center-
body design details of the two combustor configurations and that disassembly
of the demonstrator engine combustor and significant rework of some of its
parts would be needed to eliminate these differences. Accordingly, it
was decided to forego this rework and to proceed with the engine tests.
However, it is fully expected that, with additional development effort, the
carbon monoxide and hydrocarbons emission level deficiencies of the demon-
strator engine combustor can be largely eliminated.

In the extensive series of CF6-50 engine tests, the Double Annular Com-
bustor and the fuel control and supply components were found to operate very
satisfactorily at all test conditions ranging from ground idle to takeoff
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steady-state operating conditions. Engine lightoff was readily obtained and
no difficulties were encountered with combustion staging between the pilot
and main stages of the combustor. Overall, engine acceleration and decelers-
tion were smooth and responsive at all operating conditions and were essen-
tially the same as those of the current production CF6-50 engine. The demon-
strator eagine met the FAA requirement for acceleration from flight idle to
full power within 5 seconds.

In the engine tests, significant emission level reductions, compared
to those of the current production engine, were demonstrated. At the nominal
CF6-50 engine idle power setting of 3.30 percent of takeoff power, EPA param-
eter values of 6.2, 0.3 and 5.7 1b/1000 1b thrust—-hr were obtained for carbon
monoxide, hydrocarbons, and nitrogen oxides, respectively. These levels
represent, respectively, approximate reductions of 55, 90 and 30 percent,
relative to the current production engine levels. At higher idle power
settings, substantially greater reductions were demonstrated.

With these reductions, attainment of the program goal for carbon mon-~
oxide was demonstrated with an idle power setting of about 7.0 percent.
However, based on the rig tests of the Phase II prototype comtustor, it is
fully expected that the carbon monoxide goal can also be met with an idle
power setting of 3.3 percent, with some modifications to the Phase III combus-
tor configuration. The hydrocarbon goal of the program was met with a margin,
at an idle power setting of 3.3 percent. As expected from the rig test
results, the nitrogen oxides goal was not met because of the high cycle pressure
ratio of the CF6-50 engine. However, the nitrogen oxides level measured in
the engine tests was only about 10 percent above the proposed new nitrogen
oxides standard, applicable to the CF6-50 engine, as specified in the revi-
sions to the existing standards proposed during 1978 by the Environmental
Protection Agency. The measured smoke levels were higher than those obtained
with the current production engine. However, the measured levels were in
compliance with the applicable EPA smoke standard.

The major performance shortcoming of the Double Annuiar Combustor in the
engine tests was its exit temperature distribution. Because the exit tempera-
ture pattern factor was higher and the peak of the radial exit temperature
profile was more inboard than in the current production combustor, turbine
stator and rotor distress occurred. Accordingly, improvement of the exit
temperature distribution of this combustor represents an important development
need. In essentially all other performance aspects, the Double Annular Com-
bustor was found to be quite satisfactory. The measured combustor metal tem~
peratures were well within the acceptable limits. Also, no carbon deposition
or fuel nozzle coking problems were encountered.

The overall performance and emission results obtained in the demonstrator
engine evaluations of the Double Annular Combustor were encouraging. However,
considerable further development effort, especially in exit temperature dis-—
tribution and fuel flow control to the combustor stages at other than sea-
level-static operating conditions, will be needed before the Double Annular
Combustor design concept can be utilized in operational engine applicationms.
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INTRODUCT ION

This report describes results of full-scale CF6-50 experimental engine
tests conducted in Phase III of the NASA/General Electric Experimental Clean
Combustor Program (ECCP). Installed in the experimental engine was a low
pollutant Double Annular Combustor with associated fuel system and fuel
control components which were derived in the prior ECCP Phases I and II.

In response to provisions of the Clean Air Act Amendments of 1970, the
U.S. Environmental Protection Agency (EPA) conducted studies to assess the
impact of aircraft engine pollutant emissions on air quality. Based on the
results of those studies, the EPA concluded that standards regulating the
quantities of carbon monoxide (CO), unburned or partially oxidized hydro-
carbons (HC), oxides of nitrogen (NO,), and smoke emissions dischsrged by
aircraft, when operating within or near airports, are needed. Based on this
finding, standards were defined for several different categories and types
of fixed-wing commercial aircraft engines, and were issued in July 1973
(Reference 1). In the case of existing large subsonic commercial aircraft
engines, such as the General Electric CF6 engines, smoke standards became
effective in January 1976. Gaseous emission standards were to become effec-
tive in January 1979. 1In 1978 the EPA issued a Notice of Proposed Rulemak-
ing which revises some of the levels or effective dates of the standards
promulgated in 1973 (Reference 2).

As a result of government and industry efforts initiated more than 13
years ago, significant advances have been made in the development of smoke
abatement technology for use in aircraft turbine engines. The modern air-
craft turbine engines which have been introduced into service during this
decade generally operate with low smoke levels. The General Electric CF6
engines, for example, operate with virtually invisible smoke levels at all
power settings. These new engines are already in compliance with the smoke
standards. However, compliance with the gaseous emission standards requires
large reductions in the emission levels of all current technology engines.
Major combustor design technology advances are needed to obtain significant
reductions in gaseous pollutant emission levels.

To provide these needed combustor design technology advances, the ECCP
was initiated by NASA in 1972 (Reference 3). The overall objectives of this
major program were to define, develop, and demonstrate the technology of low
pollutant emission combustors for use in 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 ECCP focus was on reducing the CO, HC, and NOy emission levels of
these engines.

25
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The NASA/GE ECCP was one of the programs that comprised the overall
program. The work effort was initiated in January 1973 and was conducted
in three phases. The design and development efforts of this NASA/GE program
were specifically directed toward providing advanced combustors for use in the
General Electric CF6-50 engine. While the CF6-50 engine is the specific in-
tended application of the advanced combustor technology development efforts
>f this program, this technology is also intended to be generally applicable
to all advanced engines in the large thrust size category. Phase III of this
overall program is the subject of this report. The results of Phases I and
11 are presented in References 4 through 9. The key objective of Phase III
was to evaluate in CF6-50 demonstrator engine tests the Double Annular Com-
bustor (the combustor concept evolved in this program). This report presents
the detailed results of the CF6-50 engine tests of the Double Annular Combus-
tor. Also included are the results of the combustor component tests that
were conducted prior to the engine tests.

The detailed results of four Phase III addenda - the Turbulence Measure-
ment Addendum, the Diesel No. 2 Fuel Addendum, the Noise Measurement Addendum,

and the FAA probe Validation Addendum - are presented in References 10 through
13 respectively.
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CHAPTER 1

EXPERIMENTAL CLEAN COMBUSTOR PROGRAM DESCRIPTION

A. OVERALL PROGRAM DESCRIPTION

The Experimental Clean Combustor Program was a multiyear effort conducted
by the NASA-Lewis Research Center. The primary program objectives were:

o To generate 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 ad-
vanced commercia! aircraft turbofan engines.

The intent of this major program was to reduce pollutant emission levels
by development of advanced combustor designs, rather than by the use of
special operational techniques and/or water injection methods. The program
was 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 was also intended that this technology be applicable
to advanced military aircraft engines. Because the smoke emission levels of
advanced commercial and military aircraft engines had already been reduced to
low values, the primary focus of the program was on reducing the levels of the
gaseous emissions.

The NASA/General Electriec Experimental Clean Combustor Program was one
of the programs that comprised the overall effort. It was conducted by the
General Electric Aircraft Engine Group under contract to the NASA-Lewis
Research Center. The design and development cfforts were directed toward
providing advanced combustors for use in the General Electric CF6-50 engine.
While the CF6-50 engine is the sperific 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.

B. PROGRAM PLAN

The Experimental Clean Combustor Program was conducted in three sequen-
tial, individually funded phases:

Phase I: Combustor Screening
Phase II: Combustor Refinement and Optimization

Phase III: Combustor-Engine Testing



1. Phase 1 Program

The Phase I Program was an 18-month effort specifically directed toward
screening a variety of combustor design approaches. The objective was to
identify and develop the most promising combustor design approaches for ob-
taining pollutant exhaust emission level reductions. Phase 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 combustors, and pollution/per-
formance evaluation tests. Configurations were evaluated in a test rig
that exactly duplicates the aerodynamic flowpath and envelope dimensions of
the combustor housing of the CF6-50 engine, at operating conditions idenii-
cal to those of the CF6-50 engine except for pressure level. That parameter
was restricted to 0.965 MPa or less due to test facility limitationz. In
these tests detailed measurements of the emission and performance characteris-
tics of each combustor configurations were obtained.

In conjunction with Phase I, additional efforts were 4lso carried out in
two program addenda: 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 NO, 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,
thereby enabling comparisons of their noise characteristics with those
of current technology combustors.

Detailed descriptions and results of the Phase I Program and the AST
Addendum are presented in Reference 4. Combustor Noise Measurement Addendum
results are presented in Reference 5.

2. Phase II Program

The Phase II Preogram 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 ap-
proaches were selected for development in the Phase II Program. Phase II
efforts included both full annular and sector combustor component tests,
detailed aeromechanical design of versions of these combustors for possible
use in Phase III CF6-50 engine tests, and the design of a breadboard engine
fuel control system. The primary objectives of these design and development
efforts were to provide advanced combustor designs which would meet the per-
formance and installation requirements of the CF6-50 engine and that would
approach the low pollution emission levels goals of the program.

In conjunction with the Phase II Program, additional efforts were also
carried out in two program addenda: the Noise Measurement Addendum and the
Alternate Fuels Addendum. The purpose of the Noise Measurement Addendum was

A
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to obtain additional experimental data on the acoustic characteristics of
these low emission 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 specifications, such as final boiling point and hydro-
gen content, on the pollutant emission levels and performance characteristics
of low emissions combustors and the current production CF6-50 combustor.

Detailed descriptions and results of the Phase II Program are presented
in Reference 6, and a summary of the Phase I and Phase II Programs is pre-
sentéd 1n Reference 7. Descriptions and results of the two addenda presented
in Ref_rences 8 and 9 respectively.

3. Phase III Program

The Phase III Program was a 27-month effort consisting of detailed evalu-
ations of the most promising Phase II Program combustor design in a demonstra-
tor CF6-50 engine. The objective was to demonstrate significant pollutant
reductions with an advanced combustor which meets the performance, op-rational,
and installation requirements of the engine. The combustor incorporated all
of the aero-thermal design features that evolved in the Phase II Program, to-
gether with advanced mechanical and installation features derived from other
General Electric combustor programs. General Electric furnished the required
combustor parts, engine components, and fuel supply/control components from
another program.

The primary intent of the engine tests was to evaluate those performance
and operating characteristics of this advanced two-stage combustion system
which could not be evaluated in component tests. In the engine tests steady-
state performance, pollutant emission data, and acceleration and deceleration
characteristics of the engine were determined.

In conjunction with the Phase III Program, additional effor%s were
carried out in four program addenda: the Turbulence Measurement Addendum,
the Diesel No. 2 Fuel Addendum, the Noise Measurement Addendum, and the FAA
Probe Validation Addendum. The purpose of the Turbulence Measurement Addendum
was to characterize the tuibulence scale and intensity in the compressor dis
charge airflow of the CF6-50 engine. The purpose of the Diesel No. 2 Fuel
Addendum was to obtain additional data on the effects of relaxed fuel specifi-
caticns in engine tests with the Double Annular Combustor. The purpose of the
Noise Measurement Addendum was to obtain additional data on the acoustic
characteristics of low emission combustors in engine tests. The purpose of
FAA Probe Validation Addendum was to validate the design of an engine
emissions sampling probe developed by the FAA.

Detatled descriptions and results of the Phase III Program are presented
in Chapters II through IV of this report. Descriptions and results of the
four addenda are presented in References 10 through 13, respectively.



C. PROGRAM SCHEDULE

The overall schedule plans of the NASA/General Electric Experimental
Clean Combustor Program are presented in Figure 1.

D. PROGRAM GOALS

1. Pollutant Emission Level Goals

The pollutant emissions goals with the status levels of the current pro-
duction CF6-50 engine are presented in Table 1. As shown by this comparison,
attainment of these goals involves significant pollutant emission level re-
ductions. The goals were intended to be optimistic projections of the attain-
able pollutant emission level reductions. The intent of the program was to
generate advanced combuctor design technology rather than to verify already
available combustor design technology. Further, the use of water injection
into the combustor to obtain lower NOy emissions levels was specifically
excluded as an approach to be considered in the program.

2. Combustor Performance Goals

The key combustor performance goals are presented in Table 2. Except
for 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 was 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 effi-
ciency goal at the idle operating mode. This goal is specified as 99.0 per-
cent to be consistent with the CO and HC emission level goals.

g
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Table 1. Pollutant Emissions: Goals and Current CF6-50C

Engine Status.

e Prescribed Class T2 Engine Takeoff/Landing Cycle

Current
Pollutant Program CF6-50C Eniine
Emission Goal* Status®
NO, (as NO2) 1b/1000 1b Thrust-Hour 3.0 7.7
co 16/1000 1b Thrust-Hour 4.3 14.9
HC (as CHgy) 1b/1000 1b Thrust-Hour 0.8 8.0
Smoke Maximum SAE Number 19 12

*
Reference 1.

*%

Same as EPA 1979 Class T2 engine standards in

Idle Thrust 3,31 percent of takeoff thrust.
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Table 2. Combustor Performance Goals of the NASA/General Electric

Experimental Clean Combustor Pr gram.

Performance Parameter

Minimum Combustor Efficiency

Maximum Pressure Drop

Maximum Exit Temperature Pattern
Factor

Altitude Relight

Mechanical Durability

Engine
Operating
Mode

All

Cruise

Takeoff and
Cruise

Windmilling

All

Program
Goal

99.0%

6.0%

0.252

Meet CF6-50
Engine Relight
Envelope

Equivalent to
Cur.ent CF6-50
Combustor

11
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CHAPTER II

EQUIPMENT AND EXPERIMENTAL PROCEDURES

A. REFERENCE ENGINE/COMBUSTOR DESCRIPTION

1. Reference Engine Description

The NASA/General Electric Experimental Clean Combustor Pruaram has been
specifically directed toward developing an advanced low-emissicn combustor for
use in the General Electric CF6-50 engine family. The CF6-"" azine family is

the higher-power series of the two CF6 high bypass turbofar . ine families
which have been developed by General Electric. The other .. : is the CF6--{
engine family. Models of the CF6-50 engine family are in ¢« - ial service

as the powerplants for the McDoonell Douglas DC-10 Series 30 aircraft, the
Airbus Industrie A300B aircraft, and the Boeing 747-200 aircraft.

The CF6-50 engine is a dual-rotor, high bypass ratio turbofan engine
incorporating a variable-stator, high pressure ratio compressor, an annular
combustor, an air-cooled core engine turbine, and a coaxial front fan with a
low pressure compressor driven by a low pressure turbine. The engine is
designed to be disassembled into major components and modules for ease of
maintenance. Basically, the engine consists of a fan section, compressor
section, combustion section, turbine section, and accessory drive sections.
The major features of the engine are shown in Figure 2,

The CF6-50C engine model operating parameters were selected for use as

the combustor design and test conditions of this program. Key overall speci-
fications of this engine are presented in Table 3.

2. Reference Combustor Description

The combustor configuration used in production CF6-50 engines is a high-
performance design with demonstrated low exit-temperature pattern factors,
low pressure loss, high combustion efficiency, and low smoke emission at all
operating conditions. A cross-sectional drawing of this combustor, as in-
stalled in the engine is shown in Figure 3. The key features of this com-
bustor are its low-pressure-loss step diffuser, its carbureting swirl-cup
dome design, and its short burning length. The short burning length reduces
the amount of liner cooling air required. More air is thus available to con-
trol exit temperature pattern and profile factors. The step diffuser design
provides very uniform, steady airflow distributions into the combustor.

This combustor contains 30 vortex-inducing axial swirl cups, one for
each fuel nozzle. The combustor consists of four major sections that are

12
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Table 3. CF6-50C Engine Specifications.

Takeoff Rating (SLS)

Thrust
Specific Fuel Consumption

224.2 kN (50,400 1bf)
10.7 g/kN-s (0.0377 1bm/lbf-hr)

Thrust
Specific Fuel Consumption

Max wnum Cruise (Mach 0.85/10.7 km)

48 kN (10,8000 1bf)
18.6 g/kN-s (0.656 1bm/1bf-hr)

Weight

3780 kg (8330 1b)

Length

482 cm (190 in)

Maximum Diameter

272 cm (107 in)

Pressure Ratio

Takeoff 29.4
Max imum 31.4
Bypass Ratio (Takeoff) 4.4

Total Airflow (Takeoff)

659 kg/s (1452 1lbm/s)

14
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riveted together into a single unit and spot welded to prevent rivet loss: the
cowl assembly, the dome, and the inner and outer liners. The liners each con-
sist of a series of circumferentially stacked rings that are joined by
resistance-welded and brazed joints. The liners are film cooled by air that
enters each ring through closely spaced circumferential holes. Three axial
planes of dilution holes on the outer liner and five planes on the inner liner
are employed to promote additional mixing and lower the combustor exist tem-—
peratures. Key design and performance parameters of this CF6-50 combustor

are presented in Table 4. Combustor exit profile characteristics are shown in
Figure 4.

3. Reference Eggine Combustor Pollutant Emission Levels

Representative pollutant emission levels of the production CF6-50C engine
equipped with the standard production combustor ere presented in Table 5.
These data were taken from a series of engine tests and have been corrected to
production CF6-50C engine standard-day operating conditions.

The CF6-50 production combustor was originally designed and developed to
meet low smoke emission requirements, and to provide virtually invisible
plumes. As shown in Table 5-A, the levels are well below the allowable limits
at all operating conditions. However, the combustor was designed and devel-
oped before gaseous pollutant emission standards were established. As shown
in Table 5-B, significant reductions are required to meet the EPA standards.
The gaseous emission levels, however, compare very favorably with other cur-
rent technology production combustor designs, particularly when engine cycle
conditions such as idle thrust and overall pressure ratio are considered.

B. TEST COMBUSTORS

1. Double Annular Low Emission Combustor Concept

In the Phase I and II Programs, four advanced combustor design concepts
were evaluated in CF6-50 engine-size full annular combustor rig tests (Ref-
erences 1 and 3). The best results were obtained with the Double Annular
combustor configuration D12, shown in Figure 5, which was the prototype for
the Phase IIl1 demonstrator Double Annular combustor. The Double Annular
combustor comprises two annular concentric burning zones, separated by a
short centerbody. Thirty fuel nozzles are used in each annulus. The outer
annulus is the pilot stage as is fueled at all engine operating conditions.
The inner annulus is the main stage and is fueled only at high-engine-power
operating conditions. The airflow distribution is highly biased to the main
stage in order to reduce both idle and high-power emissions. The pilot-
stage airflow is specifically sized to provide nearly stoichiometric fuel-air
ratios and long residence times at idle power settings, thereby minimizing
CO and HC emissions levels. At high-power operating conditions, most of the
fuel is supplied to the main stage. 1In this stage, the residence times ar.
very short. Also, at high-power operating conditions, lean fuel~-air ratios
are maintained in both stages to minimize NOy and smoke emission levels.

16
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Table 4. Production CF6-50 Combustor Parameters.

Key Dimensional Parameters

Overall System Length (OGV to TND) 76.0 cm
Burning Length (Fuel Nozzle tip to TND) 3.8 cm
Dome Height/Area 11.4 cm/2440 cm?
Reference Passage Height/Area 18.0 cm/3730 cm?

Key Standard-Day Takeoff Parameters

Compressor Exit Mach Number 0.27
Reference Velocity 25.5 m/s
Total Pressure Drop (Including Diffuser) 4.32
Temperature Rise (T4 ayg — T3) 790 K

Exit Temperature Factor (T4 may = T3)/(T4 ayg - T3)

Profile Factor (Circ. Avg Max) 0.09
Pattern Factor (Local Max) 0.25
Combustion Efficiency >99.92

17
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Figure 4. Typical Exit Temperature Profile Characteristics of the

CF6-50 Production Combustor.
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Table 5.

Reference CF6-

S0C Production Engine Pollutant Emission Levels.

Kerosene Fuel
Standard-Day Operating Conditions
(Ambient Humidity = 6.3 g/kg)

Emissior Indices

Engine Operating
Mode

Std Idle (3.32 Fy, Full Burning)

(No Bieed)
Approach 30.02 Fy)
Climbout (85.0% Fy)

Takeoff (100.0% Fy)

NO, (as NO7) co HC (as CHg) S::ie
g/kg Fuel g/kg Fuel g/kg Fuel No.
3.1 107.0 58.9 <12
12.0 3.9 0.7 <5
29.1 0.8 0.1 <6
33.9 0.7 0.1 <7

B. EPA Emission Parameters

1. Current 1979 Standards Calculation Method (cycle thrust-hour weighted)

CF6-50 1979 Std
NO, (as NO3) 1b/1000 1b thrust-hr 7.7 3.0
co 16/1000 1b thrust~hr 14.9 4.3
HC (as CHz) 1b/1000 1b thrust-hr 8.0 0.8

2. Draft 1981 Standards Calculation Method (takeoff thrust weighted)

No, (as NO7) g/kN
co g/kN
HC (as CHg)  g/kN

60.4 39.3
117.6 36.1
63.3 6.7

19
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2. Engine Demonstrator Combustor Design

The Double Annular combustor concept achieved program goals for CO and HC
emissions at idle operating conditions early in the Phase II Program. As
showm in Figure 6, these low levele of idle emissions were maintained through-
out the combustor refinement test series. NO, emission levels, shown in
Table 6, did not meet the goal. The engine installation and performance re-
quirements were most nearly met with configuration D12, which was selected as
the prototype for the Phase I1I demonstrator engine combustor. A second-
generation Phase III combustor configuration was needed because the prototype
configuration used in Phases I and II was designed for component testirg.

As such, the features incorporated into this design to accommodate differen-—
tial thermal growths, pressure loads, vibration loads, and mechanical assembly
were not adequate to permit its use in engine tests.

Th~ resulting demonstrator engine combustor design is shown in Figure 7.
The aerothermal design features of this demonstrator engine combustor were
patterred after those of the prototype combustor. Advanced aeromechanical
design features derived from other General Electric programs were incorporated
into its design. Machined-ring cooling-air slots were used throughout the
dome and liners for improved cooling air effectiveness. Included in the
mechanical arrangement were features for adequate thermal growth, assembly,
and mechanical stiffness. With this design, both the pilot—- and main-stage
fuel nozzles can be installed through the existing fuel nozzle ports of the
engine, wtih the combustor installed. This important design feature permits
the existing engine outer casing to be used without modification. The main-
stage fuel nozzles are connected to the existing engine fuel manifold. The
pilot-stage fuel nozzles are connected to a new fuel manifold.

Key aerothermal design parameters of the two Double Annular combustors
are compared in Table 7. Airflow distributicns are very similar except that
the demonstrator combustor dome cooling airflows are slightly higher. This is
accomplished primarily by reducing profile trim airflow. Key velocities are
also very similar except that inner and outer passage velocities of the demon-
strator combustor are more nearly equalized to reduce parasitic pressure
losses. Dome heights of the demonstrator combustor were increased about 20
percent to provide additional room within the cowl to accommodate the needed
radial movements of the swirl-cup slip joints. Additional details of the
swirl cup and dome construction are shown in Figures 8 and 9. Details of one
of the crossfire slots in the centerbody are shown in Figure 10. Two of these
slots located 180° apart were incorporated into the demonstrator combustor
design to provide a positive flame path from the pilot stage for main-stage
ignition.

Demonstrator engine combustor fuel nozzles are shown in Figure 11.
Advanced aeromechanical design features derived from other General Electric
programs were incorporated into the fuel nozzle design. The fuel nozzle tips
incorporate air shrouds of the type in use with the production fuel nozzles
to aid in fuel atomization and prevent carbon buildup. The fuel nozzle stems
are designed with natural vibratory frequencies well above the range of engin~

21
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Table 6. NO, Emission Level Comparison, Phase II
Prototype Double Annular Combustor
Configurations.

EINOX
Configuration at Takeoff (1)

Number g/kg
D8 20.2
D9 19.7
D10 19.8
D11 20.3
D12 20.2

D13 18.8 (2)

D14 22.0 (3)

Current

Production 33.9
ECCP Goal 10.0

(1) Corrected to current CF6-50C production
engine cycle standard-day takeoff operating
conditions.

(2) No profile trim air, high pressure drop.

(3) 1Increased liner cooling air, low pressure
drop.
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Figure 7,
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Phase IIT Demonstrator Double Annular Combustor,
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Table 7. Double Annular

Airflow Distribution, X W.

Key

Pilot Stage

Swirlers

Dilution, Second Outer Panel

Dome Cooling

Main Stage

Swirlers

Dilutior,, First Inner Liner Panel

Dome Cooling

Centerbody and Liner Cooling

Profile Trim

Aft Seal Leakage

Velocities, m/s

Key

Pilot Stage Dome
Main Stage Dome
Outer Passage
Inner Passage
Reference

Dimensions, c¢m

Pilot Stage Dome Height
Main Stage Dome Height
Combustion Length

Combustor Design Parameters.

Phase II Phase III
Prototype Demonstrator
Combustor (D12) Combustor
13.4 12.6
4.7 4.5
4.5 7.2
33.1 33.0
10.8 10.6
4.1 5.4
23.1 23.3
4.8 .
100.0 100.0
11 10
29 29
24 37
59 46
26 23
5.7 7.1
5.3 6.1
32.5 32.5
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frequencies to prevent resonance. . stems are aerodynamically contoured in
cross section to minimize pressure lu.ses and incorporate double wail con-
struction to minimize heat transfer from the hot compressor discharge air to
the fuel. Both the pilot- and main-stage fuel nozzles incorporate flow dis-
tribution valves which are located well outside the mounting flanges to fur-
ther minimize heat transfer to the fuel.

Flow-pressure drop characteristics of the engine fuel nozzles are shown
in Figure 12. The pilot nozzles which are fueled at all engine power condi-
tions are equipped with dual-orifice fuel nozzles to provide adequate atomiza-
tion at ground start and altitude relight conditions without exceeding the
current engine fuel supply pressure at the maximum pilot-stage fuel flow rate.
The secondary orifice cut-in-point is set above the nominal idle fuel f{low
rate to provide the best possible atomization at idle. The main-stage, which
is fueled only at higher engine power levels, is equipped with a simplex noz-
zle with relatively large metering areas. The intent is to prevent harmful
carbon or gumming of residual fuel when the main-stage is shut off. The main~-
stage fuel nozzles are equipped with integral pressurizing valves, so that the
main-stage manifold and distribution lines are normally always filled with
fuel. This feature is needed for rapid acceleration from idle or approach to
full power requirements.

Engine simulator fuel nozzles shown in Figure 13 were designed for use
in rig tests. These nozzles duplicate the fuel spray angle and air shrouvd
characteristics of the engine fuel nozzles, and approximate the atomizationx
characteristics. The fuel rnozzle tips are interchangeable simplex fuel
nozzles sized as shown in Table 8 for rig tests at either atmospheric or
elevated pressure.

3. Combustor Test Configurations

An extensive series of rig tests and modifications to the demonstrator
engine combustor were conducted prior to its installation into the engine.
The configuration designations, types and intent of the modifications, and
types of tests conducted are listed in Table 9. Modifications were implemented
for one or more of the following reasons:

1. Combustor Liner Temperature Improvement. Minor local adjustments
to the liner cooling airflows were made in configurations E2 and
E1Z te reduce peak liner temperatures.

2. Combustor Exit Temperature Profile/Pattein Factor Improvement.
The combustor was first tested without any profile trim airflow
(Configuration E1A). The quantity and circumferential location
oi profile trim airflow was then varied in configurations E2, E8,
and E12.

30
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Figure 12, Flow Characteristics of the Engine Fuel Nozzles.
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Figure 13.

Rig Test Fuel Nozzles,
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: Table 9.

Combustor Configurations and Rig Test Sequence,

Combustor Final
Configuration| lun Test Reading
Number No Dute Aumbe - Type Test Commonts
E)* 1 3/11,76 10 Atmospheric Discharge, Pattern Combustor/Fuel Nozzles as
Factor Reccived
E1y 2 3/15,76 24 Atmospacric Discharge Ground Comhustor/ivel Nozzlcs as
Start/subidle Performance Received
EIA 3 3/18/76 40 Low Power Emissions/Perforaance Comburtor/Fuel Nozzles as
Feceived
EIB 4 3/24/76 51 Luw PPower Emissiou/Perfoimance Pilot Staye Fuel MNozzle Clearance
Reduced
E2 5 4/1/76 60 Atnospheric Discharge, Pattern Combustor Airflow Distribustion
Factor Modificd
E2 ] /5/76 72 Lo» Power Emissions/Performance Fuel Nozzles Same as EI1R
E3A-E3E 7 4/15/76 93 1dle Fmissious, Diagnostic Three Dilution Schemes and Two
Fuel Nozzle Types
EdA-E4E ] 4/28,76 114 Idle Emissions, Diagnostic Five Dilution Schemes
ESA-ESE ] 35,19/76 136 ldie Fmissions, Diagnostic Four Dilution Scheme¢s and One
Cup Modification
EGA-E6GG 10 8,3/76 159 Emissions, Diagnostic Five Pilot Fuel Nozzle/Cup and
Two Main Fuel Nozzle Modifications
E? 11, 8,/11/76 191 Emissions/Perforuance Best Fuel Nozzle/Cup,/Dilution
12 8/13/76 Modification
L -
E7 13 8,20/76 200 Atmoshperic Discharge, Pattern Basis for Profile Trim
Factor Air Modification
E8 14 827,76 209 Atnospheric Discharge, Pattern Profile Trim Air Added
Factor
FSA-FOr 15, 10/28/76{ 21 Idle Emlssions, Diagnostic Threc-Cup Modifivations
5 11/1/76
E10A-E° XC 17 11/15/76 257 Idle Emissions, Diagnostic Best Cup Moditication from E9
and Three Dilution Schemes
E11 18 2/14/77 2e1 Erissinns/Performance Best Cup Modification from E9, E10
and Spray Tests
Ell 19 2/171,/77 200 Atrmospheric Discharge, Basis for Profile Trim Air
Pattern tactor Modificortion
E12 20 2/28/17 298 Atmospheric Discharge, Proffle Trim Air Modification
Pattcrn Factor
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3. Combustor Pressure Drop Adjustment. As received, the combustor
pressure drop was very close to the design intent (4.6 percent at
engine takeoff operating conditions). Main-stage swirler airflow
area was reduced in configurations E2 and E10 to compensate for
other airflow area increases and maintain the intended pressure
drop.

4, 1dle CO and HC Emission Level Improvement. An extensive series of
pilot-stage fuel nozzle, swirl-cup, and dilution modifications
were made in configurations E1B through Ell in an effort to reduce
the idle CO and HC emissions to the levels previously obtained
with the Phase II prototype combustor.

Detailed descriptions of the combustor configuration modifications are presented

in Appendix A. A comparison of the airflow distributions of the first and
last configurations is contained in Table 10.

C. ENGINE FUEL SYSTEM

1. Engine Fuel Control Design Concept

Incorporating a Double Annular combustor in the CF6-50 engine requires a
device for obtaining the desired fuel flow splits between stages over the en-
tire range of engine operating conditions. Accordingly, a fuel flow splitter
was designed in Phase Il for use in the Phase II1I engine tests. The fuel
splitter is shown in Figure 14, together with an operational schematic.

As shown in Figure 14, the splitter was designed for inclusion in the
existing CF6-50 engine fuel control system. Overall fuel flow rate is
scheduled by the production main engine control and throttle setting. The
splitter schedules the split between the pilot ard main stages avtomatically
according to total fuel flow rate and predetermined settings of the main-
stage cut—-in point and the pilot-to-total split after cut-in. Both of
these fuel scheduling parameters can be adjusted from the engine operating
console. Remote adjustments were provided so that the effects of fuel
scheduling on both exhaust emission levels and engine operating characte: -
istics could be investigated. Fuel scheduling capabilities of the device
are indicated in Figure 14. Pilot-to-t.i.al fuel flow split can be varied
from about 50 to 100 percent at approar® power ~perating conditions, and
from about 10 to 30 percent at high-power operating conditions. The main-
stage cut-in device incorporates a hysteresis feature to prevent flow in-
stabilities.

Since the flow splitter schedules split as a function of tctal fuel flow
rate, it is suitable only for sea level demonstration tesct use. Additional
features are required also to accommodate cruise operating conditions.
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Table 10. Demonstrator Engine Combustor Airflow

Distributions.

Configuration

Airflow Distribution (% W.)
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Pilot Stage

Swirlerc
Diiution (Outer Second Liner Panel)
Dome Cooling

Main Stage
Swirlers
Dilution (Inner First Liner Panel)
Dome Cooling

Centerbody Cooling

Liner Cooling

Profile Trim (Inner Sixth Liner Panel)

Seal Leakage

ElA

(As Received,
First Rig
Test)

1.6
100.0

El1,12
(Final Rig
Test And
Engine Test)

~wv W
.
Ll

w QW
[V, e -

19.8

2.8

100.0
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Figure 14. Demonstrator Engine Fuel Flow Splitter,
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2. Engine Fuel Supply System

Relatively few modifications to the production engine fuel supply system
were needed to conduct the engine demonstration tests. As shown in Figure 15,
the main-stage fuel nozzles were connected directly to the ex’sting fuel mani-
fold, and the pilot-stage fuel nozzles were connected to a new manifold. Some
of the compressor bleed air pipes were rerouted to accommodate this new mani-
fold. In a production engine the fuel manifold and individual nozzle supply
lines are all shrouded to contain any fuel leaks which mi~ht develop. How-
ever, for the relatively short demonstration test series, this safety require-
ment was waived and the design of the new manifold system was greatly simpli-
fied.

The fuel splitter, together with its associated valving and instrumenta-
tion, was mounted on a panel attached to the test cell floor directly under the
engine, as shown in Figure 16.

D. ENGINE TEST APPARATUS

1. Demonstrator Engine Description

CF6-50 Engine Number 455-105/7 was us~d for the Double Annular Combustor
engine demonstration tests. This engine is one of several factory engines
which are used for all types of systems, mechanical, and performance develop-
ment testing. The engine was equipped with production engine parts except
that a fixed-area, conical, core engine exhaust nozzle was installed, as shown
in Figure 17. Use of a fixed-area nozzle is common practice for factory test-
ing. For these ECCP testy, the engine was operated to CF6-50C engine model
thrust level (224 kN), but it was capable of higher-power operatioa. In the
previous buildup (455-105/6), the engine was run to CF6-50M engine thrust
levels (241 kN). However, due to accumulated testing prior to the ECCP pro-
gram, the engine performance and turbine temperatures were higher than those
of any high-time-in-service production engines. In particular, stardard-day
combustor airflow rates (W3g/02/52) were about 7 percent low, and standard-
day fuel flow rates (Wg/gp852) were about 25 percent high at idle and about
10 percent high at takeoff, relative tu production engine performance.
Standard-day combustor fuel-air ratio (f;/g9) was therefore 30 percent high at
idle and 15 percent high at takeoff, relative to production engine performance.

2. Engine Test Cell Description

Tests were conducted in Cell 7 of the Development Engine Test Complex of
Building 500. This complex has extensive services required for the testing
of development engines. The central Instrumentation Data Room (IDR) is
located one floor below the test cell area. Instrumentation application
facilities and the Development Engine Assembly area are adjacent to test area.
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Cell 7 was designed for development testing of large turbofan engines at
sea-level-static conditions. The general arrangement of the cell is shown in
Figure 18. Air enters the cell from an inlet mounted on the roof. An array
of turning vanes provides uniform horizontal flow to the engine. The engine
exhausts into an augmento., where the exhaust is sound treated and exits into
the atmosphere through a vertical stack. The augmentor pumps secondary air
that flows around the engine and provides external cooling. The engine is sus-
pended from a thrust measuring frame through a flight-type pylon and engine
fan duct cowling. The engine centerline is nominally 3.05 m from the floor.
Typical installations are shown ir Figure 19 (aft looking forward) and
Figure 20 (forward looking att).

The engine is operated from an acoustically isclated control room
located immediately adjacent to the test cell and on the left side, aft look-
ing forward. The exhaust gas analysis equipment is located in a mezzanine
room adjacent to the other side of the test cell and approximately in line
with the exhaust nozzle. Gas sample lines are only about 8 meters long.

3. Performance Instrumentation

The engine and test cell were equipped with all of the normal develop-
ment test instrumentation needed to safely operate the engine and determine
the overall steady-state and transieut operating characteristics. In addi-
tion, the Double Annular Combustor and its fuel supply/control system were
extensively instrumented to characterize the performance of these new com-
ponents. A summary of key measured and calculated parameters is shown in
Table 11. A more detailed description of the types and locations of engine
combustor instrumentation is presented in Appendix A.

4. Exhaust Gas Sampling Apparatus

One of the objectives of the demonstrator engine tests was to compare ex-
haust ~as sampling techniques. A new exhaust gas sampling rake and travers-
ing system, shown schematically in Figure 21, was designed and built for these
tests. The assembly installed in the test cell is shown in Figure 22. Eight
sampling arms are mounted radially inward from a traverse ring which is
sized to clear the CF6-50 engine fan jet. Each arm has three sampling ports
which are located on centers of equal area of the core engine exhaust nozzle.
Alternate arms are manifolded together to collect 12-point mixed samples.

The entire ring can be rotated for traverse sampling. The two sample lines
and traverse motor controls are routed to the gas analysis room, where rake
position and sample processing are controlled during test.

With this rake system, four different sampling techniques were utilized.
° 12-point fixed single-cruciform rake with the arms oriented verti-
cally and horizontally and manifolded together to collect and ana-

lyze one mixed sample. This simple technique meets the Federcl
Register specifications (Reference 1).
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Figure 22. Exhaust Gas Sampling and Traversing System Installation,
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° 12-point fixed single-cruciform rake as described above, except for
the arms oriented 45° from the vertical and horizontal. This tech-
nique also meets the Federal Register specifications.

° 24-point fixed double-cruciform rake obtained by manifolding the
two single cruciform rakes together. This was the primary technique
for these tests.

® 216-point traverse. This technique consisted of rotating the 24—
point double~cruciform rake and recording data at 5° intervals
across the entire exhaust nozzle area.

In addition, the low pressure turbine exit total pressure rakes shown in
Figure 23 were installed and manifold as shown in Figure 24 to provide a fixed
20-point, plane 5 emission sampling system. Additional details of the sam-
pling equipment are presented in Appendix i, together with descriptions of the
gas analysis equipment.

E. TEST CONDITIONS AND PROCEDURES

1. CF6-50C Production Engine Status Cycle Parameters

Both the component and engine tests were based on current CF6-50C produc-
tion engine operating conditions, which are shown in Table 12. These status
cycle parameters are based on analyses of acceptance test data for production
engine serial numbers between -209 and -258. Power settings except for stan-
dard 1idle (2.31%) are based or percentages of the FAA-rated corrected thrust
for CF6-50C engine, which is 224.2 kN (50,400 1b) and does not include scrub-
bing drag. Standard idle is based on a corrected high pressure rotor speed
of 6249 rpm.

2. Component Test Conditions and Procedures

Combustor component tests were conducted in the same full annular test
rig and facility, and using the same data acquisition systems, as were uti-
lized in the Phase I and II Programs. Detailed descriptions are presented in
References 1 and 13. The test rig exactly duplicates the aerodynamic flowpath
and envelope dimensions of the CF6-50 engine. A new inner flowpath was used
with the double annular demonstrator combustor in the Phase III tests to
duplicate the engine flow-path modifications. The tests were conducted in
Test Cell A3, which is equipped with an indirect-fired air heater and exhaust
ducting systems for high pressure on vacuum operation. Flow capabilities are
such that the CF6-50 engine combustor operating conditions can be exactly
duplicated at all relight requirement and ground idle conditions. For higher-
power simulation, temperature, velocity and fuel-air ratio are duplicated, but
combustor inlet pressure is limited to about 0.97 MPa. As indicated in Table
9, four types of combustor rig tests were conducted in the Phase III Program.
These were:
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a)

b)

¢)

d)

High Pressure Performance/Emission Tests. These tests were con-
ducted at actual idle and simulated higher power operating condi-
tions to determine exhaust emission levels, liner temperature,
pressure drop, crossfire, and combustor resonance characteristics.
At each selected engine operating condition, data were obtained

at a limited range of fuel-air ratios and/or a span of pilot-to-
total fuel flow splits. Exhaust gases were sampled with a 25-point
traversing rake assembly containing five rakes, each having five
sampling elements. The 25 sample lines were steam heated and lad
out individually to a selector valve panel, and then to the emis-
sion analyzers. By manipulation of the valves, any desired indivi-
dual element or combination of elements could be analyzed.

Ground Start Tests. Start tests were run at a range of actual
engine ground starting conditions. For these tests, the combustor
was exhausted to the atmosphere, allowing visual observation of
the ignition attempts. Lightoff, propagation, and lean blowout
were dete..nined over a range of ambient temperature airflow rates
corresponding to normal engine starting speeds.

Pattern Factor Tests. Combustor exit temperature profile charac-
teristics were determined in atmospheric pressure tests. In these
tests, very detailed temperature surveys were obtained by traversing
an array of four thermocouple rakes, each having seven probe ele-
ments and recording temperatures at 1.5° intervals. From these tests
results, the combustor airflow distributions were adjusted as needed
to meet the engine installation requirements.

Idle Emissions Diagnostic Tests. A new diagnostic test technique
was devised and utilized in some of the idle emission tests. For
configurations E3 through E6, five different modifications were made
in sectors of the combustor which were aligned with the area swept
by each exit gas sample traverse rake. By traversing and sampling
each rake individually, five configurations were effectively
evaluated within the same test setup. The most promis:ng modifica-
tions found in this series (E6A) were then uniformly incorporated
into configurations E7 and 8 for more detailed evaluastions. For
configurations E9 and 10, the technique was again u’.lized, except
that three instead of five modifications were made in order to better
assess circumferential variations within each configuration. From
these tests, sector configuration E9C was identified as most prom-
ising and incorporated uniformly into Ell and 12. Thus, overall,

26 combustor sector configurations were screened in only six test
buildups using this sector/annular test technique.




—

3. Engine Test Conditions and Procedures
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a)

b)

Steady-State Performance/Emiss.ons Tests

The first series of engine tests were condu: ¢ o determine
the steady-state performance and exhaust emissicus characteristics
according to the test point schedule shown in Table 13. Test
points (1 through 10) were intended to provide the basic perfor-
mance/emissions measurements, and to determine the effect of fuel
flow split on performance and emissions at the EPA-specified
operating conditions (idle, apprcach, climbout, and takeoff)
uging the 24-point double cruciform sampling technique. Test
points (11 through 14) were intended to provide further data at
the EPA operating conditions using the preferred fuel split. and
the traverse sampling technique. Test points (12 through 15)
were intended to provide data at additional operating conditions
using the preferred fuel splits and the double cruciform sampling
technique. Test points (21 through 24) were intended to provide
additional measurements at the EPA operating coulitions using
the preferred fuel splits and the 12-point cruciform sampli ¢
technique.

As is usual in development engine tests, the engine was run to
prescribed speeds corresponding to the desired thrust levels. 1In
Table 13, the corrected fan speed which was actually used to cet
each test point (except standard idle) is shown. These spee« < were
selected from pretest engine performance pr.dictions to proviue the :
specified corrected thrust levels. Standard idle (3.3 percent
thrust) was set by placing the throttle in the ground idle flat,
where the engine control maintains corrected core speed.

All of the test points shown in Table 13 were run at least
once, and a total of fifty-eight readings were obtained. Most of
the test points were run at least twice. Tests were run in order of
both increasing and decreasing power level. At each test point, the
engine was stabilized about five miautes before reading. Each read-
ing consisted of recording all of the engine/combustor performance
parameters with the automatic data management system (DMS reading),
and recording the smoke and gaseous emissions data. Usually, at
each test point, emissions data were obtained with at least two and
somet imes three different sampling techniques for direct comparison.

Acceleration/Deceleration Tests

A second and very important portion of the demonsirator engine
tests was to determine the transient operating characteristics of the
CF6~50 engine when equipped with a staged combustion system. In par-
ticular, there has been considerable speculation on the ability to
meet the requirements specified in Reference 15 for power or thrust
response when oily the pilot-stage is fueled at idle and approach
power levels.



Table 13. Denonstrator Engine Steady-State Performance
and Emissions Test Schedule.

e Based on CF’=50C rated thrust (224.4 kN)
e o customer air bleed or power extractiom.

. }*‘:

e JP-5 Fuel
-
S Exhaust Gas
2 Sampling
° - 3 Technique
T Q [
[V ) & I & [} <
oo [T} o] — i
Q O] 0~ ) 00
U W [V ~ Q. =2 -]
W~ O | 33 .- N [e] el
1 o = [-¥] (=] w
Qe S 3 E o £
o @ -0 ook cw | wn
. - @ & q lv() - B _C 8
Test Test Point o e & | - et &0 | 8.
Point Designation A 2w T3 YRR
No. EE | Za | =& w8 | J& |8
1,11,21 | Starderd Idle(l) 3.3 | -—- 1.00 x x x
15 Secondary Power Point 5.0 | 16.3 1.2 x
16 Secendary Power Point 7.0 | 19.3 1.00 X
17 Secondary Power Point 20.0 | 32.8 1.00 X
2,12,22 Approach 30.¢C 40.0 1.00 x X x
3 Approach 30.0 |} 40.0 0.70 x
4 Approach 30.0 | 40.0 | 0.45(2) x
18 Secondary Power Point 45.0 | 47.5 0.21(2) X
19 Secondary Power Point 65.0 | 53.8 0.18 X
5 Climbout 85.0 | 59.0 0.23 X
6,13,23 | Climbout 85.0 59.0 0.18 X x x
7 Climbout 85.0 | 59.0 0.13 X
20 Secondary Power Point 92.0 | 60.7 0.13 X
8 Takeoff 100.0 62.8 0.23 X
9 Takeoff 100.0 | 62.8 0.18 b
10,14,24 | Takeoff 100.0 62.8 0.13 X X X
(1) Standard idle is controlled to corrected corespced
N2//62 = 106.7 rps.
(2) Approximately minimum fuel splitter setting.
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The test point schedule for this series of acceleration/deceleration
tests is shown in Table 1l4. As shown, throttle bursts to and chops from
takeoff power were specified, while systematically varying the initial/
final power level and the two fuel splitter control parameters (flow split
at approach and flow spli: at full power). The tests were conducted in
general accordance with Reference 15 and standard General Electric practice.
No emission measurements were made during these tests, but the eagine
exhaust plum. was visually monitored for the presence of unburned fuel
or smoke. For each test point, a full DMS engine performance reading was
taken at the initial and final steady-staie power level for correlation
with the important parameters recorded transiently on high-speed multi-
channel strip chart recorders.

¢) Ground Start Tests

A ground start test series was conducted according to the test
point schedule shown in Table 15. Included are variations in fuel
control specific gravity setting, compressor stator vane setting,
and starter air pressure to determine the starting times and stall
characteristic of the engine when equipped with the Double Annular
cocmbustor.

F. DATA ANALYSIS PROCEDURES

1. Engine/Combustor Performance Data

All key engine and combustor performance data were recorded by digital
data acquisition systems, and processed through standard test data reduction
programs for . nverting data signals to engineering units, then calculating
prescribed avevages, flow rates, and performance parameters. Under normal
conditions, computer printouts of these results were available for preliminary
data analyses within about ten minutes after the test point was recorded.
The engine data were also stored on magretic tape for additional processing
after the test was completed. This latter feature was used in these tests
for compiling data obtained in different runs, and converting the data to SI
units. The key engine and combustor performance parameters which were com-
puted are listed in Table 11. Most of the parameters are self-explanatory.
However, by General Electric convention, combustor reference velocity is
based on compressor discharge total airflow (W3), total density, and casing
cross-sectional area at the combustor dcme exit (Ap). Additional details
of the performauce data calculation and analysis procedures are presented in
Appendix A.

2. Emission Data Reduction Procedure

In the combustor rig tes-: e emission data acquisition, reduction, and
calculation procedures were vairtually identical to those utilized in Phases I
and II, which arve described in References 1 and 3. The same procedures were
employed in the engine test except that fuel-air ratio corrections were also
required.
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Table 14.

e JP-5 Fuel.
e Fast Acceleration to Takeoff Power and Fast
Deceleration from Takeoff at Each Test Point.

Demonstrator Engine Acceleration/
Deceleration Test Schedule.

Initiai/Final
Power Level

Fuel Splitter
Control Setting,
Pilot-to-Total

Test Fuel Split at:

Point Flight | Approach

Number | Idle 302 Fy Approach | Takeoff
57 x 1.00 0.23
58 x 1.00 0.23
59 X 1.00 0.18
60 x 1.00 0.18
51 x 1.00 0.13
62 x 1.00 0.13
63 x 0.70 0.23
64 x 0.70 0.23
65 X 0.70 0.18
66 x 0.70 0.18
67 x 0.70 0.13
68 x 0.70 0.13
69 X 0.45 c.23
70 x 0.45 0.23
71 X 0.45 0.18
72 x 0.45 0.18
3 x 0.45 0.13
74 x 0.45 0.13
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Table 15.

Demonstrator Engine Ground

Start Test Schedule.

e JP-5 Fuel

e Normal Engine Automatic Start Sequence

Compressor Fuel Specific

Test Stator Angle Gravity Setting | Starter Air
Point Setting Degrees on Main Engine Pressure, kPa
Number | Open from Normal | Control (absolute)

75 0 0.82 380

76 0 0.82 380

77 0 0.82 310

78 0 0.82 310

79 0 0.82 275

80 0 0.82 275

81 0 0.82 240

82 0 0.82 240

83 0 0.70 380

84 0 0.70 310

85 0 0.70 240

86 0 0.70 380

87 -4 0.70 380

88 +4 0.70 380

89 +4 0.82 380

90 0 0.82 380

91 =4 0.82 380

92 -4 Max 380

93 0 Max 380

94 +4 Max 380
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A description of the emission data acquisition system used in the engine
tests is presented in Appendix A. The gaseous emission analysis instruments
were calibrated before and after each test run with calibration gases which
had been checked against National Bureau of Standards SRM gas standards. The
calibration data and emission test data were manually logged during the test,
and subsequently input to a computer data reduction program where emission
index, fuel-air ratio and combustion efficiency were calculated. The equa-
tions used for these calculations were basically those contained in SAE ARP
1256 (Reference 14), with the CO and CO9 concentrations corre~ted for removal
of water from the samples betore analyses. Hydrocarbon emission levels were
assumed to have the same molecular weight as the parent fuel in these emis-
sion index -alculations. For use in the EPAP calculations, these hydrocar-
bon emission levels were converted to methane molecular weight as specified
in the Federal Register (Reference 1).

Smoke samples were collected at four different soiling rates bracketing

the quoted soiling rate, for subsequent reflectance measurement and data
curve fitting in accordance with Reference 1.

3. Emission Pata Correction Factors

Emission data are presented two ways:

(a) as measured, either from the combustor rig on the demonstrator
engine, or

(b) as corrected to standard-day production CF6-50C engine operating
conditions.

In the rig tests, the needed corrections usually involve only humidity, which
is uncontrolled, and combustor inlet pressure, which, except for idle, is
reduced from actual engine levels to be within the facility capabilities. In
these development engine tests, the engine inlet pressure, temperature, and
humidity are all uncontrolled and the engine performance is deteriorated from
production engine status, so, in general, engine data must be corrected for
pressure, temperature, humidity, velocity, and fuel-air ratio. Ccrrection
factors used in this report are presented in Table 10. Gene. 1ly, these
factors are based on correlations of rig test data where eac! the operating
parameters was independently varied. The validity of these co. 2ction factors
was subsequently established by correlations of engine data, as described in
the following chapter.

4. EPA Parameter Calculsiion Procedure

a) Current Standard Procedure

The gaseous exhaust emission standards in Reference 1 are expressed in
terms of maximum allowable quantity of emission per 1000 thrust hours, for
a prescribed takeoff-landing cycle:
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. We.
>(4) () 6us) ®
EPAP ; = 60/ \1000 1

i

t: FN.
() (o)
60 1000
where
El = Emission index (1b/1000 ib fuel)
EPAP = Emission parameter (1b/1000 1b thrust-hr)

Ry = Net thrust (1b)
t = Prescribed time (minutes)
Wg = Fuel flow rate (pph)

and the subscripts are:

i Type of emission (CC, HC, NO,)

[SV
"

Prescribed power level (idle, approach, climbout,
and takeoff)

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

(2)
EPAP; = Z(cj) (EI1;3)

where:

(3)

]

. Fn.
y (_‘4 Nj
& \60 1000
For Class T2 engine (Rated Thvust > 8000 1b), such as the CF6-50, the pre-
scribed times are 26.0, 4.0, 2.2 and 0.7 minutes at idle, approach, climbout
and takeoff power. The other parameters needed to evaluate the coefficients

(Cj) for the CF6-50C engine cycle are shown in Table 12. The resulting EPAP
equations for various assumed idle thrust settings are:

i)  Standard (3.3%) idle thrust
EPAPj 3.3 = 0.1349 (EIj jq1e) + 0.0904 (EIj approach)

(4)
+ 0.1461 (EIj c1imbout) *+ 0.0565 (EI; ¢akeoff)
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ii) Increased (5.0%) idle thrust

EPAPj 5 0 = 0.1451 (EIj jd1e) + 0.0826 (EIj approach’

(5)
*+ 0.1335 (ELj climbout) *+ 0.0516 (E1j takeoff)
ii1) Further increased (7.0%) idle thrust
EPAP; 7.0 = 0.1562 (Eli,idle) + 0.0749 (EIi,climbout) ’
6)

+ 0.1211 (EX{ climbout) *+ 0.0468 (EI; ¢akeoff)

For Class T2 engines, the allowable EPAP levels for CO, HC, and NO, are 4.3,
0.8, and 0.3 1b/1000 1b thrust-hr, respectively, in these standards.

b) Draft Revised Standard Procedure

The draft revised gaseous emission standards in Reference 2 are ex-
pressed in terms of maximum allowable quantity of emission for the same pre-
scribed takeoff-landing cycle normalized by rated thrust (instead of cycle
summed thrust-hours). Also, the standards are expressed in SI units, so the
EPA parameter calculation becomes:

A
(60r;) (W£:)  (El;3)
EPAP . = L ] L 7
i,draft Fr
where:
EI = Emission index {(g/kg fuel)
EPAP = Emission Parameter, (g/kN)
Fr = Rated thrust (kN)
t = Prescribed time minutes)
We = Fuel flow rate, (kg/s)

and the subscripts are the same as before. As before, equation 7 can be
reduced for a particular engine cycle to the form of equation 2, where now

_ (60t5) (VE;) (8)
Yj,draft Fr

The resulting <ZPAP equations for the CF6-50C engine cycle are:
i)  Standard (3.3%) idle thrust

EPAP; 3.3 draft = 1.062 (EIj jqie) *+ 0-711 (EIj approach? 9)
+ 1.150 (EIj climbout) * 0.445 (EIj takeoff)
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ii) Increased (5.0%) idle thrust

EPAPi,S.O,draft = 1.250 (EIi,idle) + 0.711 (EIi,approach) a0)
A
+ 1.150 (EIi,climbout) + 0.445 (Eli,takeoff)

iii) Further increased (7.0) idle :hrust

EPAPi,7.0,draft = 1.483 (EIi,idle) + 0.711 (EIi,approach) a1
+ 1.150 (EIj climbout) * 0.445 (EL; ¢akeoff)

For the CF6-50C engine, the allowable EPAP levels for CO, HC, and NO, are
36.1, 6.7, and 39.3 g/kN, respectively, which include a 19 percent credit

in the NOy standard for the high pressure ratio (29.44:1) and associated high
combustor-inlet temperature (826.3 K) at rated conditions.
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CHAPTER III

RESULTS AND DISCUSSION

A. INTRODUCTION

The Phase III Program consisted of both component rig tests and CF6-50
engine tests of a new demonstrator Double Annular Combustor and its associ-
ated fuel supply/control system. Phase III rig tests were conducted to check
the operating and performance characteristics with respect to engine instal-
lation requirements. The combustor and fuel supply/control system were then
assembled into a CF6-50 development engine. The engine and a new exhaust gas
samplirg and traversing system were installed in an engine development tast
cell, and a series of emissions and performance tests were conducted. Results
of these tests are summarized in the following sections of this chapter. De-
tailed results are continued in Appendix B.

B. COMPONENT TEST RESULTS

1. Combustor Rig Test Summary

The Phase ITI Program Plan was to conduct approximately six component rig
tests of the new demonstrator Double Annular Combustor, prior to its assembly
in the CF6-50 engine, to determine its operating and emission characteristics
and to verify that all installation and performance requirements were satis-
fied. 1Initial component checkout tests of the combustor showed performance
and operating characteristics to be, for the most part, satisfactory and vir-
tually the same as those of the Phase II prototype configuration. However,
the ) and HC emission levels were substantially higher.

After this finding, an extensive series of diagnostic and development
tests of the combustor was conducted in an effort to reduce CO and HC emis-
sion levels at idle. Several pilot-stage modifications were defined and
evaluated. Fuel spray characteristics, swirl cup geometry, and outer liner
dilution airflow distribution were systematically varied to correct the
deficiencies and to more precisely duplicate the pilot-stage design of the
Phase II prototype combustor. Details of these modifications are contained
in Appendix A, and test results are contained in Appendix B. Some CO and HC
emission reductions were realized from these efforts, but levels equivalent
to those of the Phase 1I prototype combustor were not attained. It appears
that higher CO and HC emission levels at idle must be associated with some
slight differences in the pilot-stage liner and centerbody cooling airflows
and/or in the penetration and mixing characteristics of the swirl cup and
dilution airflows. The exact causes of these higher CO and HC levels can
probably be identified with additional testing and subsequently corrected.
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However, the required corrections will involve some significant reworking of
the pilot-stage dome assembly and its cooling liner assembly. Therefore, it
was decided to proceed with the demonstrator engine tests to determine the
overall performance and operating characteristics cf the advanced combustor
rather than further delay the program.

2. Emission Test Results

The final series of combustor rig checkout tests included a high pressure
test to determine the performance/emission characteristics of the exact com-
bustor configuration to be used in the engine demonstration tests. Test con-
ditions were selected to show the effects of engine power setting, fuel flow
split, and ambient temperature on emissions levels. Results, listed in Table
B-6, were analyzed to establish the correlations of emissions indices with
combustor operating parameters which are shown in Figures 25 through 30. 1In
these figures, measured emission levels are plotted against the combustor
operating parameters that are the bases for the emission correction factors
shown in Table 16 and discussed in Chapter III, Section F3. The plotted sym-
bols are the measured data, the lines are regression curve fits of the data,
and, for reference, values of the operating parameters for the CF6-50 produc-
tion engine on a standard day are indicated.

CO, HC, and NO, emission levels with only the pilot stage fueled at
simulated low-power engine operating conditions are shown in Figures 25, 26,
and 27, respectively. Each of these plots correlates the data quite well
over the range of simulated idle to approach power level engine operating
conditions.

Emission levels of CO, HC, and NO, with both stages fueled at simulated
high-power engine perating conditions are shown in Figures 28, 29, and 30,
respectively. The NO, data, Figure 30, correlate quite well over the range
of simulated 45 percent thrust to takeoff power level engine operating condi-
tions. The CC and HC data, shown in Figures 28 and 29, are more difficult to
correlate, as was found in Phase II (Reference 6).

Predicted engine emission indices and EPA parameters, based on the final
series of combustor rig tests, are listed in Table 17. As in previous Phase II
tests, it was found that the best combined EPA parameter results are obtained
by fueling only the pilot stage at idle and approach power levels and supply-
ing a high percentage of the fuel (80 to 90 percent) to the main stage at
climbout and takeoff power levels. Using these fuel split schedules, the EPA
parameters for CO, HC, and NOy are:

. Each about 160 percent of the current standard when the normal
engine idle power setting (3.3 percent of takeoff thrust) is
assumed .

° Reduced to about 103, 45, and 143 percent, respectively, of the

current standard when 7.0 percent idle thrust setting is assumed.
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Figure 25. Effect of Combustor Operating Conditions on CO Emissions with Only
Pilot Stage Fueled - Final Rig Test, Configuration E1l.

REPRODU 65
CIBILITY OF -
ORIGINAL PAGE IS PoggE



30

O Readings 259 Through 274 o)
10 |-
r——
r—-
'y}
2
~ —
[o19]
%
0 —
el
[=f
=
o4
Q
oy
/)]
21
R
= -
O —
ja )
—
Standard Day
[ 207 F Production Engine
- N ldle (3.3% Fy)
I 7% |
V 5%
I I |/7 I
I I | |
I l | I
0.1 L e terttd |
0.01 0.1 1.0 3.0
* (0.300 2( Ve 10,96\ 12 <“37‘["T3
P 18.56 £ exp 71.7

(MPa, m/s, g/kg, K)

*Parameter Number 3 from Table 16,

Figure 26. Effect of Combustor Operatirng Conditions on HC Emissions with Only
Pilot Stage Fueled - Final Rig Test, Configuration Ell.
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Figure 27, Effect of Combustor Operating ’onditions on NO, Emissions with Only
Pilot Stage Fueled - Final Rig Test, Configuration Ell.
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Table 17. EPA Parameter Results, Final Combustor
Rig Test, Configuration Ell.

CF6-50C Engine Cycle
Power Fuel Emission Index*
Level, Split g/kg Fuel
X of W
fp
50,410 1b Vg co HC NO,
3.3 1.00 40.4 9.3 2.9
5.0 1.00 28.3 4.6 3.3
7.0 1.00 21.3 2.3 3.7
30.0 1.00 11.2 0.04 7.2
85.0 0.18 16 0 17.8
106.0 0.15 1.7 0 21.7

Current Federal Register
Procedure Revised Draft Procedure
EPA Emission Parameter EPA Emission Parameter
Assumed 1b/1000 1b thrust-hr g/kN
Idle Thrust
per cent co HC NO, co HC NOy
3.3 6.79 1.26 4.87 53.5 9.9 38.3
5.0 5.34 0.67 4.57 45.9 5.8 39.4
7.0 4.43 0.36 4.29 42.1 2.0 40.7
EPA Standard 4.3 0.8 3.0 36.1 6.7 39.3

*Rig data are shown corrected to the standard-day production engine
operating conditions listed in Table 12, using the correction factors
shown in Table 16.



° 148, 148, and 97 percent, respectively, of the proposed
revised standards, when the normal engine idle power setting
(3.3 percent) is assumed.

3. Performance Test Results

Atmospheric pressure tests to provide detailed exit temperature pattern
factor and profile characteristics were conducted with six different com-
bustor configurations. Key results are shown in Figure 31 (average and
peak radial profiles at nominal fuel flow split) and Figure 32 (variation
of profile peak and pattern factor with fuel flow split). As shown in
Figure 31, radial temperature profiles generally tend to be peaked inboard
relative to limits specified for production engines. With conveational
combustors, profiles can usually be adjusied to the desired shape by manipu-
lation of location and quantities of dilution airflows. However, in the case
of this low—emission lean-dome combustor, profile trimming is a much wmore
difficult task because the quantities of airflow available are greatly
reduced. In this design, 2 percent of the combustor airflow was budgeted for
profile trim. Actual quantities used were:

Configuration El - none
Coufiguration E2, E7 - 1.3z
Configuration E8, Ell, E12 - 2.7%

and, as shown in Figure 31, very little change ia location or magnitude of
the average profile peak was chieved by these combustor modifications.
However, as pilot-to-total fuel split was increased, profiles of all con-
figurations tended to be peaked outboard and more nearly meet production
engine limits, as shown in Figure 32. Production engine profile limits were
mostly nearly met with Configuration E7, but pollutant emission levels were
lower with Configuration E12 and the profile characteristics of configura-
tion E12 were within the limits specified for short-time demonstration
engine tests. Therefore, Configuration E12 was released for engine instal-
lation rather than further delay the program. However, the rig pattern
factor test series did point out that the Double Annular low-emission com—
bustor concept does require significantly more developmeat effort in order
to meet the production engine temperature profile requirements.

In all respects except profile and pattern factor, the combustor per-
formance was quite good. Ground start/stability characteristics, shown
in Figure 33, were excellent, as had been expected from Phase I1 Program
prototype combustor tests. Lightoff, full propagation, and lean blowout
all occurred at fuel flow rates well below the engine miniumum flow schedule,
indicating that the normal starting and sub-idle acceleration procedures
could be used in the demonstration engine tests. Furthermore, main-stage
crossfire/stability character.istics at rig test pressure levels were in good
agreement with Phase II results, and very low lean fuel-air ratio limits were
predicted at actual engine crossfire pressure operating conditions ‘Figure 34).
Low crossfire fuel-air ratio limits are needed to insure smooth and . pid
engine acceleration characteristics.
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® Profile Peak Factor = (T4 Max. Avg Profile - T4 Avg Overall)/ATavg overall

e Pattern Factor = (T4 Max. Local - T4 Avg Overall)/ATAvg Ove» all
® T3 670 + 770 K Symbol ) O A
® P3 0.106 MPa frorar  0.021  0.023 0 026
® Vy 25 m/s
0. r——
Configuration El Configuration E2 Configuration E7

0.4 —\
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Figure 32. Combustor Exit Peak Temperature Characteristics, Rig Tests at
Simulated High Power Operating Conditions.
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Combustor Fuel Flow, Wfj, kg/s
(Only Pilot Stage Fueled)
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W36, Combustor Airflow, kg/s
Figure 33. Ground Start/Stability Characteristics, Combustor

Rig Tests.
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Main Stage Fuel/Air Ratio, f,
g/kg
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|
L
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Figure 34. Main Stage Crossfire/Stability Characteristics,
Combustor Rig Tests.
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Combustor pressure drop characteristics, shown in Figure 35, were very
close to the design intent (4.5 percent at takeoff conditions compared to
4.3 percent for the production combustor), and a correlation between pressure
drop measured with inlet and exit impact pressure rakes and combustor-mounted
pressure taps was established for use in calculating pressure drop in the
engine tests.

Combustor dynamic pressure was monitored throughout these rig tests,
and resonance was never detected. This was encouraging since some prototype
combustor resonance had been encountered at both idle and high—~power opera-
ting conditions in Phase II.

Combustor metal temperatures were for the most part very low, especially
after small preferential cooiing air modifications were made for Configuration
E2. In the final high pressure test (Configuration El1), key regions were
instrumented for direct comparison to engine tests. The liner temperature
measurements indicated that the inner liner fourth panel would be the hottest
region and the peak netal temperature at takeoff conditions would be about
1060 K (1450° F). Tiis metal temperature level is close to the design intent
and that which is generally needed for long-life production combustors.

4, Fuel System Test Results

A series of tests of the engine fuel control/supply system was conducted
to determine the steady-state and tr. 1sient operating characteristics of the
new components and to insure that engine installation requirements were met.

A steady-state flow calibration of the fuel splitter was made; the
results are shown in Figure 36. The unit functioned as intended. Both the
main-stage cnt-in point and the flow split after the cut—-in point could be
remotely and accurately set. The hysteresis loop, built in to prevent in-
stability near cut-in, functioned as intended. A dynamic test of the fuel
control/supply system was then conducted.

For the dynamic tests, the fuel splitter control together with fuel
nozzle flow simulator valves, the standard engine pump and main fuel control
unit, and associated supply/control elements were assembled ana instrumented
into a test loop where engine throttle bursts and chops were run. A typical
transient data trace is presented in Figure 37, showing a fast acceleration
and deceleration from simulated ground idle to takeoff to ground idle engine
operating conditions for a preselectel fuel splitter setting. In particular,
data traces were examined for evidence of oscillations or 1instabilities,
but ncne were found. The system responded as expected and satisfactory
per formance was demonstrated.
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Combustor Total Pressure Loss Corrected to
Standard Day Production Engine Takeoff Conditions,

, percent
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Figure 35. Pressure Loss Characteristics, Final Combustor
Rig Test Configuration Ell.
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Pilot/Total Fuel Flow Split
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Figure 36, Fuel Splitter Control Steady State Flow Calibration.
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C. ENGINE TEST SUMMARY

A summary of the demonstrator cngine test program is presented in Table
18. Eighteen test runs were made during the period between July 20, 1977, and
August 29, 1977, to check out the engine/combustor instrumentation, establish
operational procedures, and obtain all of the planned data for the basic Phase
I1I Program and the four program addenda. As further shown in Table 18, over
200 steady-state data points were obtained, 67 starts were made, and over 55
hours of engine operation were accumulated. The tes. series generally went
very smoothly, and no significant operational or instrumentational problems
were encountered.

The tests were conducted in Development Engine Test Cell 7, which, as
described in Chapter II, is located in the Ceneral Electric plant in Evendale,
Ohio. The engine inlet ambient conditic:is are not controlled in this test
cell, and during this test program, the weather was generally hot and humid.
Engine inlet conditions varied as indicated below:

Ambient Temperature 295 to 306 K
Ambient Pressure 89 to 100 kPa
Ambient Humidity 6.4 to 14.3 g/kg

In some cases, the emissions data correction factors were quite large,
due to the combined effects of the hot day ambient conditions and the deteri-
orated engine performance. Multipliers for correcting the measured emission
levels to standard-day production engin2 combustor operating conditions were
approximately of the following magnitudes:

Emigsion Minimum Multiplier ____Maximum hultiplier

co 0.58 (at idle) 1.02 (at climb and takeoff)
HC 1.00 (at climb and takeo®f) 1.46 (at idle)

NO, 0.90 (at climb and takeoff) 1.14 (at idle)

Smoke Number 0.16 (at approach, with 0.93 (at idle)

pilot only fueled)

JP-5 fuel with properties shown in Table 19 was used in all tests except
the one on August 2, 1977, which was run with Diesel No. 2 fuel to fulfill
the requirements of a program addendum described in Reference 12, As is quite
often found, this lot of JP-5 fuel also met all of the ASTM spec.fications
for Jet-A fuel.

D. ENGINE EMISSIONS TEST RESULTS

Sixty engine emission data points were obtained snd are listed in
Appendix B. Most of the planned power-level/fuel-split combinations were
repeated several times. Further, two or more sampling techniques were
usually employed on each test point, so that overall more than 123 power
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Table 19. Engine Test Fuel (JP-5) Analysis.

Test JP-5 Fuel,
Fuel Property Method Engine Test
Composition:
Aromatics, Vol. % ASTMD1319 15.4
Olefins,m Vol. % ASTMD1319 1.3
Napthalenes, Vol. % ASTMD1840 1.6
Sa*urates, Vol. % ASTMD1319 83.3
4 ‘rogen, Wt. % ASTMD1018 14.0
Sulfur, We. X ASTMD1266 0.08
Nitrogen, Wt. ppm ASTMD3431 2.5
Volatility:
Distillation Temperature, K ASTMD86
1.B.P. ’ 459
102 469
207 475
50% 489
902 516
F.B.P. 533
Z at 478 K 25.5
Residue, % ASTMD86 1.2
Loss, 2 ASTMD86 0.8
Flashpoint, K ASTMD93 330
Gravity, Specific (288.7/288.7 K) ASTMD1298 0.8104
Fluidity:
Viscosity at 310.9 K, mm2/s ASTMD44S 1.53
Combustions:
Net Heat of Combustion, MJ/kg ASTMD2382 43,178
Smoke Point, mm ASTMD1322 24.5
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level/ fuel-split sampling technique readings were obtained. The emission
results of these tests are summarized in Figures 38 through 46 and Tables
20 and 21.

1. Corrected Emission Index and Smoke Number Results

As described in Chapter II, the gaseous emission correction factors were
deduced from Phase Il and Phase III rig test data and verified by the corre-
lations shown in Figures 25 through 30. Identical plots of the engine gaseous
emission data are shown in Figures 38 through 43. The following trends are
indicated:

® CO emissions at low power operating conditions (Figure 38)
correlate well with the rig-test—-deduced parameter, but are
about 10 percent lower.

o HC emissions (Figure 39) at standard idle conditions (X-1)
were much lower in the engine than in the rig test.

. NO, emissions at low power (Figure 40) correlate well with
the component-deduced parameter, but are about 40 percent
higher in the engine than in the rig test.

° CO emissions at high power (Figure 41) agree very well with
the rig predictions, but as in the rig tests, the correlation
deteriorates at intermediate powers (X>3).

) HC emissions (Figure 42) at high power agree quite well with
component predictions.

° NO, emissions at high power (Figure 43) correlate very well
with the rig-deduced parameter, but levels were about 10 per-
cent higher in the engine than in the rig test.

Thus, the engine data generally followed the trends expected, with
changes in operating parameters indicating that the planned emission data
correction procedures were valid. However, this analysis indicated that
in some cases there were significant differences in rig and engine emission
levels, particularly low-power NOy .~ ' HC. The most probable explanation
for these differences in emission l¢ :ls 1is the lower combustor pressure
drop in the demonstrator engine, at low-power operating conditions, relative
to the rig tests. Combustor pressure drop data is presented in the Com-
bustor Performance Characteristics section which follows.

Rig test smoke levels were generally extremely low, so in the final rig
tests no measuremeats were made. However, as shown in Figure 44, engine
smoke levels incteased rapidly when a threshold fuel—air ratio in either the
pilot or main stage was exceeded. As showa in Figure 44a, the threshold main-
stage fuel-air ratio was 16.7 g/kg, and the EPA smoke requirement was exceeded
at 19.5 g/kg. As shown in Figure 44b, the threshold pilot-stage fuel-air
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Note: The NOx emission index and the SAE smoke number are corrected
to standard day and production engine conditions.
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Figure 46, Effect of Fuel Split on Emission Levelé ét Approach
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ratio was 15.7 g/kg and the EPA smoke requirement was exceeded at 17.0 g/kg.
These fuel-air ratios would seldom be exceeded with a production engine on
a standard day, but they were frequently exceeded in the demonstrator engine
tests because of the hot-day conditions and the detcriorated engine perfor-
mance.

As shown in Figure 44, the engine smoke data correlate simply with
pilot- or main-stage fuel-air ratio each of which depends on both power level
and fuel flow split. Significant variations in combustor inlet temperature
and pressure are included in these data, but they do not appear tc influence
the smoke levels. Therefore, the smoke number correction factors shown in
Table 1€ are based only on the slope of the smoke number/fuel-air ratio lines
in Figure 44.

In Table B-12, emissions data for each point in the engine test series
are presented two ways:

a) as weasured (ana plotted in Figures 38 through 44).

b) as corrected to standard-day production CF6-50C engine operating
~onditions at the specified nominal power level and actual test
fuel flow split.

In Table 20, the average corrected emission levels at each power level/fuel
flow split combination are listed, and the number of engine test points
obtained and included in the averages is indicated. For example, omissions
at standard idle operating conditions (3.3 percent thrust) were measured
nine times, and the average corrected CO, HC and NO, emission indices were
35.3, 1.7 and 4.1 g/kg, respectively.

The effects of fuel split on emission levels are shown in Figure 45
(high power) and Figure 46 (approach power). As shown in Figure 45, smoke
number was very seansitive to fuel flow split while NO, emission index was
virtually independent of fuel flow split. Therefore, the preferred fuel
split at takeoff power is based on meeting the smoke number requirement
(Wgp/Wee > 0.19). As shown in Figure 46, the best all-around emission
levels at approach power were obtained when only the pilot stage was fueled,
based primarily on the high CO emission levels with two-stage burning through-
out the fuel split range tested. The data do suggest that perhaps a pilot-
to-total fuel split of about 0.25 might provide a significant reduction in
NO, levels and also produce acceptable CO levels if the idle CO emission
level could be reduced.

2. EPAP Results

EPAP calculations for the engine test data corrected to standard day
CF6-50 production engine operating conditions are presented in Table 21.
Included are calculations to show the effect of idle power, fuel flow split
schedule and current versus proposed draft procedure. These calculations
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are based on the emission indices listed in Table 20. EPA parameter values
of 6.0, 0.3, and 5.8 1b/1000 1b thrust-hr were obtainad for CO, HC, and
NO,, respectively, using the nominal CF6-50 engine idle power setting of
2.3 percent, the preferred fuel splits at high power, and the current EPA
parameter calculation procedure. The approximate reductions in CO, HC, and
NO; were respectively 55, 95, and 30 percent, relative to the current
production engine levels. At higher idle power settings, substantially lower
EPAP's were obtained. The HC standard is met with an idle power setting of
3.3 percent, and the CO standard is met with an idle power setting of 7.0
percent. The current NO, standard was not met, but the levels were ooly
about 10 percent above the proposed revised standards for the high cycle
pressure ratio of the CF6-50 engine.

3. Gas Sampling Technique Comparisons

Five different gas sampling techniques were employed in these engine
exhaust emission tests using the apparatus and techniques described in
Chapter II. One ctuier sampling technique (FAA diamond rake) was investi-
gated in a program addendum effort which is described in Reference 13.

Detailed results of these basic program sampling technique comparisons
are presented in Appendix B. Fifty-five engine test points were included
in these data, and generally two cr more sampling techniques were utilized
on a test point to measure smoke and each gaseous emission, so that a large
number of comparisons can be made. Key trends are illustrated in Figures
47 through 54. Generally, these tests showed very consistent and close
agreement between each of the sampling techniques.

The Federal Register specifies that in order to establish validity
of the sampling technique, the fuel-air ratio calculated from the gas
sample analysis must agree with the fuel-air ratio calculated frow engine
fuel and air flow measurements to within +152. Figure 47 illustrates that
for all 123 samples, the ratio of sample-to-metered fuel-air ratio is well
within this limit, with a range of 0.89 to 1.04, ani a mean of 0.951.

The best agreement was obtained with the traverse sampling technique (0.982
mean), which is not surprising since this technique effectively samples

the exhaust nozzle in 216 positions (72 circumferential locatioms X 3
radial immersions) and thus should average out any rich or lean regions.
The traverses did reveal circumferential variations in fuel-air ratio
which shiited with engine power setting as shown in Figure 48.

In Figures 49 through 54 sampling technique comparison plots for each
of the emissions parameters are presented, with the parameter from the
double cruciform rake taken as the independent variable. Generally very
close agreement between all teclniques is indicated. Virtually perfect
agreement in both NO and NOy, emission indices is shown. Smoke number and
CO emission index show the greatest variability (about +8%), but this
variability seems to be more test point dependent than sampling technique
dependent. Sample fuel-air ratio and HC emission inde: agreement is gener-
ally within about +4%, with the 12A sampling technique (+ oriented single
cruciform rake) consistently indicating slightly higher levels.
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These comparisons indicate that any of the gas sampling techniques
used are about equally valid provided that the exhaust composition is nearly
uniform. If this uniformity is known to exist, then the single cruciform
fixed in either orientation (+ or X) is preferred because of its simplicity.
However, these tests do indicate that biased results might be obtained
with these simple rakes if spatial nonuniformities in exhaust composition do
exist .

In these engine emission tests, nitric oxidr (NO) as well as total
oxides of nitrogen (NOy) were measured. In the course of data consistency
analyses, it was found that the ratio of NO to NO, emissions was very
nearly a function of combustion efficiency only (Figure 55) and independent
of sampling technique or engine operating parameters. In particular, at
approach power level combustion efficiency varied from about 97.2 to 99.6
percent (at about constant NOy, temperature and pressure levels) as fuel
flow split varied. The NO/NO, ratio followed the same trend as when the
power level was increased from 3.3 to 20.0 percent power (same range of
combustion efficiency with varying NO,, temperature and pressure levels).
This trend is presented because it has not previously been noted and may
be of some use for kinetic studies.

E. ENGINE PERFORMANCE TEST RESULTS

1. Engine Steady-State Performance

Detailed steady-state performance data of the demonstrator engine equip-
ped with the Double Annular Combustor are contained in Appendix B, and key
trends are illustrated in Figures 56 through 59. For comparison, also shown
in these figures are (1) performance data of the same development engine from
tests just prior to the ECCP when it was equipped with a production combustor,
and (2) typical performance data for a new production engine, from Table 12.
As shown in Figure 56, thrust characteristics of all three engines are nearly
identical, indicating no fan deterioration. However, fuel flow rates, shown
in Figure 57, were higher for the development engine, indicating some core
engine deterioration. Fuel flow rates of the deteriorated development engine
were about 25 percent high at idle and about 10 percent high at takeoff,
relative to the fuel flow rates of a new production engine. Specific fuel
consumpt ion, shown in Figure 58, indicates about the same degree of develop~
ment engine periurmance deterioration. However neither Figure 57 nor Figure
58 shows any effect of combustor type on the development engine fuel consump~
tion. Combustor airflow rates of the development engine were about 7 percent
low relative to those of a new production engine. This, in combination with
the higher fuel flow rates, resulted in significantly higher combustor fuel-
air ratios for the development engine. As shown in Figure 59, combustor fuel-
air ratios in the deteriorated development engine were about 20 percent high
at idle and about 15 percent high at takeoff, relative to those of a new
production engine, at standard-day conditions.
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2. Thrust Response Characteristics

One cf the greatest concerns prior to these demonstrator ingine tests
was the engine response with transition from one- to two-stage buraning. A
special momentary crossfire fuel enrichment feature was added to the control/
supply system (Figure 60) in case speed falloff or pilot-stage blowout would
occur. This feature was, however, never needed. The engine crossfired on the
first attempt with no speed falloff, and no problems were ever encountered
with fast or slow accelerations and decelerations.

Throttle burst results are shown in Figure 61. The times required to
reach 95 percent rated thrust starting from flight idle conditions ranged
from 3.7 to 5.4 seconds, as shown in Figure 6la. E:ght of the nine fuel
splitter settings that were tested met the 5-second airworthiness require-
ment (Reference 15), and, in general, were somewhat faster than the 4.7
seconds typical of a new CF6 production engine.

3. Ground Start Characteristics

The engine fired on the first attemnt, and throughout tne test program
67 starts were made with no rroblems. In the start/stall test series,
characteristics were manped and found to compare very well with those of
production engines. Times to reach idle (Figure 62) were virtually the same
as those of typical production engines and somewhat faster than those of this
particular development engine when equipped with a production combustor.

4, Combustor Performance Characteristics

Combustor performance throughout the demonstrator engine tests was
essentially as expected, and except for exit temperature profile character-
istics compares very well with production engine requirements.

Combustor pressure drop (Figure 63) at high power was 4.5 percent,
which is very close to rig test predictions for a production—quality engine.
Idle pressure drop, however, was low (about 3.3 versus 4.4 percent predicted
for a production engine) because of the low combustor airflow of the demon-
strator engine at low power.

Combustor dynamic pressures were monitored throughout the engine test
series and recorded fer subsequeat spectral analyses. As expected from the
rig checkout tests, no resonance was ever detected.

Peak metal temperature characteristics of the outer liner centerbody and
inner liner are shown in Figures 64, 65 and 66. In each case, the difference
between metal temperature and combustor inlet air temperature correlates well
with merely pilot-stage (outer liner) or main-stage fuel-air ratio (center-
body and inner liner). Both the level and location of peak temperatures
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agreed very well wi.i rig test data, and are summarized in Table 22 for
standard-day production engine operating conditions. The peak temperature was
1056 K, which is lower than that of production combustors. Generally 1088 K
(1599° F) is considered to be the maximum temperature for long-life designs.

Periodically throughout the test series, borescope inspections at the com-
bustor were made. No signs of carbon buildup or distress on any of the parts
wére detected. Posttest conditions of the combustor fuel nozzles and high-
pressure turbine are shown in Figures 67 through 70. The combustor was in
excellent condition, with only some very light carbon stains on the dome splash-
plates. There was no carbon on the fuel nozzles, and spray quality/flow cali-
brations revealed no significant changes. However, for long-time service
plugging or gumming of the main-stage nozzles is still a concern. The noz:cles
are not fueled at cpproach power with the preferred fuel schedule, and this
problem may not appear until after several hundred hours of operation. Turbine
distress was found, Figures 69 and 70, particularly in the area of the first-
stage rotor blades. This was probably aggravated by (1) the high fuel con-
sumption of the engine, (2) the high ambient temperatures which increased both
combustor inlet temperature and combustor fuel-air ratio, and (3) considerable
high-power run time with very low pilot-to-total fuel splits. Nonetheless,
the need for improved temperature profile characteristics was clearly indicated
to be the most significant performance problem associated with this Double
Anaular low-emission combustor design concept.
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Figure 67, Combustor After Engine Test.
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Fuel Nozzles After Engine Test.

Figure 68,



Figure 69, 3
High Pressure Turbine First Stage Nozzle After T
r Test,
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Figure 70, High
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Pressure Turbine First Stage Rotor Blade Platforms After Test.



CHAPTER

DEVELOPMENT STATUS SUMMARY

An assessment of the current development status of the CF6-50 Double
Annular Combustor design concept, based on the combined results of Phases II
and TII of the program, is presented in Table 23. As is shown, the Double
Annular Combustor has been found to meet or closely approach most of the key
emission, performance, and operating requirements of the CF6-50 engine. Con-
sidering the relatively early state of the development of this advanced com-
bustor design concept, this status is considered to be generally good. How-
ever, 1n its current form, the Phase I1I demonstrator engine combustor is
still deficient in several key performance aspects. These are discussed
below.

First, some additional improvement is needed to meet the applicable CO
emission standard with the Phase III demonstrator engine combustor configura-
tion at the nominal engine idle power setting of 3.3 percent of takeoff power.
However, this emission standard was consistently met with the Phase 1I proto-
type combustor configuration and it is fully believed, therefore, that this
standard can al.o be met with the Phase I1I demonstrator engine combustor
configuration, with additional development effort.

To meet the applicable CO standard at the desired idle power setting,
further reductions in the CO levels of the existing Phase III demonstrator
engine combustor are particularly needed at the idle operating conditions.

In addition, these needed development efforts must also be expanded to obtain
lower CO emission levels at the approach operating mode, when both the pilot
and main stages of the combustor are being operated. At present, operation
of both stages of the existing Phase III demonstrator engine combustor at the
approach condition results in relatively high CO emission indices at this
operating mode and thus in high CO EPAP values. From an aircraft and engine
operational standpoint, staging of the combustion process at any flight con-
dition is undesirable. Preferably, the main stage should be in operation at
power settings just above ground idle and before the aircraft is airborne.

To accommodate this operational need, additional features will be required

in the Double Annular Combustor design concept to provide lower CO emission
levels at the approach mode with both the pilot and main stages in operation.

Secondly, as is shown in Table 23, additional reductions i its NO
emission levels are .eeded to meet the applicable NO, standard, as origi-
nally specified in Reference 1 by the EPA. Obtaining these additional large
reductions in NO, emission levels is not, however, considered to be a likely
prospect with the existing Double Annular Combustor design concept. Thus, in
this performance aspect, the development status is shown in Table 23 to be in
the Major Furthe. Development cstegory. While it is believed that some small
further reductions in NOy emissiocn levels of the Phase III demonstrator
engine combustor can be realized, it is not expected that the currently
applicable NO, emission standard, as specified in Reference 1, will be met
in the CF6-50 engine application even if these additional reductions in NO,
levels are realized.
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Table 23.

Emission Levels

Co

HC

NO, -

Smoke
Ground Starting
Altitude Relight
Main Stage Crossfiring
Pressure Loss

Combustion Efficiency

Exit Temperature
Profile/Pattern Factor

Metal Temperature
Acoustic Resonance
Carboning

Fuel Nozzle Coking

Assessment of Double Annular Combustor Development Status.

Further Major Further
Meets Development Development
Requirements Needed Needed
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Based on the combined results of Phases II and III, it is believed the
NO, EPAP (as defined in Reference 1) of the CF6~50 engine can be reduced by
up to 45 percent, relative to the NOy EPAP of the current production CF6-50
engine, with the use of the Double Bypass Combustor design concept as is
discussed in the preceding sections of this report. However, to meet the ap-
plicable EPA NO, standard, as prescribed in Reference 1, a reduction of more
than 60 percent is required. This large reduction is required because of the
impacts of the high (30 to 1) cycle pressure ratios of the CF6-50 engine fami-
ly on its NO, emission characteristics. In general, it appears that, based on
the parametric data obtained in Phases II and III, the use of a Double Annular
Combustor in large turbofan engines with cycle pressure ratios greater than
about 25 cannot be expected to result in full compliance with the applicable
NO, standard, as defined in Reference 1. However, in the case of large turbo-
fan engines with cycle pressure ratios less than about 25 to 1, NO, EPAP
values closely approaching the applicable standard, as defined in Reference
1, can generally be expected with the use of the Double Annular Combustor
design concept.

Recently, the EPA proposed a number of revisions to the standards pre-
scribed in Reference 1. These proposed revised standards, which are presented
in Reference 2, include a modest relaxation of the previously defined NO, stan-
dard. Also included in the revised NO, standard for existing engines is a
pressure ratio adjustment which allows progressively higher NO, levels for en-
gines with cycle pressure ratios greater than 25. Based on the combined re-
sults obtained in Phases II and II1 of the program, it is believed that com-
pliance with the revised NO, standard can be attained by the CF6-50 with the
use of the Double Annular Combustor.

Thirdly, as is shown in Table 23, suhstantial further improvements are
needed in the exit temperature profile characteristice of the Phase I1I dem-
onstrator engine combustor. Normally, this combustor development task would
be relatively easy, but with this advanced combustor design concept, there is
very little remaining combustor airflow available for exit temperature profile
trimming. Accordingly, the attainment of fully satisfactory exit temperature
distribution with the Double Annular Combustor is expected to be a formidable
challenge, requiring major further development cffort.

Finally, as is indicated in Table 23, the need is anticipated for addi-
tional features to prevent carbon deposition and, as a result, plugging with-
in the main-stag~ fuel nozzles of the Double Annular Combustor. This problem
was not encountered ir the Phase Iil engine tests but is nevertheless still
of concern. Possible problems of this latter kiand are anticipated since the
main-stage fuel nozzles are inoperative at some engine operating conditions.
Without some added features, such as a nitrogen or air purge system, it is
possible that any residual fuel in the nozzles might cause plugging problems
when the main stage is shutdown.

Smoke levels are not listed as a deficiency, since the applicable stan-
dard was met for production engine operating conditions when the pilot-to-
total fuel flow split was 0.18 or higher. However the smoke levels were still
higher than those of the current production combustor. It is expected that
with normal development smoke levels of the Double Annular Combustor will be
reduced.
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Apart from the combustor performance and operational problems indicated
in Table 23, the fuel flow splitter represents still another area requiring
further design and development effort. As is discussed in the preceding sec~
tions of this report, the existing fuel flow splitter device, which was used
in the demonstrator engine tests, was designed for only sea level operation.
Considerable added sophistication and complexity will be needed to also accom-
modate cruise operating conditions. The design and development of a suitable
device to handle the necessary fuel flow splitting functions at all ground
level and cruise operating conditions of the CF6 engines is expected to be a
major undertaking.

Following these needed additional design and development efforts to pro-
vide a fully developed and demonstrated protctype combustion system for use
in the CF6-50 and other CF6 engines, efforts can then be initiated to evolve
versions of this prototype combustion system, including the necessary fuel
flow control elements, for use in production CF6 engines. The major steps
involved in the design, development, and demonstration of such combusticn sys-
tems for use in production CF6 engines are summari.zed in Table 24. As is
shown, the demuastration efforts must include flight service evaluation test-
ing. These latter tests, which cannot be started until after certification
of the engine with the new combustion system is completed, are expected to be
quite extensive because of the magnitude of the combustor and engine design
changes associated with the use of the Double Annilar Combustor design con-
cept. These latter demonstration tests are, therefore, exnected to require
a wminimum of two years to complete. Accordingly, the total time span of the
tasks outlined in Table 24 is expected to require several years to complete.
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Table 24.

.

Production Double Annular Combustion System Key Needs.

Design/Development /Demonstration Steps

A

Design Definition
Component Development Testing

Engine Development Testing
- Performance

- Cyclic Endurance
Engine Flight Testing
Certification Testing

Flight Service Evaluation Testing

131



-

<3 A ._‘;__1',

.

-y -

APPENDIX A

EQUIPMENT AND EXPERIMENTAL PROCEDURES

1. Combustor Test Configurations

Modifications to the demonstrator Double Annular Combustor which were
made during the Phase III Program rig tests are defined in Tables A~1 through
A-4 and Figures A-1 through A-8. A brief description and purpose of each
modification follows.

Configuration E1A was the "as-received" combustor which was tested for
baseline performance and emission levels. There were no aft profile trim
air dilution holes. All primary dilution and cooling hole patterns were
circumferentially uniform.

Configuration Ei1B consisted of installing a 0.0127 cm bushing on the
pilot-stage fuel nozzle tip to reduce the clearance between the fuel nozzle
and the air swirler into which it is inserted. The intent was to reduce
leakage airflow and improve furi spray oymmetry.

Configuration E2 consisted of general changes to the airflow distri-
bution which are shown 'n Figure A-1. Modifications were aimed at reducing
idle emission levels, preferentially increasing liner cooling in hottest
regions, adding profile trim dilution air, and maintaining pressure drop.

Configuration E3 consisted of five sector combinations of pilot-stage
fuel nozzle and dilution modifications shown in Figure A-2. The intent was
to identify features which would reduce idle emission levels.

Configuration E4 consisted of five sector modifications to the pilot-
stage dilution hole pattern, shown in Figure A-3. The intent again was to
identify features which would reduce idle emission levels.

Configuration E5 consisted of five sector modifications to the pilot-
stage dilution hole pattern and one swirl-cup modification shown in Figure
A-4, which were again aimed at identifying idle emission reduction features.

Configuration E6 consisted of five pilot-stage sector modifications
and two main-stage sector modifications, shown in Table A-4. Again pilot-
stage modifications were aimed at idle emission level reductions. Main-
stage modifications were aimed at determining any high power emission/
stability sensitivity,

Configuration E7 (uniform all around) incorporated the most promising
pilot- and main-stage modifications (E6A and E6F) from the previous series
for a full performance and emission test series in preparation for engine
installation.
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Table A-3. Area/Airflow Distribution, Configuration E9 Through El2,
Configuration E9 E10A E10B El10C
A, % A° % A‘ % A. *
2 w w 2 w mz v
cm c cm e cm e c c
Outer Swirl Cups ’
Primary Swirler 26,2 4,49 26,2 4,58 26,2 4,58 26,2 4,58
Secondary Swirler 38.8 6.65 38,8 6,78 38.8 6.78 38.8 6.78
Purge Holes 1.5 0.26 1.5 0,26 1.5 0.26 1.5 0,26
Nozzle Shroud/Leakage 3.4 0.58 3.4 0,59 3.4 0.59 3.4 0.59
Total 69.9 11,98 69,9 12,22 69.9 12,22 69,9 12,22
Inner Swirl Cups
Primary Swirler 27.1 4,65 27.1 4,74 27.1 4.74 27.1 4.74
Secondary Swirler 147.0 25,21 132,3 23,13 132.3 23.13 132,3 23.13
Purge Holes 1.8 0,31 1.8 0,31 1.8 0.31 1.8 0.31
Nozzle Shroud/Leakage 5.4 0,93 5.4 0,94 5.4 0.94 5.4 0.94
Total 181.3 31,10 | 166.,6 29,12 | 166,6 29,12 | 166.6 29,12
Dilution
Outer Liner, Panel 1 0.0 0.00 0,0 0,00 3.8 0.66 7.5 1,31
Panel 2 29,9 5.13 29,9 5,23 29.9 5.23 29,9 5.23
Panel 6 0.6 0.10 0,6 0.10 0.6 0.10 0.6 0.10
Inner Liner, Panel 1 62.6 10,74 62.6 10,94 62,6 10,94 62,6 10,94
Panel 6 15,6 2,67 15.6 2,73 15,6 2,73 15,6 2.73
Total 108,7 18,64 108,7 19,00 112.5 19,66 116.2 20.31
Cooling
Outer Liner 52,1 8.94 52,1 9,11 52,1 9.11 52,1 9,11
Outer Dome 41.3 7.08 41,3 7.22 41.3 7.22 41.3 7.22
Centerbody 27,5 4,72 27,5 4.81 27.5 4,81 27.5 4,81
Inner Dome 31.7 5.44 31,7 5,54 31.7 5.54 31.7 5.54
Inner Liner 61.6 10,56 61,6 10,77 61,6 10,77 61.6 10,77
Seal Leakage 9,0 1,54 9.0 1,57 9.0 1,57 9.0 1.57
Total 223.,2 38,28 | 223,2 39.01 | 223,2 39,01 | 223.2 39,01
Combustor Total 583,1 100,060 568,4 99,35 572.2 100,02 575,9 100,66
Overall 572.1 cm”
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r— Panel 2 Dilution
Y

_ =-~?J.@>xf;@\—_J§'-&—J@'J

72° Typical

Aft Looking Forward

—
Outer Liner Dilution Hole Patterns x*
Type Quter Hole Diameters, cm: = 0,50, (= 0.64, |Equivalent
Pilot |Liner =0.77 Dilution
Stage Pane)} Noqzle 120 Nozzle |Airflow
Config [Nozzle |Number l l l ' & % Wc
1 ———
E3A 1 2 O O 0 O O 7.10
3 ———
1 _——
E3B 2 2 O ] O O G 7.10
3 ————
1 P
E3C 2 2 O 'S O O O 3.31
3 - - —
1 ————
E3D 2 2 None -—--
3 ————
] ————
E3E 1 2 None -———-
3 ————
Nozzle Type: 1 = Phase II Develppment
2 = Engine Simulator
* Patterns Repeated For 72° (6 Nozzles)
Figure A-2, Combustor Mouifications, Ccnfiguration E3,
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Panel 2 Dilution

[- Panel 3 Dilution "\

72° Typica
L A

PNl aunan s Sectors
Strt |
9 I j’|
NI A5 \GA
[ o o
Ry

Aft Looking Forward

T Outer Liner Dilution Hole Pattern *
ype Ol-xter Hole Diameters (cm)<>= 0.50 Equiv::tlent
Pilot Liner Nozzle Nozzle Dilution
Stage | Panel - 12% — Airflow
Config | Nozzle] No { J J l ‘v % W,
1 _—
E4A 2 2 O O O 2.43
3 <> <> 1.61
1 ——
v4B 2 2 O O O 2.43
3 0 O <> 2.43
1 ——
E4C 2 2 O O 0 O O 3.23
3 9 <> <> 9 O 3.23
1 ——
E4D 2 2 & O O O O O O 4.83
3 —_——
1 ——
E4E 2 2 O O 8 2.43
3 Q QO QO Q .88
Nozzle Type: 2 = Engine Simulator

* Ppatterns Repeated For 72° (6 Nozzles)
Figure A-3, Combustor Modifications, Configuration E4,
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Panel 1 Dilution

Panel 2 Dilution

) e

72° Typical

Sectors
A

Aft Looking Forward

Outer Liner Dilution Hole patterns *
Type Outer Hole Diameters, cm = 0.50, (= 0.64, Equivalent
Pilot Liner Dilution
Confi itzgie §3ziir NoREte 12° Nozzle | pirflow
il | 1 | 1 [ (%
1 O O @) O O 4.97
ESA 2 2 @) @) O O O 4.97
3 ————
1 O o o o O 3.12
E5B 2 2 O O O @) @) 4.97
3 ————
1 O O 3.12
ESC 2 2 O @ 3.12
3 ————
1 -
E5D 2 2 O <> O O O 8.09
3 ————
1 O O @) Q 8 4.97
ESE** | 2 2 O @) @) O 4.97
3 ———
Nozzle Type: 2 = Engine Simalator

* Patterns Repeated For 72° (6 Nozzles)
*x* With Pilot Stage Cup Barrel Eatended 1,40 cm; Otherwise Same As E5A,

Figure A-4,

Combustor Modifications, Configuration E5,
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Figure A-5.

A

Pilot Stage Modifications for Configuration E9

Pz ]

Configuration E9A
(Cup 1 - 10)

Configuration E9B
(Cup 11 - 20)

Configuration E9C
(Cup 21 - 30)
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Cross-Fire Slot Trim Holes for E8
Through E12, 4 Holes, 0.48 cm
Dia at 103.5, 106,5, 283,5,
286,5° Cw, ALF

Panel 6 Trim Holes
(None for El)

Inner Liner Panel 6 Trim Hole Patterns*
(0.64 cm Diaineter)
Trim
Nozzle Nozzle Airflow

Config. l-f 12° D-i % W
N NN B B Y N ¢

E2-E7 O C) 1.3

E8, E12 o O O O 2.7

E9-E11 O @) @) O 2.7
J

* Patterns Repeated for Entire Circumference

Figure A-8. Trim Hole Patterns, Configuration E1 Through El12,
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Configuration E8 differed from E7 only in the aft trim air dilution
hole pattern for changes to improve the exit temperature profile as shown in
Figure A-8.

Configuration E9 incorporated three sector pilot-stage swirl cup modi-
fications shown in Figure A-5. Modifications were again aimed at idle
emission level reductions.

Configuration E10 incorporated the changes shown in Figure A-6. The E9C
swirl cup modification all around, a reduction in main-stage swirl cup flow
to balance pressure drop, and three pilot~stage dilution hole patterns were
included.

Configuration Ell incorporated the EI0A pilot-stage features (uniformly
all around) together with increased pilot-stage swirl cup purge airflow,
and general modifications shown in Figure A7 to meet engine installation
requirements.

Configuration E12 (final rig and engine test configuration) differed
from E11 only in location of aft profile trim dilution holes which is shown
in Figure A-8.

2. Performance Instrumentation

The demonstrator Double Annular Combustor was extensively instrumented
to characterize pressure and flow distribution, metal temperatures and
acoustic and mechanical vibrations. The types, locations, and quantities
of the sensors which were applied are shown in Figure A-9 and Table A-5.

A recently installed modernized test data system was utilized to acquire
and process the engine and combustor data during these tests. The engine
was operated from the control room console shown in Figure A~10 which is tied
into the Instrumentation Data Room (IDR) shown in Figure A-11, located one
floor below the test cell. A schematic diagram of the data processing system
is shown in Figure A-12. With this system, fully reduced and corrected
steady-state engine/combustor performance data were usually available for
analysis in about ten minutes.

3. Exhaust Gas Sampling and Analysis Apparatus

A new exhaust gas sampling rake and traverse system, shown earlier in
Figures 21 and 22, was designed and built for these tests. The design intent
was to meet the Federal Register specifications and allow comparison of
different sampling techniques. Some of the key design considerations/
parameters were:

. The ring on which the rakes are mounted is 2.44 m 1.D. to clear
the fan stream of the CF6-50 engine.
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° The structure is sized for an engine centerline of 3.05 m (10 ft),
but can be varied between 1.83 and 3.96 © for use in other test
sites.

o Angular rake positions can be set and varied ftu au.25 degree
by a remote system.

° All sample-wetted parts are stainless steel or Teflon.

° All sample lines are steam heated outside the core engine exhaust
stream.

° The three sampling ports in each rake arm are sized for a fixed

conical engine exhaust nozzle 91.34 cm in diameter, cold. Orifices
are at radial locationg of 18.64, 32.28, and 41.68 c¢cm, which corre-
spond to 1/6, 1/2, and 5/6 of the cold nozzle areas. Orifices are
1.63 to 1.59 mm in diameter, have sharp edges, and are free of bu rs
tn insure proper flow weighting.

') Connecting sample lines befween individual arms and the mzaifolding
point are 9.5 mm O.D. stainless steel tubing. Each flowpath length
up to the manifolding point is the same to assure equal pressure
drop in each line.

[ Each of the two manifolded sample lines are connected to a .4 m
length of flexible, Teflon core, electric lly heated trans. . line
to allow for rake rotation.

The structure was located in the test cell so that its centerline was
within 3.2 mm of the axial centerline of the engine and the rake arms were
76.2 mm aft of the engine exhaust nozzles.

The exhaust gas analysis apparatus is shown in Figures A-13 and A-14,
and a flow diagram for the system is shown in Figure A-15. The two sample
lines from the rakes were connected to the sampling apparatus through a
double three~way vaive system. By manipulation of these valves, one line
could be analyzed for smoke emissions while the other was analyzed for
gaseous emissions, or one or both lines could be simultaneously analyzed
for both smoke and gaseous emissions. In order to avoid fuel contamination
of the system during engine starting, the rakes were backflushed with pure
instrument air by opening the valve labeled "B" in Figure A~15. To main-
tain adequate velocity in the sample lines, the dump pump vented a nominal
20 liters/minutes flow rate.

The gaseous emissions analysis system consisted of four analyzers,
each manufactured by Beckman Instruments, Inc. The CO (Model 865) and
CO2 (Model 864) analyzers were both nondispersive infrared (NDIR) instru-
ments. To minimize water interference, the sample was passed through an
ice trap before enteriig the NDIR instruments. The NO, analyzer was a
Model 951 heated chemiluminescence analyzer, and the HC analyzer was a
Model 402 flame ionization detector (FID) instrument. No traps were used
in the NO, and HC lines ahead of the instruments.
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Smoke Measurement Console,

Figure A-14.

154

ik
.

e el



‘o13ewayos dnjooH walsdg siysAieuy pue Suridueg suorsstwyg ‘GI-V 2In3Td

REL I

dung 0T

dunq

deay
ao]
v98 °"ON T
[} wiax - %0
T T \ dund
gog ‘oN | |
TI_ HIGN - 00 |
JUIA ‘J — e — t— ——
] 156 on |
10 - ¥oN L8, atdues ovey
O S —~——
—lf—

IIL omm¢| M“ _ .V, atdues ayey
L2

s
aT10suUO)

LLEYY lllll_ ajous
e —. |l_ REYES

moTd

Tlll
_
_

_
dund _
|
|

A

11V
ysniyyoed

155

REPRODUCIBILITY OF THE
ORIGINAL PAGE IS POOR



The pumps, the flexible lines at the rakes, and the valve box were
electrically heated. All other portions of the sample system were steam
traced. Temperatures throughout the sample system were monitored with four-
teen Chromel-Alumel thermocouples.
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APPENDIX B

EMISSIONS AND PERFORMANCE DATA

1. Component Test Results

Combustor rig emissions test results are presented in Tables B-1 through
B-6. Table 3-6 contains the results for the final rig test of the engine con~
figuration which are correlated in Figures 25 through 30. Combustor perfor-
mance test results are presented in Tables B-7 and B-8 (Ignition/Stability
Tests) and in Tables B-9, B-10, and B-11 (Pattern Factor Tests).

2. Engine Test Results

Engine emission test results are summarized in Table B-12. The table
shows key engine/combustor operating parameters and emission results from the
primary sampling techniques on each point. On nearly every test point, emis-
sions were measured by at least two techniques, and the resulting detailed
body of data is presented in Talle B-13. For each of the sampling techniques
and readings listed in Table B-.3, a comparison of sample-to-metered fuel-air
ratio is presented in Table B-14.

Engine/combustor performance data are listed in Table B-15 (Steady-

State Tests), Table B-16 (Throttle Burst Tests), and Table B-17 (Start/Stall
Tests).
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Table B-14. Gas Sample l'uel-Airinatio_ Comparisons.

5 Ratio of Sample to
~ . EAR 8 Meterad 1
M mrec Core Exhaust Double 0" - 9% 45° -1
; Reading | Corrected Thrust | Puel-Air Ratie, | Cruciform | Cruciform | Crucifors Pressure
s Number 2 of Rated e/xg Reke Rake Rake Traverse Rakes
. 5 3.6 11.89 0.907 0.907 0.9%04 — —
6 4.7 11.64 — 0.912 0.917 — -—
H 6.7 11.33 — 0.914 0.%6 —-— —-—
8 20.1 11.98 - 0.967 0.968 0.952 -— —
" L k] 30.9 14.06 o.M 0.981 0.%60 —
¥ ' 12 2.9 13.60 0.951 0.953 0.956 — —i
= ' &) 14.5 11.38 0.878 0.917 0.874 —-— —
B | 16 32 11.34 0.972 0.966 0.978 — -—
: : 18 .29.1 13.62 1.010 1.010 1.001 ——— —
* F{3 3.4 13.78 1.011 1.005 1.00% — ——
i 2 313 13.56 1.015% 1.002 1.013 — -—
¢
- 25 .4 13.14 1.035 1.021 1.032 — ———
B % 86.6 20.16 0.977 0.991 0.958 — -— i
. 0 85.5 20.21 0.972 0.99% 0.961 ——— —
¥ 31 100.7 21.8) 0.982 0.996 0.964 —_— —
N 32 85.8 20.09 0.99%0 t.o011 0.972 — —
5 33 87.6 20.69 0.989 1.024 0.973 —-— _—
: 35 100.7 22.06 0.978 1.019 0.971 —-— ~o—
3% 102.6 22.45 0.968 1.000 0.946 — —
. n 3.6 10.64 0.962 — -—— 0.993 —
; 38 31.3 13.83 0.993 — —-- 0.962 -—
39 86.9 20.28 0.972 -— ——— 0.967 —
40 104.1 22.41 1.012 ——— - 1.004 -
L] 4.8 11.48 0.889 0.911 0.886 —— —
oA 6.7 11.01 0.890 0.895 0.891 — ———
45 20.2 11.97 0.926 0.930 0.920 — —
. &6 45.2 15.01 0.909 0.925 0.909 — -
: 47 64.9 17.7% 0.89%8 0.92 0.891 - —
48 92.5 21.38 0.891 0.929 0.876 _— ~——
49 3.4 11.60 0.966 0.955 0.956 — —
50 30.5 16,07 1.002 1.015 0.990 — -—
51 86.9 20.99 0.960 0.995 0.955 —— -—
52 102.4 22.86 0.972 1.011 0.961 — —
2- 80 9.0 23.10 — 0.922 —— — 0.924
82 102.2 23.78 —— 0.91% - — 0.914
83 86.4 21.48 == 0.907 -—— -—— 0.912
84 49.7 16.44 _— 0.886 — — 0.886
85 32.1 13.65 — 0.973 -—- ——— 0.948
86 31.6 14.64 -—- 1.001 —-— — 0.929
87 5.0 11.43 — 0.938 —_— — 0.980
88 3.6 12.05 ~— 0.946 - -— 0.983
106 3.2 12.42 —— — — — 0.936
107 94.6 22.25 —— — - -—= 0.930
108 87.1 21.19 ——— -— — -— 0.916
109 82.9 20.62 — - — - 0.915
110 61.8 17.58 L -—_ et - 0.906
i3 1 49.5 15.88 -—— - = “—- 0.908
112 44 .0 15.01 — — ~— b 0.913
113 30.0 13.45 — -— -—- = 0.897
114 29.3 13.9 -—- -— - — 0.899
115 19.6 11.99 -—- — —— — 0.893
116 6.5 10.89 -— ——— —— —— 0.924
117 4.6 12.38 ——= - o~ - 0.928
118 3.3 11.89 —- -—— — ——- 0.936
119 29.7 13,44 —_ ——— -— -— 0.913
l Overall
‘ Number of Observations 31 37 29 4 22 123
’ Mean Value 0.962 0.961 0.947 0.982 0.922 0.951
. Standard Deviation 0.0428 0.0432 0.0425 0.0202 0.0244 0.0419
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Demonstrator Engine Steady State Performance Results (Continued),
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Demonstrator Engine Steady State Performance Results (Continued),
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Table B-15,

‘emunstrator Engine Steady State Performance Results (Continued).
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Table B-15. Demonstrator Engine Steady State Performance Results (Concluded),
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Table B-16. Demcnstrator Engine Throttle Burst Test Results.

dursts ‘rom Flight Idle to Takeoff Power
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--- 123 - 1.0537 - 0.9739 1.000 0.234 4.3
--- 126 - 1.0543 —— 0.9706 1.000 0.180 3.7
--- 128 ——- 1.0559 —— 0.9707 1.000 0.126 4.1
129 130 1.0554 1.0557 0.9836 0.9707 0.741 0.244 4.0
131 132 1.0553 1.0560 0.9836 0.9709 0.732 0.185 4.2
133 134 1.0561 1.0564 0.9835 0.9703 0.733 0.127 4.4
136 137 1.0571 1.0565 0.9844 0.9707 0.384 0.209 4.7
138 139 1.0573 1.0571 0.9835 0.9709 0.331 0.188 5.4
140 141 1.0572 1.0571 0.9836 0.9706 0.322 0.127 4.3
Bursts from Approach to Takeoff Power
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--~- 113 - 1.053 - 0.9759 1.000 0.238 3.3
--~ 118 -~ 1.054 - 0.9737 1.000 0.188 3.8
121 122 1.053 1.053 0.9818 0.9737 1.000 0.130 4.0
127 124 1.052 1.052 0.9820 0.9741 0.768 0.246 3.8
RS "'(\ ' ‘ \"': " \‘;\‘ O.QS:: O-Q\"“’l 0' 7" 0'189 3'8
129 130 1 1,082 1.052 | 0.9823 0.9737 | 0.782 0.131 4.2
131 132 1.952 1.052 0.9821 0.9731 0.621 0.214 3.3
133 134 1.05. 1.050 0.9817 0.9742 0.420 0.192 3.6
135 136 1.051 1.050 0.9821 0.9740 0.459 0.132 3.2
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No Stalls/Temperature Limits Encountered

Table B-17. Demonstrator Engine Start/Stall Test Results.
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14¢ 0.6 0.82 379 1.045 0.9847 41.7 951
141 0.6 0.82 379 1.046 0.9847 41.5 966
o0 142 0.7 0.82 310 1.046 0.9843 51.8 958
= 143 0.6 0.82 310 1.047 0.9849 47.8 976
& 144 | 0.6 0.82 276 1.048 0.9847 55.4 988
§ 145 0.6 0.82 241 1.048 0.9848 6l.4 989
o 146 1.0 0.82 241 1.050 0.9841 60.2 1026
8 147 0.7 0.82 276 1.050 0.9841 50.1 999
a 148 1.2 0.82 276 1.053 0.9843 50.8 1000
— 149 0.7 0.82 276 1.052 0.9842 52.5 999
E 150 0.8 0.70 379 1.056 0.9841 41.6 1001
S 151 0.7 0.70 310 1.055 0.9840 45.8 1024
= 152 { 0.7 | 0.70 241 1.053 0.9848 Aborted, T4 g
Limit Exceeded
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N - -5.8 Max 379 1.057 0.9843 45.2
@ 162 0 Max 379 1.057 0.9843 _.5
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o 163 6.0 Max 379 1.05% 0.9840 33.8
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APPENDIX C

NOMENCLATURE

Combustor effective tlow area
(Geometric area x flow coefficient)

Combustor reference area

Carbon monoxide pcllutant emission
Carbon dioxide emission

Emission index

Eavironmental Protection Agency
emission parameter

Current procedure:

Proposed procedure:

Total combustor metered fuel-air ratio
Main-stage metered fuel-air ratioc
Pilot-stage metered fuel-air ratio

Engine exit metered fuel-air ratio

Fue’-air ratio calculated from gas sample
£ngine/combustor inlet air humidity

Total unburned hydrocarbon pollutant emission
Nitric oxide pollutant emission

Total oxides of nitrogen pollutant emission
Low pressure (fan) rotor speed

High pressure (core engine) rotor speed
Engine inlet total pressure

High pressure rotor inlet total temper.ture

Units
cm?
cm?2
g/kg fuel

1b  .ission/1000
thrust-hrs

g emission/kN
thrust

g/kg

g/kg

g/kg

g/kg

g/kg

g/kg

rps
TpS
MJla

MPa

0



Symbol
P3, Pr3
Ty
T2
T3

T49

wy
W36, We
Wg
AP¢

AP,

NOMENCLATURL (Concluded)

Compressor discharge (combustor inlet) pressure
Engine inlet total temperature
High pressure rotor inlet total temperature

Compressor discharge (combustor inlet)
temperature

High prersure turbine exit temperature
Fuel temperature

Fuel flow rate

Total fuel flow rate

Pilot-stage fuel flow rate

Main-stage fuel flow rate

Engine inlet total airflow rate
Compressor discharge total airflow rate
Combustor airflow rete

Core engine exit gas flow rate

Fuel manifold pressure drop

Combustor total pressure drop

Throttle angle

Stator angle

Ambient-to-standard pressure ratio (=0/(.19132%)

Ambient~tc-siandard ten szrature ratio (=T/288.3)

5

Units

kg/s
kg/s
kg/e
kg/s
kg/s
kg/s
kg/:
kg/s
MPa
MPa
degre- ¢

degrees
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10.

11.

12,

13.
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