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FOREWORD

This document describes the work conducted and completed by Pratt & Whitney Aircraft
Division of United Technologies.Corporation during Phase I of the Experimental Clean Com-
bustor Program. This final report was prepared for the National Aeronautics and Space Ad-
ministration (NASA) Lewis Research Center in compliance with the requirements of con-
tract NAS3-16829.

The authors of this report wish to acknowledge Mr. Richard Niedzwiecki, NASA Project
Manager of the Experimental Clean Combustor Program, for his guidance and assistance.
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SUMMARY

The Experimental Clean Combustor Program is directed toward the development and demon-
stration of technology for reducing combustor emissions for application to both current and
future gas turbine engine combustors. The program is being conducted in three phases. Phase
1, which has been completed and is ths subject of this report, involved screening of combus-
tor concepts to identify the best approaches for reducing emission levels. Phase II, which is
currently in progress, is refining the best combustor concepts identified in Phase I. Phase 11
will consist of full-scale engine demonstration tests of the refined combustor.

Ambitions emission reduction goals were set for the program. At idle engine operating con-
ditions, an emission index (grams of pollutant per kilogram of fuel) goal of 20 was set for
carbon monoxide, and a goal of 4 was set for total unburned hydrocarbons. At sea-level
take-off conditions, an emission index goal of 10 was set for oxides of nitrogen, with an SAE
smoke number goal of 15. -

Phase 1 initially involved combustors intended only for Conventional Take-Off and Landing
(CTOL) applications, but the work was later expanded to include Advanced Supersonic
Technology (AST) applications as well.

For the CTOL applications, three combustor. concepts were tested and analyzed. These were:
1.  Swirl-Can Combustor Concept
2.  Staged Premix Combustor Concept
3. Swirl Vorbix Combustor Concept

Various configurations of each of these concepts were tested and analyzed to establish basic
design trends, after which the results from the best configuration for each concept were com-
pared to provide a basis for selecting the concepts to be pursued in Phase II. Testing was con-
ducted in a 90-degree sector test rig simulating the JT9D engine combustor envelope. Testing
was conducted primarily at simulated engine idle and sea-level take-off conditions. All com-~
bustor inlet conditions were the same as those produced in the engine except for the inlet
pressure at sea-level take-off conditions, which was limited to 6.8 atmospheres by test facility
capabilitics, whereas the inlet pressure produced in the engine is 21.7 atmospheres. Suitable
correction factors were applied to the data to account for this difference. Testing was also
conducted at selected inlet temperatures and pressures, reference velocities, and fuel-to-air
ratios to determine the effects of these variables on emissions and obtain an indication of the
off-design performance of the combustor concepts. Stability and relight capability at simu-
lated altitude conditions were also documented.

Lowest emissions at idle engine operating conditions were obtained with the staged premix
combustor. The carbon monoxide emission index level was 55 percent below the goal and
the total hydrocarbon emission index level was 75 percent below the goal. The swirl vorbix
combustor approachied but did not meet the goals, while the swirl-can combustor provided
significantly higher crissions that were close to the levels produced by current production
JT9D-7 combustors.

|
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At sea-leve] take-off engine conditions, none of the combustors was able to meet the goal for
oxides of nitrogen, although some combustor configurations provided significant improve-
ments relative to the current production JT9D-7 combustor. The best results were obtained
with the swirl vorbix and the swirl-can combustors, both of which provided approximately
60-percent lower emissions of nitrogen oxides than the current production JT9D-7 combus-
tor. All three combustor concepts met the smoke goal.

The performance data for the combustors indicated the need for substantial improvement .
Although the swirl vorbix and the swirl-can combustors operated with combustion efficiencies
of 99.5 percent or higher, the staged premix combustors had lower efficiencies at sea-level
take-off conditions, and both the swirl-can and the staged premix combustors require develop-

ment to meet the current IT9D engine altitude relight requirements. This work was beyond
the scope of Phase I.

For the Advanced Supersonic Technology applications, seventeen configurations of the three
combustor concepts were evaluated at representative cruise conditions. None of the con-
figurations tested met the nitrogen oxide emission index goal of 5, but both the swirl vorbix
and swirl-can concepts met the carbon monoxide and total unburned hydrocarbon emission
index goals of 5 and 1 respectively. The staged premix combustor configurations were not
stable at the cruise test point, and consequently emission values have not been quoted. Best
resul{s were obtained with the swirl vorbix combustor, with a nitrogen oxide emission index
valve 85 percent above the goal level. On the basis of these results, a combustor configuration
based on the.swirl.vorbix concept was evolved for Advanced Supersonic Technology engine
studies. ..




INTRODUCTION

When viewed on a global basis, gas-turbine powered aircraft are relatively small contributors
to overall environmental pollution. However, heavy concentrations of aircraft can have a
significant impact on air quality in the vicinity of airports. In addition, concern has recently
arisent over the potential effects of pollutants released in the stratosphere by supersonic and
newer subsonic aircraft which operate at high altitudes.

‘The concern with air quality in the vicinity of airports has led to the issuance of emission
standards by the U. S. Environmental Protection Agency for aircraft engines manufactured
after January 1979 (Reference 1). These standards limit the emissions of carbon monoxide,
total unbumed hydrocarbons, oxides of nitrogen, and smoke at altitudes under 914 m. Re-
cently introduced gas turbine engines, such as the JT9D family, alrcady meet the require-
ment for producing no visible smoke. However, compliance with the standards for the re-
maining poliutants will require substantial in.provements relative to current engine emission
levels.

The concern with pollutants released at high altitude relates primarily to the potential for
oxides of nitrogen to combine with the ozone layer in the stratosphere. The consequences
of depletion of this ozone layer have been studied by the U. S. Department of Transportation
under the Climatic Impact Assessinent Program, and the “Report of Findings™ from this
study (Reference 2) concludes that controt of emissions of oxides of nitrogen at high altitude
may be required in the future.

The exhaust pollutants produced by conventional combustor systems arc basically the result
of a combination of the following factors: nonhomogeneous fucl-air mixtures, inadequate
management of local fuel-zir ratio throughout the combustor, and nonoptimum residence
time. Aithough the rudiments of pollution control are understood (Reference 3) and various
control strategies have been formulated, there has not been successful implementation of
these strategies into actual combustor hardware suitable for commercial aircraft application.
Physical constraints on fuel vaporization, turbulent mixing rate, dilution air addition, and
residence time impose absolute limits on the combustion process. In addition, the traditional
requirements for uniform exit temperature distribution, combustion stability, relight capa-
bilit,, durzbility, and operational saf .y must be considered. Furthermore, it is desirable for
commercial reasons to maintain component weight, costs, and mechanical complexity at a
minimum. Thus einission control strategivs mnst accommodate a diversified range of factors
tiat greatly add to the development complexity of a practical low-cmission combustor sys-
tem.

In response to the need to develop technology that will permit the emissions standards to be
met in a commercially acceptable manner, the National Acronautics and Space Administra-
tion initiated the Experimental Clean Combustor Program in December 1972, The program
is a three-phase program. Phase I has been completed and is the subject of this report.
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A description of the overall program is contained in the following section, Chapter 1. Chapter
Ii describes the JT9D engine upon which the program was based, and also describes the equip-
ment and test procedures used in the first phase of the program. Chapter lII describes the
testing and the results obtained during Phase 1 for CTOL applications, and Chapter IV de-

scribes the work conducted for AST applications. Appendices are provided with detailed de- .

scriptions of facilities and instrumentation, combustor design configurations, and test data. ..
Nomenclature definitions and references are provided in Appendices D and E, respectively.

Phase I of the Experimental Clean Combustor Program also included a Combustion. Noise
Addendum. The objective of this program addendum was to acquire noise data for correla-
tion with combustor emission and performance parameters. The results of this addendum
are presented in a separate report, NASA CR-134820 (Reference 4).
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CHAPTER i
EXPERIMENTAL CLEAN COMBUSTOR PROGRAM DESCRIPTION
A. GENERAL DESCRIPTION OF OVERALL PROGRAM
The Experimental Clean Combustor Program is a multiyear effort that was initiated in
December 1972 and is schieduled for completion in late 1976, The program. s directed to-
wards two primary objectives: .
1. The generation of the technology required to develop advanced cominercial

CTOL aircraft engines with lower exhaust poliutant emissions that those of
current technology engines, and

3=

The demonstration of the emission reductions and acceptable performance in a
full-scale engine in 1976.

The program specifically addresses the development of a combustor with low emission charac-
teristics for the Pratt & Whitney Aircrait JT9D-7 cngine. However, the technology developed
during the program will be able to be translated to other combustors, either for commercial
or military applications, and it will also provide the foundation for developing further refine-
ments and for identifying other avenues for continued exploration and experimental research.

B. PROGRAM PLAN

The program is divided into three phases, providing a step-by-step approach for developing
the technology required for reducing emissions, These phases are:

Phase [ - Screening of Low-limission Combustor Concepts

Phase 11 - Refinement of the Best Low-Emission Concepts

Phase 111 - Enginc Testing of the Best Combustor Concept
1. PHASE | PROGRAM.
Phase [ of the program involved screening of three candidate combustor concepts to provide
a basis tor selecting concepts for refinement in Phase 11, Both CTOL and Advanced Super-
sonic Technology applications were studied, Details of this program are contained in the
following chapters of this report and in the Combustor Noise Addendum Report (Reference 4)
2. PHASE !l PROGRAM
Phase 11 of the program is ditected toward obtaining both acceptable combustor emissions and

acceptable performance, with cmphasis on off-design operation, exit temperature profile and
pattern factor, relight capability, and engine adaptability.

o R



The prograim was initiated at the conclusion of the Phase | technical effort. Two combustor
concepts have been selected on the basis of the test data and experience acquired during the
Phase [ program, and refinement and optimization tests have been initiated. The problems
inherent in a two-stage fuel system, such as manifold fill time, main burner nozzie coking, fuel
nozzle coking, fuel nozzle accessibility, and fuel control requirements, are being investigated.

3. PHASE Il1 PROGRAM

The objective of Phase 111 will be to substantiate the poilution reduction technology developed
in Phases [ and II in an actual engine environment. This wiil be achieved by testing the best
combustor from the Phase 11 program in a full-scale I'T9D cngine.

C. PROGRAM SCHEDULE

The program schedule for the Experimental Clean Combustor Program is shown in Figure 1.
Phase 1 was an eighteen-month effort which has been completed and Phase 11 is a fifteen-month
effort now in progress. Phase 111 will be a sixteen-menth effort scheduled for completion dur-
ing 1976.

PHASE I — COMBUSTOR

SCREENING TESTS
BASIC PROGRAN —
AST ADDENDUM _ ]
HOISE ADDENDUM..

] COMPLETED
==} IN PROCESS

PHASE II - COMBUSTOR
AEFINEMENT AND

OPTIMIZATION TESTS L o o o o o e — _.*:

PHASE JII — ENGINE
DEMONSTRATIONTESTS L — — — - |- — | —— — A

1973 | 1974 i 1918 | 1876 |

Figure | Overall t:xperimental Clean Combustor Program Schedule

D. PROGRAM GOALS

Program goals were defined for both pollutant emissions and combustor aerothermodynamic
peirformance. The goals for gascous pollutants are extremely ambitious and represent the

primary focus of the Experimental Clean Combustor Program. The program goals for smoke

and performance are essentially the maintenance of current JT9D-7 combustor performance

levels and are imposed to ensure that the reductions in pollutant emissions are not achieved

at the expense of performance or smoke Ievels.  All goals are predicated on the use of commercial-
grade Jet-A aviation turbine fuel.
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1. POLLUTION GOALS

Pollution goals were established for ground idle and sca-level static take-off operation. The
pollution goals are listed in Table | by engine operating mode. Gaseous pollutants (NOy, CO,
THC) are expressed in terms of the emission index, defined as the ratio of grams of pollutant
formed per kilogram of fuel consumed. Smoke concentration is expressed in terms of the
S.A.E. smoke number. For comparative purposes, current emission levels of the JT9D-7 en-
gine are also included to illustrate the magnitude of required pellution reduction.

TABLE 1

POLLUTION GOALS FOR CTOL APPLICATIONS
AND CURRENT JT9D-7 LEVELS

Smoke

Engine O (g/kg fucl) THC (g/kg fucl) NOx* (g/ke fuel} (SAE Smoke Number)
Mode Goal T9D-7 Goal JT9D-7 Goal IT9D-7 Goal T9D-7

Ground ldle

With Com-

pressor Air

Bleed 10 .an 4 .. .- vea . ...

Ground 1dle

Without

Compressor

Air Bleed 20 770 4 98 . P

Sea-Level
Static .
TakeDIl --- 10 KB 15 10

*NOy equivalent of all axides of nitrogen.

Notc:  JT9D-7 data represents average production pilot Jot data for combustor configuration EC 279845 adjusted to
standard day conditions with specific humidity of 0.0063.

JT9D-7 combustor inlet conditions at the idle and sea-level static take-off operating modes
ate summarized in Table 1I. Two ground idle operating points are defined in Table I1, coe-
responding to engine operation with and without fifteenth-stage compressor bleed air extrac-
tion to meet airframe requircments. Current Pratt & Whitney Aircraft experimental engine
and production acceptance tests are conducted without extraztion of bleed air. However,
engines in the field operate with varying amounts of bleed extraction. The bleed airflow
identified in Tablc Il is considcred representative. Owing to the particular design of the
JT9D fuel control, compressor bleed extraction results in a drop in high-pressure compressor
rotor speed and corresponding changes in combustor inlet pressure, temperature, and fuel-
air ratio, Since the basis for EPA Emission Standard compliance testing is presently open to
interpretation, both conditions were included in the test program.
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TABLE 1l

DEFINITION OF JT9D-7 ENGINE OPERATING.CONDITIONS.. .

Bleed JT9D-7 Combustor Inlet Conditions
Engine Extraction Inlet Inlet Fuel-=to-Air
Mode Rate (kg/sec) Pressure (atm)  Temperature (K)  Ratio
Ground Idle
With Compressor
Air Bleed. 1.23 2.93 427.8 0.0126
Ground Idle
Without Compressor
" Air Bleed 0 3.74 455.6 0.0105
Sea-Level Static
Take-Offl 0 2171 768,9° 0.0227

Note: All engine modes based on standard day sea-level static ambient conditions.

Pollution level goals were also established for the Advanced Supersonic Technology applica-
tion at a representative supersonic cruise condition. These goals are shown in Table 11L.
Particular emphasis was placed on NO, reduction in the AST Addendum testing. The CO
and THC goal levels require that NO, not be reduced. at the expense of increased CO and
THC emission levels (and increased cruise fuel consumption).

2. PERFORMANCE GOALS

Performance gouls were established for both CTOL and AST applications, and these goals are
summarized in Table 1V,

The goals for the CTOL application do not represent any appreciable departure from current
operating levels except for the pattern factor and the combustion efficiency at idle engine con-
ditions. The combustor exit temperature pattern factor goal represents a level that is difficult
to achieve on a production basis. Implicit in the goal for exit temperature pattern factor is

the achievement of a radial average temperature profile at the combustor exit that is substan-
tially equivalent to that produced by the current production JT9D-7 combustor.




TABLE 1II

POLLUTION GOALS FOR AST APPLICATION

AT REPRESENTATIVE SUPERSON

Pollutant

CO (g/kg fuel)
THC (g/kg fuel)
NO,* (gfke fuel) .

Smoke (SAE Smoke Number)

IC CRUISE CONDITION

Goal

5
1
3

15

*NO, equivalent of ail oxides of nitrogen

Representative supersonic cruise condition corresponds to

combustor inlet pressure of 6.8 atm,

inlet temperature of

839 K, and a fuel-to-air ratio of 0.0227.

TABLE IV

PERFORMANCE GOALS

CTOL Application

Total Pressure Loss (%)
Exit Temperature Pattern Factor
Combustion Efficiency (%)
Lean Blowout Fuel-to-Air Ratio
Altitude Relight Capability
Altitude (m)
Flight Mach Number

AST Application

Total Pressure Loss (%)
Exit Temperature Pattern Factor
Combustion Efficiency (%)

iy

6
0.25 at take-off

99 or better at all operating conditions. .

0.004 £0.001

9144
0.5-0.8

6-9
0.25 or less
99.8 or better

*
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The goal for combustion efficiency of 99 percent or better at all operating conditions ensures
that the engine will have high operating cfficiency at all power settings, and that the reduction
in the emissions of oxides of nitrogen is not achieved at the cost of engine efficiency at high
power settings. Current aircraft gas turbine engines operatc at combustion efficiencies greater
than 99 percent at all power settings except idle,

The performance goals for. AST applications apply only to the supersonic cruise condition
and require a combustion efficiency of 99.8 percent or better. A range of combustor-total
pressure loss values is shown because AST engine cycle studies indicate that the AST turbo-
fan.engine will cperate with a combustor pressure loss of 9 percent while the AST turbojet
engine will operate with a combustor pressure loss of 6 percent.

10




CHAPTER (|
EQUIPMENT AND EXPERIMENTAL PROCEDURES
A. GENERAL DESCRIPTION OF REFERENCE ENGINE AND COMBUSTOR

1. REFERENCE ENGINE DESCRIPTION

The JTOD-7 cngine was sclccted as a reference for the experimental combustor designs. This
engine is the current production version of the basic JT9D engine model, which was designed
and developed by Pratt & Whitney Aircraft. Since its introduction into commercial service,
this engine has acquired widespread use as the powerplant for both the Boeing 747 and the

Douglas DC- 10-40 aircraft.

The JT9D engine is an advanced, dual-spool, axial-flow turbofan engine designed with a high

. overall compression ratio and a high bypass ratio. The mechanical configuration is shown in

Figure 2. -

The engine consists of five major modules: a fan and low-pressure compressor module, a high-

pressure compressor module, a combustor module, a high-pressure turbine module, and a low-

pressure turbine module. The low-pressure spool consists of a single-stage fan and a three-stage v
low-pressure compressor driven by a four-stage low-pressure turbine, The high-pressure spool

consists of an eleven-stage high-pressure compressor driven by a two-stage high-pressure tur-

bine. The accessory gearbox is driven through a towershaft located between the low- and high-

pressure compressors, Sclected key specifications for the JTID-7 engine are listed in Table V.

2. REFERENCE COMBUSTOR DESCRIPTION

The mechanical design of the JT9D reference combustor is shown in Figure 3. The combustor
is annular in design with an overall length between the trailing edge of the compressor exit
guide vane to the leading edge of {he turbine inlet guide vane of 0.6 m. The actual burning
length between the fuel nozzle face and the turbine inlet guide vane leading edge is 0.45 m.
Key performance parameters of the JT9D=7 reference combustor are summarized in Table VI,
and the reference combustor exit average radial temperature profile is shown in Figure 4.

The JTID-7 combustor incorporates a number of advanced features. The primary diffuser
incorporates an inner ramp and outer trip followed by a dump section, and a burner hood is
used to provide a positive pressure feed to the combustor front end, The hood is indented
locally in ten places downstream of each diffuser case strut. A film-cooled louver construction
is used for the combustor liners. The liner assembly features inner and outer slipjoints to
facilitate assembly as well as to allow for liner thermal expansion, The fuel system features
direct liquid fuel injection by the usc of twenty duplex-pressure atomizing fucl nozzles, As
shown in Figure 3, the nozzle portion of the fuel injector is enclosed in twenty short cone
modules, which provide pritary zone flame stabilization, Takc-off thrust augmentation is
provided by water injection through the fuel nozzle heatshields,

11
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TABLE V

KLY SPECIFICATIONS OF THE JT9D-7 ENGINE

Weight (kg) 30825
Length (m) 3912
Maximum Diameter, cold (m) 3.427
Pressure Ratio 21,7
Airflow Rate (kg/s) 691
Maximum Sca-Leve! Static Thrust (kN) 197
Cruise Performance
Mach Number 0.85
Altitude (m) 10668
Thrust (kN) 44.6
Specific Fuel Consumption (kg/Ns) 1,979 x 1073
- - ¢ -
FUEL NOZZLE
ASSEMBLY (20} DIFFUSER STRUT
TRAILING EDGE
DIFFUSER STRUT... - TONGUE-IN-GROOVE INNER AND QUTER SEALS
LEADING EDGE 4 A
INNER DIEFUSER RAMP ¥ ll\

e a ] ?’
WL/

EXIT
GUIDE VANE

HOOD N !
OUTER DIFFUSER L [
TRIP ATTACHED  Hy—

WATER g
8COOoP
IGNITOR
1)

S

T

TURBINE

INLET

GUIDE
AFT OUTER VANE
SLIP JOINT

Figure 3 Cross-Sectional Schematic of the JT9D-7 Reference Combustor
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TABLE VI

KLY OPERATING PARAMETERS OF THE JT9D-7
REFERENCE COMBUSTOR

Compressor Exit Axial Mach Number 0.258
Compyressor Discharge Temperature (K) 768.9
Combustor Temperature Rise (K) 763.9
Combustor Section Pressure Loss (%) 6.0
Combustor Exit Temperature Pattern Factor 042 +0.03
Average Combustor Exit Temperature (K) 1532.8

Note: All data for standard day sea-level static take-off conditions.
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Target Average Radial Exhaust Temperature Profile of the JT9D-7 Reference Combustor
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3. REFERENCE ENGINE COMBUSTOR POLLUT!ON LEVELS

Since the JT9D engine and combustion system were designed prior to current concerns
regarding gascous pcllutants, the combustor was not specifically intended to provide low
emissions. 1t does incorporate smoke reduction features, however, and therefore provides
low smoke nunibers and no visible smoke at all operating conditions.

Exhaust emissions are periodically monitored during JT9D production acceptance tests, and
typical results for idle and sca-level take-off conditions are shown in Table VIIl. These data
represent the average emission levels for 23 production JTOD-7A engines incorporating com-
bustor configuration EC 279845, This combustor configuration was installed in those pro-
duction engines shipped between July, 1973, and December, 1974. The data have been cor-
rected to standard day temperature and pressure ard to an ambient humidity level of 6.3 g
H20/kg dry air. Jet-A fuel was used for the tests, Comparison of these emission levels with
the Experimental Clean Combustor Program goals, also shown in Table VII, reveals the mag-
nitude of the reductions required to meet the program goals. Except for the smoke level,
which already meets the goals, reductions of greater than 65 percent aie required.

The U. S. Environmental Protection Agency emission standards for aircraft engines are ex-
pressed in terms of an integrated EPA parameter (EPAP). This parameter combines emission
rates at the engine idle, approach, slimb and take-off operating modes, integrated over a
specified landing-take-off cycle (Reference 1). Integrated EPAP values for the above com-
bustor configuration are presented in Table VII1, again corrected to standard-day conditions
of pressure and temperature and an ambient humidity level of 63¢g HQOIkg dry air. These
data show that a 70-percent reduction in carbon monoxide emissions, an 85-percent reduc-
tion in unburned hydrocarbon emissions, and a 39-percent reduction in the emissions of
oxides of nitrogen are required to satisfy the EPA Class T2 standards for 1979.

TABLE V11

REPRESENTATIVE IT9D-7 PRODUCTION ENGINE EMISSION LEVELS
AND EXPERIMENTAL CLEAN COMBUSTOR PROGRAM GOALS

Smoke
CO (afkg fuel) TUC (p/ke Mueh) NOx* (g/kg fuel) (SAE Smoke Numher)
Opesating ECCP F:CCP FCCT FCCP
Condition JT9N-7 Ciosal _l_'l:ll)-? Goal JT9-7 Goal 17917 Goal
1dle 110 20 08 4
Take-off e .- ns 10 10 i5

sNitrogen dioxide equivalent used for all axldes of nitrogen,
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TABLE VIl
REPRESENTATIVE JT9D-7 PRODUCTION ENGINE EMISSION LEVELS
AND LEPA CLASS T2 STANDARDS FOR 1979

EPA Parameter
(Ibmn pollutant/Ibf thrust/hr)

EPA
Pollutant JTIn-7. Standard
CO 14.3 4.3
THC 5.3 0.8°
NO, 4.9* 3.0

*Corrected to standard-day conditions and specific humidity
of 6.3 g HyO/kg dry air.

B. TEST COMBUSTOR-CONCEPTS
Three combustor concepts were evaluated during the Phase I program. These were:
1. Swirl-can combustor
2, ' Staged premix combustor
3. Swirl vorbix combustor

Details of the designs and functional concepts of these combustors are included in Chapter
L . .

All of the combustors were designed to be compatible with the JT9D-7 engine with respect
to both performance and mechanical features. Specific constraints included the combustion
section structural envelope fermed by the diffuser and combustor cases. No changes were
made to the diffuser case struts, the turbine coolant blced locations, the compressor exit
guide vanes, or the turbir : inlet guide vanes. For some combustor configurations, howe -,
filler picces were used to tailor the contbustor section to the specific aerodynamic require-
ments of the low emission combustor,

The fuel systems used for the Phase [ rig tests were not required to be engine quality hardware,
but the combusiors were designed with fuel systems that could be installed in a JT9D engine
and that could operate with the overall fuel flow characteristics of the IT9D engine using the
existing JT9D fuel pressurization system. Since all of the low emission concepts required
zoned fuel systems having more than the twenty fuel nozzles used in the JT9D.7 combustor,
modifications to the combustor housing were necessary to permit installation of the additional
fuel injectors.

16
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C. TEST FACILITIES AND EQUIPMENT
1. TEST FACILITIES

The combustor tests were conducted in two test Tacilitics. All of the emissions and perfor-
mance evaluations except for the altitude relight tests were conducted in a high-pressure test
facility, Stand X-903. The altitude relight testing was conducted in an altitude test facility,
Stand X-306, The capabilities of these facilitics are briefly summarized below, with more
detailed descriptions being presented in Appuendix A,

High-Pressure Test Fecility

The high-pressure test lacility used in the program is located at Pratt & Whitney Aircraft’s
Middletown, Connecticut plant. An important feature of this facility is that the combustor
test rig is installed in a cylindrical pressure tank, and the tank pressure is mainiained within
0.34 atm of the combustor inlet pressure. As a result, the combustor test rig case can employ
relatively ligkt construction while still permitting testing to be conducted at representative
enginc pressure levels.

Airflow for the combustor rig is supplied from compressors located in an adjacent power house,
Flow rates up 1o 11.3 kgfs at pressures up to 47.6 atmare available. However, because of the
high volumetric flow rates required by this program, the combustor inlet pressure was limited
to a maximum of 6.8 atm. A direct-fired inlet heat exchanger is used to supply unvitiated in-
let air at temperatures up to 839 K. A varicty of liquid fuels can be supplied to the test rig.

All controls and instrumentation required to operate the test stand and monitor the perfor-
mance characteristics are located in an adjacent stand control room.

Altitude Test Facility

The altitude test facility is located at the Rentschler Airport Laboratory in East Hartford,
Connecticut. Tt is a multiduct facility suitable for stability, ignition, and icing component
testing at simulated altitude conditions.

For altitude stability and ignition testing such as conducted in this program, the test rig exhaust
cuct can be evacuated to pressures as low as 0.066 atm by any combination of five Ingersoll-
Rand vacuum pumps rated at 5.66 11‘13ls free air discharge cach. The inlet air can be refriger-
ated to temperatures as low as 225 K by a4 combination of four York compressors. In addi-
tion, the inlet air can be dried to a specific humidity down to 0.86¢g HQOIkg air using an
activated alumina dryer.

All control and instrumentation required to operate the test rig and monitor performance
are contained in a control room located adjacent to the test cell.

2. TESTRIGS
Three complete 90-degree scetor combustor rigs (one for each combustor concept) were do -

signed and fabricated in this program. A schematic diagram of a test rig and the adapting
duct work installed in the test facility is shown in Figure 5.

17



The combustor cases for cach of the test rigs duplicated the JT9D-7 engine diffuser.and com-
bustor case design as well as the diffuser strut orientation. In addition, each case was provided .
with the fuel support pads and instrumentation bosses required by the particular combustor
concept. The rig case for the staged premix combustor shown in Figure 6 is typical of all of

the cases. . . .
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Figure 5 Schematic of the Clean Combustor Test Rig in the High-Pressure Test Facility
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Figure 6  View of the Outer Rig Case for the Staged Premix Combustor
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Structural constraints imposed by the sector rig configuration required a floating combustor
sidewall support design to permit thermal expansion in only the radial.-and axial dircctions.
This approach produced liner stresses that simulated those in a full hoop structure, climinating
the need for structural supports such as ribs or struts (o maintain the liner shape. The rig side-
wall construction and liner.mounting system-tor the staged premix combustor are shown in
Figure 7.

A-separate fuel manifold system was fabricated for cach of the three test rigs. The staged pre-
mix combustor and the swirl vorbix combustor cach required two fuel manifolds, while the
swirl-can combustor required three. Since the swirl-can combustor employed low differential-
pressure fuel injectors, flow restrictors were installed in the fuel lines to provide equal fuel
flow to each injector.

Figure 8 shows a view of a test rig installed in the test facility. The pressure vessel is open to
show the placement of the fuel manifolds and the rig instrumentation.

CASE SIDEWALIL

LINER
SIDEWALL

Figure 7 Constriection of Staged Prenix Combustor Liner and Sidewall
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3. COMBUSTOR RIG INSTRUMENTATION

Both the high-pressure test Geilits and the altitade test tactlity contained sudfivientmstramen-
tation to dovument the riz operating comditions,

[ addition to the hasic instrumentation contaned by Tiogh Gacrlitioss the high-pressuze tost
Facility contained exliust gas samphing probes sas analy sis equapmenteand s ersie enil

plane temperature instrumentation. Fos esdist plane msttumentation permitted compre-
hensive monitoring and documentation ol hoth pollutant cisstons and combustor perfarmange.

The altitude test Faeility was cquipped with sufficient exst pline temperature mstiomentation
to permit determiination of the it or unlit statns ol the test combustor fer altitude stabilin
and relizht testine, and it also contained a closed crront televiston sy s 1o pernl vhaetyg-
tion of the Hatae propagation atter lehnme amd verhication that the combustor was tatly it
I bt vas cotmposition w.as nol deternmncd doree abtiode 1oanme

A complete listine of the combostor e matimentation s presonted e Appendn A Sccion
Loand s ~sammary of the more sirmticant mstennentation s e inbed Tefos
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Iniet Air Humidity Measurement

The combustor inlet humidity was monitored in the high-pressure test facility using a Model
9740 Foxboro Dewcell Humidity Meter. Airflow at low mass flow rate was extracted from
the test stand inlet duct and directed through the humidity meter. Since excess water was ex-
tracted in the compressor interstage coolers, the rig inlet specific humidity level rarely ex-
ceeded 2.2 g HyO/kg dry air.

Combustor Instrumeantation

The combustor iniet instrumentation consisted of six four-port total pressure rakes, six four-
point Chromel-Alumel total-temperature thermocouple rakes, and twelve wall static pressure
taps. This instrumentation was arranged in a fixed array at a plane simulating the axial posi-
tion of the last compressor stage, as shown in Figure 5. The combustor rig airflow rate was
measured using a venturi flow meter, and the fuel flow rates were measured using turbine-type
flow meters.

Within the combustor, pressures were measured in the test section and along the combustor
liners to permit calculation of the overall system pressure loss and flow distributions. For
example, for the staged premix combustor, pressure measurements were made on the com-
bustor liner and in the premix passage and the resulting data were combined with the effective
flameholder metering area to determine the premix passage airflow rates.

Liner temperatures were measured vsing temperature-scnsitive paints and liner skin thermo-
couples. In addition, fire-warning thermocouples were installed at various locations in the

diffuser case and shroud areas to detect burning outside of the combustor.

At the combustor exit, temperatures and pressures were measured and gas samples were taken

using a combination total temperature, total pressure, and gas sampling annular traversing rake.

This rake assembly is shown in Figure 9. The temperature measurements were taken using

five platinum-platinum 10 percent rhodium thermocouples positioned 2t centers of cqual areas.

The thermocouple junctions were located in a plane simulating the axial position of the first-
stage turbine inlet guide vanes. Two concentric platinum 20 percent rhodium radiation shields
were positioned over cach thermocouple junction to reduce radiation errors. These tempera-
ture sensors were designed to measure the gas stream total temperature with an accuracy of
one percent up to 1810 K. Detuils of the gas sampling technique are discussed in the follow-
ing section.

Gas Sampling and Analysis
Two gas-sampling techniques were used. One used the combined total temperature, total pres-

sure, and gas sampling annular traversing rake, and the second used an array of fixed sample
probes.
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PROBES TOTAL PRESSURE AND
/ GAS SAMPLING PROBES

Figure 9 Combination Total Temperature, Total Pressure, and Gas Sampling Annular Traversing Rake

The traversing rake, which is shown in Figure 9, contained four radial sampling elements for
gas analysis. Details of the individual gas sampling tubes are shown in Figure 10. Asshown,
four steam-cooled stainless steel sampling elements were positioned at the centers of equal
annular areas. The gas sampling tubes were separated from the thermocouple rake by a three-
degree circumferential arc. The tubes were supported by a steam-cooled stainless-steel pylon.
Steam cooling was used to quench the sample temperature while still maintaining the tempera-
ture above the level where condensation and adsorption would occur,

The gas sample rake was constructed such that gas samples could be obtained from cach sep-
arate tube. For most measurements, however, the tubes were manifolded together into a com-
mon plenum, thereby providing radially averaged data for cach circumferential location. The
static pressure in the plenum chamber was maintained at a level which provided a static pres
sure at the sampling tube inlet that approximated the free-stream static pressure. This resulted
in near isokinetic gas sampling.

The fixed sample probe is shown in Figure 11 and permitted rapid data acquisition during
testing while still providing a representative sample at the combustor exit. The probe con-
sisted of four radiat sampling elements connected to a single line. A total of five of these
probes was used a1 the circumferential Tocations shown in Figure 12, Most of the testing was
conducted with the five probes connected together to provide a single sample. although a
valving system was availabie to permit isolation of the samples from any individual or com-
bination of prohes,
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Figure 11 Schematic of Fixed Exhaust (7as Sample Probe
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VIEW UPSTREAM

Figure 12 Locations of Fixed Gas Sampling Probe Rakes

The gas samples were analyzed using equipment and techniques which, with minor exceptions,
conformed to the Society of Automotive Engineers Aerospace Recommended Practice (SAE
ARP) No. 1256 (Reference 5). °

The instrumentation used is listed in Table IX. This equipment was housed in modular form
and permanently installed at the high-pressure test facility, as shown in Figure 13. The basic
accuracy of the resulting data was dependent on the availability of reference gases with ac-- -
curately known compositions. The calibration gases used in this program were the result of

a continuing Pratt & Whitney Aircraft program to develop and maintain accurate standard
gases,

Details of the gas analysis instrumentation are presented in Appendix A, Section 2.
Smoka Measurement

The smoke measurement system used in this program was designed and fabricated by Pratt &
Whitney Aircraft to the specifications of SAE ARP 1179 (Reference 6).

Special features of this system include electric time controlled, solenoid actuated, stainless-
stec] straight-through gate valves to permit precise control over thic sample volume passing
through the filter. An auxiliary bypass system around the sample volume meter further en-

hances the precision of the system by ensuring that the meter is in the line only when a sample

is actually being taken. The system is switch operated into three modes (leak check, sample,
and bypass) ensuring that the operator of the system does not produce erroneous valve sct-
tings that would invalidate a sample,
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Eigure 13 Pratt.& Whitney Aircraft Knissions Measurentent System

TABLE IX

EXHAUST GAS ANALYSIS INSTRUMENTATION

Gas
Constituent

THC

NO

N02

CO

CO,

NDetection Method and Instrument_— —

ame ionization detector
Beckman Model 402

Nondispersive infrared
Beckman Model 315 AL

Nondispersive ultraviolet
Beckman Model 255 A

Nondispersive infrared
Beckman Model 315 A

Nondispersive infrared
Beckman Model 315 A

Potarographic
Beckman Model 715
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Additiona! detaits of the smoke measurement system are presented in Appendi A, Section 2,
4. DATA ACQUISITION AND RECORDING SYSTEM

Most of the combustor tig data obtuined in the high-pressure tos| Facility was recorded auto-
matically and processed inoreal time onan XDS Sigma 8 Computer, Raw data were transmitted
in terms of counts or millivolts from the fest stand Lo the computer viaa telephone link. The
compuler then redueed the data and converted it to the desired engineering unils. The results
were then returned Lo the tesCstand Tor display ona cathode ray tube. This data could then

be reviewed., alter which printed outpul was provided by the automittic data recording system,
The printed output included vaw and reduced exhaust gis species coneentrations, ¢mission
indices. and carbon balance fuel-air ratio. as well as the test rig operating conditions and per-
tinent performance information,

The test stand data acquisition terminal is showa in Figure 14,

. ALPUATG
BAVERSE Ak ¥ CORPUTER,

CONT I

DATA
DISPLAY
SCOrt

Fignre 14 Ow-Line Data Aequisition Svstent fistatled al Hich Pressuee Conbastor Test Facility
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D. TEST CONDRITIONS AND PROCEDURES
1. TEST CONDITIONS

CTOL Applications

[ N

For CTOL applications, the combustor rig test conditions were set to match the JT9D-7 engine
conditions for idlc and sca-level take-off as closely as possible. The idle conditions included
those with and without simulation of compressor air bleed. With compressor bleed, the engine
conditions are typical of those that would occur in an engine installed on an aircraft in actual

service, while without compressor bleed, they simulate conditions that occur during experi-
menfal engine testing.

The test rig conditions achieved are shown in Table X together with the corresponding JT9D-7
engine conditions. As shown, all operating conditions were duplicated except for the inlet
pressure and airflow at sea-level take-off conditions, which were limited by the test facility
airflow capability. All testing was conducted using fuel that conformed to the American
Society for Testing and Materials (ASTM) Specification Jet-A,

At high power conditions, the pilot-to-main fuel flow split was varied for selected combustor
configurations. These variations were made while maintaining the total fuel flow constant.
The resulting data provided a basis for determining the optimum fuel distribution between

the pilot and main burners and also permitted definition of the trends relating fuel distribu-
tion, combustion efficiency, and emissions of oxides of nitrogen.

TABLE X _..
JT9D-7 REFERENCE ENGINE OPERATING CONDITIONS AND
EXPERIMENTAL CLEAN COMBUSTOR SECTOR RIG
OPERATING CONDITIONS

Idle

Idle With Bleed Without Bleed Sea-Level Take-off
Lingine Rig Engine Rig - Iingine Rig
Compressor Exit
Pressure (Atm) 293 293 114 3.74 21.7 6.80
Compressor Exit
Temperature (K) 4278 4278 455.0 455.6 768.9 768.9
Combustor Total
Airflow (kg/s) 16.53 3o 21.52 5.08 92.90 0.88
Combustor FFucel
Flow {(kg/s) 0.209 0.049 0.226 0.053 2.11 0.156
Fuel-Air Ratio 0.01206 0.0126 0.0105 0.0105 0.0227 0.0227
Engine Rated Power (46) ) .- 82 .e- 100 .- |

27




Parametric variations of combustor lMiel-air ratio were also investigated for all combustor con- .

cepis at both the idle and sca-level take-off operating points, and parametric variations of in-
let pressure, temperature, and reference velocity were investigated for selected combustor
configurations. The ranges of these varimions are shown in Table X1,

TABLE Xl

RANGE OF VARIATICN OF SECTOR RIG OPERATING CONDITIONS

ldle Sea-Level Take-Off
Compressor Exit Total Temperature (K) 427 ..533 644 - 839
Compressor :xit Total Pressure (Atm) . 34 - 6.8
Fuel-Air Ratio 0.007 - 0.0140 0.016 0.035
Reference Velocity (9F) 25 125

Altitude stability and relight tests were conducted at simulated IT9D-7 engine windmilling
conditions. Actual engine combustor inlet and pressure conditions were simulated while fuel
flow and airflow levels were scaled for the one-quarter segment rig. The range of conditions
that were simulated are shown in Figure 15, which is a typical JT9D engine relight envelope

that defines the flight regime in which the engine is required to relight in the event of a blow-
out.

Typy~ MK 20K Bk 269K
LART T 0858 1034 1249
/5 KGIS KGIS K{/8
90 p— — -

]
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o
]

> LINES OF
— - CONSTANT
AIRLEL DMy

o
o

ALTITUDE METERS X 1000
>
i

*FOR %0” SECTOR RIG

1 Il 1 i
0.2 [X] 04 0.5 [.1] o.? [-1] a9 19
FLEGHY MACH NUMBER

Figure 15 JTYD Relight Knvelope
Advanced Supersonic Technology Applications

For the Advanced Supersonic Technology applications, the test conditions were selected on the
basis of projected combustor operating conditions at a supersonic cruise flight condition. A
basic test condition was defined, and testing was then conducted at the basic condition and
also with reference velocity variations of £25 percent from the basic condition for most com-
bustor configurations. The basic lest condition is defined in Table XII,

28




el
N ". . -

. ' .

TABLE XII

SECTOR RIG AST CRUISE OPERATING CONDITIONS

Compressor Exit Pressure (Atm) 6.80
Compressor Exit Total Temperature (K) 839
Combustor Total Airflow (kg/s) 6.58
Combustor Fuel Flow (kg/s) 0.156
Fuel-Air Ratio 0.0227
Combustor Exit Total Temperature (K) 1589

2. TEST PROCEDURES. ...

The test program was conducted in a manner that. would screen each combustor configuration
as rapidly as possible to make optimum use of the rig test time. This approach involved not
only an efficient setting of test points and rapid data acquisition, but also specific tailoring of
the test program based on the preliminary results. For example, combustor configurations
that exhibited higher emission levels than anticipated were evaluated for shorter periods than
those which appeared more promising.

High-Pressure Testing

For the high-nressure tests, the combustor was initially lit, followed by staging of the main
burner. During this period, gas samples were extracted from both the inner and outer com-
bustor shrouds to ensure that no fuel aspiration occurred that could result in burning upstream
of the combustor, °

After successful lighting had been achieved, test points were usually set in the order of increas-
ing temperature and pressure. This approach was both efficient from an operational stand-
point and also cnsured that a maximum amount of data would be obtained in the event hat
the planned test program could not be completed because of combustor durability problems.
The usual scquence of testing was as follows:

1. Sctidle condition and take data for three fuel-air ratios.

2. Set take-off condition.and take data for three fuel-air ratios,

3, Sct additional high-power conditions with vatrious pilot-to-main burner fuel distribu-
tions while maintaining constant overall fuel-air ratio and take data.
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4. Bvaluate effcct of parametric changes to inlet temperature, pressure, or reference
velocity.

5. Set AST cruise point and take data,
6. Setidle condition and lean combustor fuel-air ratio to blowout,

At each test point, the combustor was allowed to stabilize before data were taken. When the
fixed gas sample rake was used, gas samples were taken prior to traversing the exit plane rake.
Otherwise, gas samples were taken from the traversing rake at the same time that exit tempera-
ture was then set to the value that would occur in flight at 9144 m, and the airflow was main-
tained constant while the pressure was reduced in progressive increments until blowout occurred.
samples collected by the fixed gas sample rake. The fixed sample rake was used to minimize

the length of time required for the sequence of sample flow rates specified in SAE ARP 1179.

Concurrent with these tests, noise data were taken on a noninterference basis, The resultsof.. . .
these measurements are presented in NASA CR-134820, as stated previously.

Altitude Stability and Relight Testing

The altitude stability and relight testing consisted initially of mapping the minimum pressure
blowout region to define the combustor stability envelope, This was accomplished by initially
lighting the combustor at a simulated low-altitude, high-pressure condition. The inlet tempera-
ture was then set to the value that would occur in flight at 3144 m, and the airflow was
maintained constant while the pressure was reduced in progressive increments until blowout
occurred.. The procedure was repeated for different airflows until the complete map was de-
fined.

Once the stability envelope had been defined, relight tests were conducted within the envelope,
The procedure used was to establish a test point and then attempt to light the combuster for
thirty seconds with fuel flowing. Test results were recorded as no light, partial light, or com-
plete light, For all successful lights, the time to ignite was also recorded.

E. GASEQUS EMISSION CALUCLATION AND EXTRAPOLATION PARAMETERS

The gas sample data were used to calculate the fuel-air ratio and the combustion efficiency.
The reasons for using this approach and the procedures used are discussed below. In addition,
the correlations used to extrapolate emissions data to engine operating conditions when the
conditions could not be simulated in the test rig are presented below.

1. FUEL-AIR RATIO CALCULATION

Fuel-air ratios are generally calculated from measured flow rates for airflow and fuel flow,
since these flow rates arc usually known quite accurately. The alternative approach of using
gas sample data to determine the carbon balance of the exhaust gases and calculating the fuel-
air ratio is generally considered to be less accurate because of inherent uncertainties associated
with the gas sampling process.
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IFor this program, fuel-air ratios were determined by both techniques for each combustor con-
cept, and the results are shown in Figures 16, 17, and 18, The results show censiderable scat-
ter, which is indicative of the inherent inaccuracies of the gas sampling technique, but they
also show a significant bias for the gas sampling data to indicate higher fuel-air ratios than the
metered flow data, The consistent bias exhibited by the gas sample data is attributed to the
use of a sector rig configuration, where combustor liner sidewall cooling is required. In addi-
tion, the combustor shroud finger scals were known to have leaked in some tests. This leak-
age represented air that was measured upstream in the test rig but which did not participate.
in the combustion process. Consequently, the measured airflow through the test rig was .
higher than that which actually passed through the combustion section, resulting in a lower
calculated value of fuel-air ratio than actually was produced in the combustor.

A number of diagnostic tests were performed using data from individual fixed gas sampling
rakes, from the manifolded fixed gas sampling rake array, and from various combinations of
the traversing satnple probes. Al of these data verified the bias between the mctered flow
fuel-air ratio values and the carbon balance fuel-air ratio values.

Since the amount of bias could be expected to vary in an unknown manner from combustor
configuration to configuration, it was concluded that the uncertainties introduced by experi-
mental errors in measuring concentrations of species in the gas samples were less than the
uncertainties associated with & consistent hias of unknown magnitude. Therefore, carbon-
balance fucl-air rutios have been used throughout this report.

The gas-sample carbon balance fuel-air ratio calculations were made in accordance with the
procedures established in SAE ARP 1256 (Reference 5), but modified to include proper
averaging of multiple-point data. The details of the computation procedure are presented in
Appendix A, Section 3.

2. COMBUSTION EFFICIENCY CALCULATION

The combustion efficiency was calculated on a deficit basis using the measured concentrations
of carbon monoxide and total unburned hydrocarbons from the gas sample data. The calcula-
tion was based on the assuwmption that the tolal concentration of unburned hydrocarbons
could be assigned the heating value of methane (Cllg). The equation was:

4343x + 21500y
18.4(10)0

ne = 100-100

where:
x = measured carbon monoxide concentration in g/kg fuel
y = easurcd total unburned hydrocarbon concentration in g/kg fucl
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3. EXTRAPOLATION OF POLLUTION DATA TO ENGINE CONDITIONS.

Since the combustor segment rig was unable to simulate the combustor inlet pressure and
humidity at sea-level take-off conditions, the emissions data for oxides of nitrogen obtained
at the rig test conditions required correction to the engine conditions to permit comparison
of the results with both the Experimental Clean Combustor Program goals and with the cur-
rent JT9D-7 emission levels. The correlation used is as follows (Reference 7):

NO, corr. = (Nox meas) (II:t4 COTT. )Q'S(zref. mcas.) (’]-l:ts corr.)
t4 meas ref. corr. tS corr.
< I:rt4 corr. ~ L4 meas]
o18.8(Hens. - Heorr) 288
where:
NOx =  Emission level of oxides of nitrogen
l‘t 4 = Inlet total pressure (atm)
Tyy = Inlet total temperature (K)
Vief. = Reference velocity (m/s)
H = |nlet specific humidity (g H 20lkg air)
Tis =  Combustor exit temperature

and subscripts:

COrIr. =

meds.

Relates to value at corrected condition

Relates to value at measured condition
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In this program. this correlation was used to extrapolate the experimental data 1o the condi-
tions shown in Table X111, It could also be used to extrapolate the experimenial data to other
conditions of inlet pressure, temperature, fucl-air ratio, reference velocity, and humidity.
However, the correlation factors for inlet temperature and fuel-air ratio are sensitive to the
specific combustor design features, particulaily to the equivalence ratio in the burning zone.
Consequently, use of this correlation was restricted to relatively small adjustments.

No attempt has been made to extrapolate the data for carbon monoxide or total unburned
hydrocarbons, since reliable combustion efficiency correlations are not currently available,
However, increasing the pressure from the rig test pressure to the actual engine operating
pressure would be expected to decrease the emission levels of these pollutants. Consequently,
the emission levels reported in this report are considered to be conservative.

TABLE XI11. .

STANDARD COMBUSTOR INLET CODITIONS TO WHICH EMISSIONS
DATA FFOR OXIDES OIF NITROGEN WERE EXTRAPOLATED

CTOL
Applications AST
Standard Day Applications
Sea-Level Take-Off Cruise
Compressor Exit Total Pressure (atm) 2.7 6.8
Compressor Exit Total Temperature (K) 768.9 839.0°
Reference Velocity (m/s)
Swirl-Can and Staged Premix Concepts 25.0° 27.6
Swirl Vorbix Concept 38.0 41.9°
Humidity (g/kg air) 6.29 2.00
Combustor Exit Temperature (K) 1533 1589

F. PERFORMANCE DATA SUMMARY

The combustor performance parameters which are reported as program results are listed in
Table XIV. The definitions ot the calculatea parameters are presented below.
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TABLE X1V

SUMMARY OF REPORTED COMBUSTOR PERFORMANCE PARAMETIERS

Parameter Symbol Units Mecasured  Calculated
Total Airflow Waq kg/s. . X
Total Combustor Airflow Wi ke/s X
Pilot Fuel Flow Wy pri kefs X
Main Fuel Flow Wi cec kafs X
Total Fuel Flow.. W tot ky/s X
Fuel Temperature Teyel. K X
Inlet Total Temperature Ty K X
Inlet Total Pressure Pt4 atm X
Reference Velocity Vief m/s X
Pattern Factor PF --- X
Inlet Air Humidity H g HyO/kg air X
Fuel-Air Ratio fla..._. . X

Total Combustor Airflow . ...

The total combustor airflow is calculated by subtracting the measured inner and outer turbine
cooling air bleed flows and the estitnated combustor liner sidewall cooling airflow from the
total airflow.

Reference Velocity

The reference velocity is defined as that flow velocity that would result if the total combustor
airflow, at the compressor discharge temperature and static pressure, were gassed through the
combustor liner at the maximum cross-sectional area. This area is 0.092 m for the swirl-

can and staged premix sector rigs, and 0.060 m* for the swirl vorbix sector rig.

Pattern Factor

The pattern factor at the combustor exit is defined by the expression:

attern Factor = Tes max. = Te5 ave.
Tys avg, ” T
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where:
TtS max.

TIS Ve

T

Fuel-Air Ratio

Highest local temperature observed at the combustor exit plane
Average combustor exit temperature (calculated from the carbon-
balance Fuel-air ratio and the corresponding combustor inlet tempera-

ture and pressure)

Combustor inlet temperature

The fuel-air ratio is the ratio of fuel tflow to total combustor airflow, As discussed previously,
for this program, fuel-uir ratio was determined on. the basis of the carbon balance of the ex-
haust products. Fucl-air ratio values for the pilot and main burners were determined by
dividing the total fuel-air ratio determined by the carbon balance method in proportion to
the measured fuel flow rates to cach of the burners. Hence, the sum of the pilot and main
burner fuel-air ratios equals the total carbon balance fuel-air ratio. .. ... .. .. .. _.
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CHAPTER (1i
PHASE { BASIC PROGRAM
A, PROGRAM PLAN

As discussed in Chapter 1, the basic program for Phase I involved sereening of three combus-
tor coneepts: a swirl-can combustor concept, a staged premix combustor concept, and a
swirl vorbix combustor concept, A total of 329.5 hours of testing were conducted, involving
32 combustor configurations. Of these, 13 were swirl-can configurations, 9 were staged pre-
mix configurations, and ten were swirl-vorbix configurations.

The work was contractually divided into two program elements. Element I consisted of the
work conducted on the swirl-can combustor concept and involved 130 hours of testing, while
Element I1 consisted of the work or the other two.combustor concepts and involved 199,5
hours of testing.

The following sections present a description of cach of the configurations tested (Section B)
followed by a presentation and discussion of the results for all configurations (Sections C, D,
and E). The development status of the concepts and concluding remarks are presented in
Sections F and G, respectively.

B. COMBUSTOR CONFIGURATIONS TESTED
1. SWIRL-CAN COMBUSTOR
a. General Dascription

The swirl-can combustor concept explored in this program was based on concepts developed
by the NASA Lewis Research Center. The basic approach used to reduce pollution is to pre-
mix the fuel and air in an array of carburetor cans and then introduce the fuel-air mixture
into the combustion section through swirlers in the same axial plane as the dilution air.

The configurations tested in this program were primarily based on the performance and emis-
sion data obtained in test programs conducted at the NASA Lewis Research Center (Refer-
ences 8 through 16) and, of course. the desigh requirements of the JT9D-7 reference engine.
The design of the initial configuration tested in this program is shown in Figure 19, and a
photograph of the carburctor can head plate array is shown in Figure 20. The 90-degree com-
bustor segments tested in the program contained 27 swirl cans in. three rows, simulating a

full combustor containing 120 swirl cans with 40 cans in each row,

As shown in Figurce 19, cach swirl can module is constructed with three basic components:

a carburetor can, u swirler, and a flame stabitizer. The carburctor consists of a shoit can with
a reduced diameter at the inlet to prevent fuel spillage. Fuel is supptied through low-pressure-
drop fuel injectors 1.78 em upstream of the swirlers. These injectors are supported at the
center of the swirler hub by centering legs. The flame stabilizers are hexagonal and are de-
signed 1o provide a high degree of mixing at the perimeter while stabilizing combustion in
their wake,
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Figure 20 Swirl-Can Combustor Front-End Matrix and Liner Assembly

The swirl can modules are assembled together with blockage triangles in the headplate. The
zirflow split between the combustion and dilution air and the combustor pressure loss are
controlled by proper sizing of the blockage triangles. For the initial design, the airflow split
provided 19 percent of the flow through the carburetor cans, 60 percent of the flos through
the array around the cans, and 21 percent of the flow for combustor liner cooling.

Tae fuel system was designed to permit separate control of the fuel to each of the three rows
of swirl can modules. This approach permitted fuel staging, with fucl being supplied only to
the inner or the outer row of cans during idle operation, thercby providing a richer, more
stable burning zone. The carburetor equivalence ratio at idle conditions was approximately
2.3. At take-off conditions, fuel was supplied to all rows ol swirl can modules on an equal
area basis, resulting in a carburctor equivalence ratio of approximately 1.7.

b, Design Variations

The screening tests for the swirl-can combustorconcept involved five major variations to the
configuration. These were:

1. Variations to the combustor inlet acrodynamics,
2. Varjations in the carburetor equivalence ratio,
3. Variations to the flameholding techniques,

4, Variationsin the fuel injector technique, and

5. Addition of liner dilution air.
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These variations are summarized in Table XV.and discussed in detail in the following sections,
TABLE XV
SWIRL-CAN COMBUSTOR CONFIGURATIONS

Sea-Lavel
Take-off*
Carburetor Fuel Liner
Equivalence Injeclor Type Dilution Primaty Dilfuser
Configuration ___Ratio Flameholder Type (I'ressure Drop) Air . Length (m) Remarks
NI .0 Hexaganal Low Nao 0.17
N2 1.7 Hexagonal Low No 0,07
N3 0 Hexagonal Low No 0.07
N4 1.0 Hexagonal iigh Mo 0.07
NS 0.65 Hexagonai Low. No 0.07
N6 ———l flexagonal with Low No Q.10
sheltercd zone
NZ. 1.0 Hexagonal with Low No n.i0 Plus 76% blockage screen
1.3 cm recessed
" swiriers
o N8 1.0 Hexagonal with Low No 010 Plus V-gutter
" 1.3 ¢m tecessed
switlers
N9 1.1 Outer switlet Low Ne 0.i0 Plus 16‘}: blockage screen
Aamcholder®
NIO 1.5 Hexagonal with Low No G10 Plus 76% blockage screen
swarer blockage
- plate
NI 1.7 Hexagonal with Low Yes 0.10 Plus 76% blockage screen
. switler blockuge
plate
Ni2 NA Quier switler High No 010 Plus 76% blockage sreen
flameholder®
N13 1.0 Outer swirler Low No 0.10 Plus 76% Mockage screen

flameholder

*[n outer zone, ouler and inner swirlers produced co-rotating flows. In inner and middle zones, outer and inner swirlers praduced
counter-rotaling fMlows.

Combustor Inlet Aerodynamics

The initial configuration of the swirl-can combustor, designated N1, sustained damage to
portions of the combustor front end and fuel system, and also experienced localized thermal
e distress in the combustor liner and housing. This damage was attributed to four causes:

1. Maldistribution of the diffuser airflow, producing notiuniform feed pressure to
the modules and fuel spillage from the carburctors,

5 Low combustor pressure loss (1.5 percent instead of 2.9 percent),
3,  Diffuser strut wakes, and

4. Fuel injector support wakes.
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In an attempt to correct the diffuser airflow maldistribution, three diffuser configurations. .
were investigated, These are shown in Figure 21 and involved various reductions of the pre-
- diffuser section length. This modification combined with increasing the combustor. liner

b ‘ pressure drop and removal of the fuel injector heat shields climinated the fuel aspiration
problem.

(9.7 CM- N-8TO N-12}
oI ATONI |

] "m = {71CM -.N-2 TON-5)

f : 0.3292 M R/

. 0.3336 M.R | TRAILING EDGE
. —f & OF STRUT
4 to s I 1
= 3
g -
= 0.346 M R
- 0.3867 M 8.

.. :
-
g
-
E
E g .
= 16.8 CM
e — o {DESIGN N-1) .

Figure 21 Swirl-Can Combustor Diffuser Modifications

. These modifications did not provide a satisfactory combustor headplate airflow distribution,
s { however, and, therefore, 2 number of flow control devices were investigated in a two-dimen-
. | sional Plexiglas airflow rig. Included were flow splitters, trips, and screens. The 9.7 cm pre-
' diffuser was used for these tests. The best results were obtained with a 76-percent blockage
screen located downstream of the diffuser strut trailing edge. The combustor approach ve-
Jocity profiles measured in the Plexiglas rig with and without the screen are shown in Figure
- ; 22, and the corresponding protiles measured in the high-pressure sector rig are shown in Fi-
- : gure 23, This screen was used in Configuration N7 and in Configurations N9 through N13.

Carburetor. Equivalence Ratio

Three carburetor equivalence ratios (0.65, 1.00, and 1,79) were provided at take-off condi-
Co tions to determine the effect of equivalence ratio on the emissions of oxides of nitrogen.
The changes in equivalence ratio were achieved by changing the swirler vane angle to allow
either more or less airflow to enter the swirl can modules. The pressure loss was maintained
approximately constant by varying the size of the blockage triangles.
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Flameholder Design
Four different flameholder designs were investigated. Thesc were:
1. Hex flameholder
2. Sheltered zone flameholder
3. Hex flameholder with recessed swirler
4,  Quter swirler flameholder.

These designs are shown in Figure 24, and photographs of each type of flameholder installed
in the array are presented in Figure 23.

Each of the flameholders was evaluated with a carburetor equivalence ratio of approximately
1.0 and low-pressure drop fuel injectors.
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HEX DESIGN

(A)

SHELTERED ZONE DESIGN
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Swirl-Cant Combustor Array Showing Different Flameholder Configurations

Figure 25

A7




48

(C
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Figure 25 Continued




Fuel Injection Techniques

Three fuel injection techniques were evaluated. These were:
1. Low pressure drop injectors
2.  Pressure atomizing injectors located upstream of the swirler holder
3. Pressure atomizing injectors protruding through the swirlers

The designs of these injectors are shown in Figure 26.

{a) LOW "ESSURE DROP INJECTOR FOR CONFIGURATION N2

0,25 CM '-A

Ay

{b} PRESSURE ATOMIZING INJECTOR FOR CONFIGURATION 114

() PRESSURE ATOMIZING INJECTOR Wi TH INJECTION DOWNSTREAM OF SWIRLER FOR
CONFIGURATION N12

OUTER SWIRLER
FLAMEHOLDER

Figure 26 Swirl-Cah Combustor Fuel Injector Configurations
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Dilution Air Addition

Onc configuration was tested with dilution air holes located immediately downstream of the
headplate array, Testing was conducted with carburetor cquivalence ratios of 1.5 and 1.7
and with a dilution airflow of approximately 6.8 percent of the total combustor airflow.
The combustor pressure loss was allowed to vary in order to expedite test hardware procure-
m~nt.

2. STAGED.PREMIX COMBUSTOR
a. Qeneral Description

The design of the staged premix combustor was based on previous Pratt & Whitney Aircraft

development work with this combustor concept. The basic objective of the design is to con- ‘
trol the mixture uniformity and strength. thereby controlling the time-temperature history !
of the combustion gases and reducing the emission of pollutants.

The design of the combustor is shown in Figure 27, and photographs of selected configura- !
tions arc shown in Figure 28. The key characteristic of the combustor is the use of two burn-

ing zones with premixing of the fuel and air prior to injection into each burning zone. The i
two combustion zones are required because such design variables as mixture preparation, re-
circulation residence time, and quench rate must be carefully controlled within narrow limits
in premixing systems. and achievement of this control throughout the combustor operating
range is difficult with a single combustion zone,

The two premixing passages and combustion zones are axially displaced, with the pilot
burner system located further upstream. This displacement avoids rapid guenching of the
pilot combustion process by the cool main burner air during low power operation.
FINWALL™ liners are used in the pilot burner to minimize the quantity of cooling air re-
quired, further reducing the tendency for premature quenching,

Fach combustion system has its own independent fuel injectors, premix passage, flameholder,
and combustion volume. High fuel source density in conjunction with pressure atomizing
fuel injectors are used in both the pilot and the main premixing passages to promote fuel
atomization, vaporization, and premixing with air.

The primary design factors affecting the staged premix combustor evaluated in this program
were the premixing passage equivalence ratio, the potential for autoignition in the premixing
passage, and the flamcholder design. Fach of these Factors are Jdiscussed below.

Premixing Passage Ecquivalence Ratio

In the staged premix combustor, fuel is furnished only to the pilot burner during idle and

patt-power operation and to both the pilot and the main burner systems during high power

operation. Consequently, the equivalence ratio for the pilot burner system was selected to |
produce Ivw levels of carbon monoxide and total unburned hydrocarbons, which are the pre- J
dominant pollutants at low power, while the equivalence ratio for the main burner system

was sclected to produce low levels of o <ides ol nitrogen, which is the main pollutant at high

power levels.
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EXTERIOR SIDE VIEW DETAIL OF CIRCULAR-HOLE FLAMEHOLDERS

REAIN IUTINE 1}
PUANE U sty

DETAIL OF MAIN BURNER h DETAIL OF PILOT BURNER
£1.OTTED FLAMEHOLDERS SLOTTED FLAMEHOLDERS
Figre 28 Views of Staged Premix Combustor Confizurations

For the initial staged premix combustor configuration, a pilot burner cquividence rabio of
1.0 atidle conditions was selected on the basis of previously obtained emissions data for an
experimental can-annular premix combustor. These data showed that minimum carbon
monoxide and unburned hydrocarbons were obtained with a premix passige cquivaleney
ratio of 1.0, a hot-souk region downstream of the pilot Hameholder. and pradual addition
of dilution air.

For take-oft conditions, both the pilot and the mhain buraer premixing passages were designed
to operate at an vquivalence ratio of approximately 0.7, This fevel was selected on the Dasis
of an estimate of the combined combustion zone residence time and computation ol the fol
mation rate of oxides of nitroyen in a Kinetically limited system. Two Tactons wete asstimed
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to contribute to the pilot zone residence time. These were the time fo achieve complete
combustion, and the recireulation zone residence time. Combustion volume and flow rate in
the pilot zone were used to compulte the combustion time, employing the correlution pre-
sented in Reference 17, At rig pressure levels, the required combustion volume ranged from
0.0368 to 0.0425 m*. Using the upper limit, a combustion zone residence time of 1.5 ms
was established. The recirculation zone residence time in the flameholder wake was estimated
using a correlation presented in Reference 18, The recireulation residence time was then
added directly to the combustion zone residence time. resuiting in a total estimated pilot zone
residence time of 2.0 ms. Actually, this estimate is higher than the (rue residence time since
less than 20 percent of the pilot zone flow would be expected to recirculate,

L LU YL L
' JI

On the basis of this estimate and nitrogen oxide formation kinetics, the concentrations of
oxides of nitrogen were computed, assuming equilibrium hydrocarbon thermochemistry.
The results are shown in Eigure 29 for sea-level take-of operating conditions and residence
titmes of 1.0 and 2.0 ms. These computations show.that, when dilution air is accounted for,
the equivalence ratio required to meet the program goals for oxides of nitrogen ciissions is
approximately 0.70.

Autoignition

Since the premixing passage contains a combustible mixture at high tempcerature, the resi-
dence time of the gases in the premixing passage is limited by the time required for autoigni-
tion to occur. At high power operating conditions, the autoignition delay time is sufficiently
short that it constitutes a significant design factor,

In the staged premix combustor concept evatuated in this program, both the pilot and the

main burner premixing passages were designed with an autoignition safety factor of two at

maximum sea-level take-off hot-day ccaditions, At this condition, the autoignition delay i

time is predicted to be approximately 3.6 ms. and., therefore, the combustor was designed
1o operate with a maximum premixing passage residence time of 1B MS. . oo o 1

Flameholder Design

Both the pilot and the main flamcholders were designed to be independently stable. This
wis achicved by using perforated plate flameholders which provide a region for stable com-
hustion in the wake of the web area between adjacent [lameholder holes, The design was
based on the correlation ol stability limits shown in Figure 30, which was presented in Re-
ference 18 and cxperimentally verified by Pratt & Whitney Aircraft.

Those portions of the flamcholders behind the dilTuser struts were cooled using methods
consistent with the stability requirements. The portions of the pitol Namcholder located
directly beltind the struts were convectively cooled by means of a false-wall construction.
This type of construction acts to minimize cooling air introduction in the plane of the
flameholder, which could adversely alfect stability and idle emissions. The muain flame-
holder had less stringent stability requirements and the portions behind the struts, therefore,
were transpiration cooled,

[RIE A
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Figure 30 Premix Combustor Stabiliry Limit Correletion Data

Both the pilot and the main premixing passages were compartmented to exclude wakes gene-
rated by the diffuser case struts. Forty pilot and forty main fuel injectors {on a full annular
basis) were used.

b. Design Variations

Nine combustor configurations of the staged premix combustor concept were tested. These
configuradons included four parametric design modifications as follows:

2

Diffuser-combustor airflow distribution,

Fuel-air mixture preparation. including fuel staging and number of secondary

injectors,
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3. Pilot-main burner fuel flow split, and
4,  Flameholder design.

The configurations are summarized in Table XV, and complete specifications are presented
in Appendix B. Each of the modifications is discussed in detail below.

TABLE XVI

STAGED PREMIX COMBUSTOR CONFIGURATIONS

Equivalence Equivalence
Ratio Ratio at Number of Dilution
Flameholder at ldle Take-off Injectors Air
Configuration Hole Patlemn {Pilot Only) (Pitot and Main)* Pilot Main {Percent)
Pl Circular . 1.00 0.83 10 10 28
P2 Circular 0.98 0.77 10 10 22
P3 Circular 0.94 0.73 10 i0 15
P4 Circular 0.89 0.69 10 10 13
Ps Circular 0.839 0.69 10 JO** 13
Ps Circular 084 ... .. 052 10 10 0
P? Slotted 0.84 0.52 10 10 0
3] Slotted 0.84 0.52 10 20 0
PO Slotted 0.90%*+ 0.56%** 10 10 6.9%%*

*Average equivalence ratio for pilot burner plus main burner premix passages
e*\ain burner fuel injector fuel distribution tests

s#¢Doeign values, not measured

Diffuser-Combustor Airflow Distribution

Testing of the initial staged premix combustor configuration (designated P1) revealed that
the feed pressure to the main burner premixing passage was inadequate, resulting in deficient
main burner flameholder airflow. The approach used to correct this deficiency consisted of
increasing the main burner flameholder area (Configurations P2 and P4), and extending the
diffuser downstream (Configuration P3). As shown in Table XVI1I, these measures were collec-
tively effective in increasing the main burner premix passage airflow from 21.8 percent of the
total combustor aitflow to 27.4 percent, but this level still fel! short of the design airflow of
28.5 percent. In addition, the main burner premixing passage also expericnced a low total
pressure feed on tie outy wplitter, indicating a nonuniform radial flow distribution feeding
the outer passage. This type of flow maldistribution compromised the ability of the combus-
tor to achicve a homoguneous [uel distribution in the main burner premixing passage.
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TABLE XVI1

AIRFLOWS FOR PREMIX PASSAGES OFF STAGED PREMIX
COMBUSTOR CONFIGURATIONS

Airflow ]
(Percent Combustor
Total Airflow)
Configuration Pilot . Main

i S UL

- Design 18.5 28.5

Pl 18.4 21.8
p2. 18.9 24.5
P3 20.0* 26.1

P4 20.8 27.4
P5 20.8 27.4
Po 24.6 32.4

L P7 22.1 42.7
P8 27.4 427
PY 25.5 39.8

*Estimated

The cause of this maldistribution was identified as a part of another program conducted on
a similar combustor in the JT9D diffuser case. This study revealed intense diffuser strut
wakes that propagated to the axial location of the main burner premix passage.

Subscquently, a substantial increase in the main burner premix passage flow was achieved in
Configurations P7 and '8 through climination of .the liner dilution airflow. Some dilution
airflow was added for Configuration P9 to increase the equivalence ratio of the pilot burner
premixing passage. This configuration was used only for altitude stability and relight tests
using only the pilof burner.

| #T1)

Fuel-Air Mixture Preparation

Two modifications to the fucl-air mixture preparation were explored in conjunction with

the diffuser-combustor airflow distribution modifications. Onc of these involved circumfer-

ential fuel staging of the main combustor, and the second involved changing the number of
- main burner {uel injectors.

The circumferentizl staging configuration was intended to provide additional fuel flow in the
center regions between the diffuser struts and reduced fuel in the regions adjacent to the
struts to offset the effects of the reduced airflow downstream of the struts, with the effect
of producing a more uniform fuel-air ratio downstream of the flamcholder. This was achieved
- by dividing the injectors into two zones, in Configuration PS5, as shown in Figure 31. The

H \r.
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six injectors adjacent (o the struts or the rig sidewall were manifolded together as Zone 1,
and the remaining four injectors constituted Zone 2. A Zone 1 to Zone 2 fuel flow ratio of
1.5 would provide cqual fucl flow to all injectors. With this arrangement, the fuel flow split
between the pilot and main burners remained unchanged, with 18 percenit of the fuel being
provided to the pilot burncr and 82 percent to the main bumer.,

In Configuration P8, the number of main burner fuel injectors was increased from 10 to 20,
while maintaining the fuel injector pressure drop, This was achieved by substituting the dual-
nozzle main fuel injector shown in Figure 32 for the original, single-nozzle injector. Other-
wise, Configuration P8 was geometrically identical to Configuration P7, which incorporated
slotted pilot and main flamcholders and no liner dilution air. The increased fuel source den-
sity was expected to provide a4 more uniform fuel-air mixture at the flameholder.

Flameholder Design.

The initial scries of staged premix combustor configurations (Configurations Pl thirough P6)
incorporated circular holes in the pilot and main flameholders. To assess the effect of hole
shape, Configurations P7, P8, and P9 incorporated slotted holes in the flameholders. The
two flameholder designs are shown in Figure 28.

RIG SIDEWALL STRUT STRUT RIG SIDEWALL

O MAINBUY SR, ZONE 1
[] MAIN BULNER, ZONE2

Figure 31 Staged Premix Combustor Main Burner Fucl Staging Arrangement
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3. SWIRL VORBIX COMBUSTOR

a. General Description

The objective of the swirl vorbix combustor is to provide a relatively long combustlon resxz-I
dence time at low power settings to minimize carbon monoxide and unburned hydrocarbon
cmissions and to provide rapid burning and quenching of the combustion reaction at, h1gh,
power levels to minimize the formation of oxides of nitrogen. The combustor featuresa o
combination of vortex.-burning and mixing (from which the acronym *“‘vorbix™ was. dmved)
in a multiple burner arrangement with the burners spaced axially along-the.combustor: axis.
The design for the initial configuration is shown in Figure 33, and photographs ﬂlustmt;ngw
some of the combustor features are presented in Figures 34 and 35.

The pilot burner is a conventional swirl-stabilized, direct-fuel injector combustor using tlunty
fuel injectors (on a full annular basis). The pilot burner is sized to provide thic requlrcd heat
release rate for idle operation at high efficiency. Emissions of carbon monoxide and un- |
burned hydrocarbons are minimized at idle operating conditions by (1) maintaining 2 suffj-
ciently high pilot burner equivalence ratio to ensure complete burning of the fuel, (2) incor-
porating FINWALL™ material in the walls of each module fo minimize and delay the intro-
duction of cooling air, and (3) circumferentially swirling the cooling air leaving the FIN-
WALL™ walls to reduce the quenching action of the coolant.
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The pilot burner cperates at an equivalence ratio of about 0.75 during idle operation. At
take-off conditions, the pilot exhaust equivalence ratio is reduced to 0.50 or lower Lo reduee
the temperature of the flow through the pilot burner section. thereby reducing the time (hiat
the flow remains at high temperatures and pressures at which oxides of nitrogen are formed.
The minimum equivalence ratio for the ptlot bumer is determined by the overall combustor
stability characteristics (lean blowout timit) and-by the need to maintain sulTicient pilot bur-
ner energy to vaporize and ignite the main burner fuel,

At high power conditions, main burner fuel is introduced through fuel injectors tocated at

the outer wall of the liner at the pilot burner discharge location, as shown in Figure 33,
Hither thirty or sixty fuel injectors were used in this program (on a full annular combustor
basis). Main burner air for combustion and dilution is introduced through sixty swirlers po-
sitioned on each side of the combustor (again on a full annular combustor basis). The hot ex-
haust products and fuel vapor mixture from the pilot burner are then entrained by the swirling
main burner jets, providing partial premixing before autoignition of the main burner fuel
oceurs, The main combustion process, in which most of the fuel is conswmed at high pewer
conditions, proceeds rapidly at the interface of the swirling main burner jets and the Tuel-rich
mixture of pilot buriter combustion products and main burner fuel, T s (his apid conhus.
tion and subsequent rapid quenching that reduces the residence time of the combuastion gases
at high temperature and reduces the Tormation of oxides of nitrogen,
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Proper sequencing of the main burner fucl vaporization, fuel-air premixing, autoignition, and
dilution is essential to the suceess of this combustor concept. Scquencing can be adjusted by
varying the point of the main burner fuel injection, the location of the swirlers, the reference
velocity, the equivalence ratio, and a number of other design parameters. The spacing be-
tween the main burner air swirlers, the direction of rotation of the jets, and the relative posi-
tion of thic fuel injectors also affect the degree of fuel dispersion and jet penetration.

b, Design Variations __

Six design variations were evaluated in the Phase | screening program for the swirl vorbix
combustor. These were:

1. Maodifications to correct FINWALL® aspiration and diffuser airflow distribution,

[

Pilot injector type and airflow schedule.

3. Main burner fuel source density and fuel spray penctration,
4.  Main burner swirler type and orientation and air schedule,
5. Main burner fuel injector angle, and

6. Pilot-to-main burner fucl flow split.

These design modifications are summarized in Table XVIII, and complete specifications are
included in Appendix B. Details of the modifications are presented below.

Modifications to Correct FINWALL® Aspiration and Diffuser Airflow Distribution

Testing of the initial swirl vorbix combustor (Configuration §1) was terminated shortly after
ignition of the pilot burner because unburned hydrocarbons were detected in the combustor
shroud. Subscquent inspection revealed that fuel aspiration had occurred from the pilot zone
FINWALL® panels, as shown in Figure 36. The luel aspiration was apparently caused by ra-
dial airflow around the bulkhead. creating a depressed static pressure at the entrance of the
FINWA LL® panel coolant holes and causing localized upstream aspiration of the fuel between
the pilot module*. This situation was corrected by the addition of inner and outer hoods, as
shown in Figure 30.

Configurations S1 and S3 also exhibited an undesirable diffuser discharge pressure profile at
the swirler face, producing flows at the inner shroud that were higher than the design values
and flows at the outer shroud that were lower than the design values. Subsequent configura-
tions (Configurations S4 through 810) incorporated a revised pilot burner diffuser that was
canted towards the outer shroud and that also was lengthened to provide a more uniform air-
flow distribution,
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Figure 36 _  Swirl Vorbix Combustor Schematic Showing Region Where  Fuel Aspiration Occurred and
Location of Corrective Hoods

Pilot Injector Type and Airflow Scheduls

The initial swirl verbix combustor configurations (St through 57) incorporated an aecrating
pilot fuel injector which used the combustor pressure drop to achicve fucl atomization.
These configurations consisiently operated at efficiencies in the range of 93 to 95 percent
with associated emissions of carbon monoxide and.total unburned hydrocarbons that were
higirer than desirable.

The initial approaches for improving the performance involved changing the pilot burner
airfiow distribution and adding an air scoop to increase the pressure drop across the fucl
nozzles (Configuration S4). Neither of these approaches provided any significant improve-
ment,..... ..

In view of these results, flow visualization tests were conducted to determine it a simplex
pressure atomizing fucl injector would provide better fuel atomizing than the aerating fuel
injectors. The fuel injectors were mounted in a pilot burner swirler and plenum and fed with
nitrogen to simulate the test rig nozzle-swirler airflow at simulated engine idle air pressurc
and density. A 3-percent pressure drop was maintained across the swirler for atl of the tests.
The results of these tests are shown in Figure 37 and demonstrate that the pressure atomiz-
ing fuel injectors provide significantly better atomization than the aerating injectors,

On thie basis of these results, the pressure atomizing fuel injectors were used for Configura-
tions S8 through S10.
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Main Burner Fuel Source Density and Fusl Spray Penatration

Four configurations were tested to determine the effect of fuel source density and fuel spray
penctration, Initially, a comparison was made between the performance of Configuration S4
with 13 main burner fuei injectors (60 on.a full annular combustor basis) and Configuration
S5 with 7 main burner fuel injectors (30 on a full annular combustor basis). In both cascs,
the total fuel flow.remained the same,

Subscquently, two additional configurations were tested. These were Configuration S6 with
seven main burner fuel injectors and Configuration §7 with 13 main burner fuel injectors.
These configurations differed from the previous two in two respects. First, the pilot burner
included swirler blockage to increase the relative equivalence ratio of the pilot burer. Sec-
ondly, the fuel injectors used in Configuration S6 were modified to reduce the pressure drop,
thercby providing a fuel jet penetration equal to that provided in Configuration S7. Without
the modification, the penectration of the fuel from the injectors in Configuration S6 would be
substantially higher than that for Configuration S7 since the total fucl flow rate remained
the same but_ihe number of injectors in Configuration S6 was one half that in Configuration
§7.

The inner main burner swirlers experienced some damage during this series of tests, leading

to 4 series of flow visualization tests to determine the fuel spray penetration of the main bur-
ner injectors. A pressurc atomizing nozzle was mounted at a right angle to a rectangular duct,
simulating the swirl vorbix combustor throat section. Nitrogen flow was then used to simu-
late a range of fuel-to-air momentum ratios that encompassed both the test rig operating
conditions as well as engine operating conditions. The resuits are shown in Figurc 38 and
indicate that excessive penetration occurs with high pressure drop injectors at the rig operat-
ing conditions, explaining the damage to the inner main burner swirlers.

Main Burner Swirler Type and Orientation and Air Schedule

Since the vorbix combustor main burner fuel was injected in close proximity to the swirlers,
the swirler orientation influenced the fucl penetration, distribution, and mixing. To explore
this effect, three different swirler orientations were investigated, as shown in Figure 39. As
shown, Configurations 8! through §3, which had seven main burner fuel injectors, incoi-
porated a swirler orientation that was in the direction of the fuel flow on both the inner and
outer liner walls. Configurations S4 through S$7 incorporated swirlers in the outer liner that
were oriented in the direction of the fuel flow and swirlers in the inner liner that were oriented
it the direction opposite to the fuel flow. The final set, Configurations S8 through S10, in-
corporated co-rotational swirlers,

In addition to being co-rotational, the swirlers used in Configurations S8 through 810 also
had approximately twice the cffective flow arca of the other configurations, This difference
is illustrated in the photographs presented in Figures 40 and 41. To compensate for the in-
creased flow area of the larger swirlers, all dilution air holes were eliminated in Configurations
S8 through S10. In addition, because of the larger diamcter of the swirlers, it was necessary
to stagger their axial locations on the inner liner. However, the swirlers were positioned as
closely as possible to the main burner fuel injection locations to provide rapid dilution of

the fuel.
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Figire 40 Swirl Vorbix Combustor Liner for Configutation S4 Showing Swatt-Dioeter Switlers
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Figure 41
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Swirl Verhiv Combrestor Liner for Gonfivaration S8 Showing Large-Diameier Swirlers and
Phagered Pilieerm Holes




Main Burner Fuel Injection Angie

In Configurations 89 and S10, the main burner fuel injector supports were modified to inject
the fucl downstream at an angle of 66 degrees from the normal orientation, With this orien-
tation, fuel was injected in the vicinity of the air swirler discharge. Injection of the fuelina
lower velocity region (relative to the throat area) with an axial velocity component resulted
in a more uniform fuel distribution over a wider range of fuel injection pressure drops.

C. EXPERIMENTAL EMISSIONS RESULTS

This section summarizes the emissions data obtained during the Phase I program. The data
are grouped by combustor concept. The discussions for each concept include a tabular sum-
mary of emissions data at idle and take-off conditions, plots showing the effects of fuel-air
ratio variations at idle conditions and a discussion of the effects of significant configurational
changes. In addition, for the staged premix combustor and the swirl vorbix combustor, plots
are presented to show the effect of pilot-to-main burner fuel split at constant overall fuel-air
ratio on emissions of oxides of nitrogen and to show the effect of pilot burner fuel-air ratio
on combustion efficiency at take-off conditions.

In evaluating the tabulated data presented in this section, it is important to note the data re-
duction procedures used in the data preparation. First, at idle conditions, it was rarely pos-
sible to operate at precisely the design point fuel-air ratios, and, therefore, the data reported
at these conditions have been determined by interpolation using plots of emissions as func-
tions of fuel-air ratio. Second, the data reported for oxides of nitrogen have been corrected
for humidity effects at both idle and sea-level take-off conditions. Third, since it was not
possible to simulate the JT9D-7 engine sea-level take-off combustor inlet pressures in the
combustor segment test rig, emissions data were obtained at a lower pressure and are re-
ported on this basis (with oxides of nitrogen emissions corrected for-humidity) in the tables
in this section. In addition, the tables for sea-level take-off conditions include oxides of
nitrogen emission data that has been corrected to the JT9D-7 engine design point conditions.

The various configurations that were tested are described in Chapter IIl, Section B and in-Ap-

pendix B, and complete tabulations of the data obtained with each configuration are pre-
sented in Appendix C.

1. SWIRL-CAN.COMBUSTOR

Test Results at Idle Conditions

The emissicns test results obtained at idle conditions for the swirl-can combustor are shown
in Table XIX for the design-point fuel-air ratio. The cffects of fuel-air ratio on emissions of
carbon monoxide and total unburncd hydrocarbons are shown in Figures 42 and 43, respec-

tively.

Review of Table XI1X reveals that none of the configurations met or approached the emis-
sions goals, nor did any of the configurations achieve the current JTID-} combustor emission
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levels. The best configuration produced carbon monoxide emissions that we

o X re six times the
goal and emissions of unbumed hydrocarbons that were ten times the goal,

TABLE XIX

SWIRL-CAN COMBUSTOR EMISSIONS AT IDLE CONDITIONS

Emission Index (g/ke fuel}

Total Combustion
Oxides of Carbon Unbumed Efficiency
Conliguration Nitrogen Monoxide Hydrocarbons (Percent) Remarks
N WITH BLEED
[ Goals - 20 4 99.1
{" JT9D-7 Combustor - - — -
|- NI - ~ - - Emissions data not obtaincd.
. N2 20 166 93 61.8 Fuel to outer row only.
£
e N3 2.2 143 253 67.1 Fuel to outer row only.
: N3 2.2 13 6t 90.1 Fuel to inner row only.
N4 1.0 146 305 60.9 Fuel to outer row only.
. N4 1.6 108 98 B6.0 Fuel to inner row only,
T fuel-air ratio = 0.0114.
é - NS 1.1 100 430 474 Fuel to ocuter row only.
I NS 1.0 124 310 6l . .. Fuel to all rows, fuel-air
i ritio = twice design.
N6 1.6 135 237 69,1 Fuel to outer row aonly.
B WITHOUT BLEED
Goals - 20 4 -
N : JTOD-7 Combustor 33 17 298 94.7
N N7 16 181 291 6l.7 FFuel to outer row only.
oo N8 1.3 414 425 4l.6 Fuel to outer row only.
Do \ N9 24 165 405 48.8 Fuel to outer row only.
T
i NIO 21 105 92 86.8 Fuel to outer row only.
3 NIO 09 119 42 9.3 Fuel to inner row only.
o NI 22 78.5 5%.5 91.3 Fuel 1o outer row only.
: NI2 1.5 212 180 74.0 Fuel to outer row only.
Ao NI3 12 66 885 - Fuel-air ratio = 0.0092

Notes:  Combustor rig conditions with bleed were inlet pressure of 2,93 atm, inlet tempetature of
428 K. und fuclair ratio of 0.0126.

Combustor rig conditions without hleed were inlet pressure of 3.74 atra, inley temperature of
456 K. and fuel-9ir ratio of 0.01035,

Data for oxides of nittogen have been cortected to combustor inlet air humidity of 6.3 g
H;/kg dry air.

Although the emission goals for idle conditions were not met, several trends were identified.
First, increasing the combustor fuel-air ratio generally increased combustion efficiency. The
only exception was Configuration N12.in which the fuel was injected directly into the com-
bustion zone,
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Secondly, the combustion efficiencies all fall within a relatively narrow band cxcept for Con-
figurations N10 and N11, which were tested with very high equivalence ratios and were

tested at conditions simulating no compressor bleed. These results.show that the wide range
of geometries tested. had Jittle effect on combustor efficiency and cmissions at idle conditions.

Thirdly, the use of the inner row of carburctor modules instead of the outer row provided
a significant improvement in emissions and efficiency. This result is unfortunate from a
mechanical design viewpoint, since use of the outer row at idle offers the advantage of per-
mitting the use of ignitors installed in the outer combustor case, avoiding the problems as-
sociated with providing ignition from the inner combustor liner.

Finally, a scctor approach to idle operation provided lower emissions.and higher efficiency .
than the use of a single row of carburetor modules, This approach was demonstrated with
Configuration N5 in which fuel wus supplied to all carburetor modules in the combustor sec-
tor rig, using an overali fuel-air ratio that was twice the fuel-air ratio used when only the in-
ner or outer row was used. This condition corresponds to firing a 180-degree section of a
full annular combustor with an overall fuel-air ratio equal to the design fuel-air ratio.at idle
conditions. 1t should be noted that with this arrangement, fuel is supplied to 60 modules on
a full annular basis rather than the 40 modules used when the outer row.of modules is used.
As a result, the individual carburetor modules actually operate atlower fucl-air ratios using the
segment approach than they do using the outer row approach. Consequently, the improve-
ment in combustion efficiency obtained by using all rows in one sector of the combustor is
greater than the loss in efficiency associated with the reduced fuel-air ratio of the individual
modules.

Test Results at Sea-Level Take-Off Conditions

The test results for the swirl-can combustor at simulated sea-devel take-off conditions are
shown in Table XX. Qverall, the swirl-can combustor configurations provided significantly
lower emissions of oxides of nitrogen at the design point than the JT9D-7 combustor, and
efficiency. levels generatly exceeded 99.5 percent at the sea-level take-off fuel-air ratio. The
best configuration, N9, exhibited a §7 percent reduction in emissions of oxides of nitrogen
relative to the JTYD-7 combustor and a combustion efficiency of 99.5 percent. Even with
this reduction in emissions, however, the emission index of oxides of nitrogen remained 36
percent above the goal. Smoke levels were generally low (below SAE Smoke Number 4) ex-
cept for Configuration N12in which the fuel was injected directly into the combustion zone,
producing an SAE Smoke Number of 67.

The effects of the carburetor zquivalence ratio were jnvestigated with Configurations N2
with an equivalence rativ of 1.7. N3 with an equivalence tatio of 1.0, and NS with an equi-
valence ratio of 0.65. The results indicated that the lowest emissions were obtained using an
equivalence ratio of 1.0.
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Four different flameholder designs were investigated. These were:

... Hex flamcholder (Configurations N1 to N5)

to

Sheltered zone flameholder (Configuration NG)
3. Recessed swirler with hex flameholder (Configurations N7 and N8)
4,  Quter swirler flamcholder (Configurations N9, N12, and N13)

The relative merits of these various configurations were assessed by comparing the results ob-
tained with Configurations N3, N6, N7, N8, and N9, all of which incorporated low. pressure
drop fuel injectors and had a carburetor equivalence ratio ol 1.0. This comparison indicated
that the lowest emissions of oxides of nitrogen were provided using the outer swirler flame-
holder configuration. With this configuration, combustion efficiencies in excess of 99.4 per-
cent were. demonstrated at rig take-off conditions.

Three fuel injection techniques were investigated consisting of:
1. Low pressure drop injectors (Configurations N1 to N3, N5 to N11, and N13)

2. Pressure atomizing injectors located unstream of the carburetor tube swirlers
(Configuration N4)

3. Pressure atomizing injectors protruding through the swirlers, spraying fuel down-
stream of the carburctor swirlers (Configuration.N12)

Comparison of the data for Configurations N3 and N4, both of which were tested at a car-
buretor equivalence ratio of 1.0, both of which had hex flameholders, and both of which had
the same inlet diffuser configuration, shows that both configurations produced approximately
the same emission levels. Configuration N 12, however, produced significantly higher emis-
sions of nitrogen oxides. All three configurations exhibited combustion ¢fficiencies in excess
of 99.4 percent at the design sea-level take-off condition.

Combustor Configurations N10 and N1 were tested to determine the effect of liner dilution
air on the swirl-can combustor emission level. Aside from the addition of dilution air through
both the inner and outer liners in Configuration N11, the two configurations were identical.
The results showed that the addition of dilution air had a very small ¢ftect on emissions, al-
thougli it did tend to reduce the sensitivity of the combustor entissions to changes in the fuel-
air ratio.

2. STAGED PREMIX COMBUSTOR
Test Results at Idte Conditions

The emissions test results obtained at idie conditions for the staged premix combustor are
shown in Table XXI for the design-point fuel-air ratio.
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TABLE XXI

STAGED PREMIX COMBUSTOR EMISSIONS AT IDLE CONDITIONS

Emission Index (g/kg fuel)

Total Combustion
3 o Oxides of Carbon Unburned Efficiency
- Configuration _Nitrogen  Monoxide Hydrocarbons (Percent)
WITH BLEED

Goals - 20 4. 99.1
n JT9D-7 Combustor - - — —

Pl 4.2 24 0.5 98.8
P2 4.3 68 0 98.4
- P3 3.8 9 I 99.8
- P4 3.9 73 2 98.0
PS 3.9 73 2 98.0
WITHOUT BLEED

- Goals - 20 4 99.0
JT9D-7 Combustor 33 77 29.8 94.7
P7 Unstable at design fuel-air ratio

P8 Unstable at design fuel-air ratio

Notes:  Combustor rig conditions with bleed were inlet pressure of 2.93 atm,
inlet temperature of 428 K, and fuel-air ratio of 0.0126.

Combustor rig conditions without bleed were inlet pressure of 3.74 atm,
inlet temperature of 456 K, and fuel-air ratio of 0.0105,

Data for oxides of nitrogen have been corrected to combustor inlet
air humidity of 6.3 g H90/kg dry air.

Review of these data shows that the staged premix combustor provided excellent perform-
ance at idle conditions. The best results were obtained with Configuration P3, which ex-
ceeded all of the program goals for idle conditions.
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Two ffameholder configurations were tested, one with circular holes (Configurations P1
through P5), and the other with slots (Configurations P7 and P8). The best results were ob-
tained with the circular holes. The configurations with slotted flameholders were unstable
at idle operating conditions because these configurations also incorporated no dilution air
lioles in the combustor liners. The result was a high airflow loading of the premix passage,
producing a high ftameholder reference velocity and a low pilot passage equivalence ratio,

Carbon monoxide emissions were found to be strongly influenced by the fucl-air ratio, As
shown in Figure 44, cach configuration demonstrated an optimum fuel-air ratio for minimum
carbon monoxide emissions, although the optimum tuel-air ratio was not the same for all
configurations. The lowest carbon monoxide emissions were provided by Configuration P3,
for which the optimum fuel-air ratio was equal to the design point fuel-air ratio for idle with-
out compressor bleed.

The emissions of unburned hydrocarbons (Figure 45) are insensitive to fuel-air ratio for fuel-
air ratios above 0.012, but they rise rapidly as the fuel-air ratio decreases below 0.012.

Test lesults at Sea-Level Take-Off Conditions

The test results for the staged premix combustor at simulated sea-level take-oft conditions
are shown in Table XXI1I. Generally, the combustion efficiencies of these combustor confi-
gurations were poor, with high carbon monoxide cmissions. A strong trade was evident be-
tween efficiency and emissions of nitrogen oxides, with those configurations that met the
efficiency goal tending also to have high emissions of oxides of nitrogen. Smoke levels were
low, with all configurations operating with SAE Smoke Numbers of 6 or lower. Configura-
tions P7 and P8, which incorporated slotted flameholders and no combustor liner dilution
air, were unstable at the sea-level take-off design point, and hence were not scaled to the
design poin{.

A series of tests was conducted to determine the effect of varying the fuel flow split between
the pilot and main burner, thereby altering the equivalence ratio in each of the burners but
maintaining the overall fuel-air ratio at the design point. Figure 46 shows that changing the
fuel flow split has a significant cffect on the emissions of oxides of nitrogen, with the mini-
murh emissions occurring at a pilot burner fuel-air ratio of approximately 0.007. The reason
for the obscrved trend is that both burning zones operate at an equivalence ratio of approxi-
mately 0.7 at the design point fuel-air ratio and fuel split. Changing the fuel split increases
the equivalence ratio of one burning zone while decreasing the equivalence ratio of the other.
Since the production of oxides of nitrogen increases exponentially with combustion equivalence
ratio, a shift in the fuel flow split in either direction away from the split that provides near
optimum equivalence ratios in each burning zone results in a substantial increase in emissions
of oxides of nitrogen. Figure 47 shows that changing the fuel-flow split to provide less fuel
flow to the pilot burner than the design level results in a decrease in combustion efficiency.
Increasing the fuel flow to the pilot burner avove the design value has a negligible effect on
efficiency.
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TABLE XXII
STAGED PREMIX COMBUSTOR EMISSIONS AT SEA-LEVEL TAKE-OFF CONDITIONS .

Oxides of Nitrogen
Emission Index

Combusior Test Rig Conditions
Jimission_Endex (bki fuel)

Main Burner Correcled to Engine
Pibut Sector Overall Jotal Combustjon Design Take-Off
Fuel-Air - FFuel Split Fuek-Air - Oxldes of Carbon Unbuined Efficiency Conditions
Connguration Ratio (Percent)’ Rativ Nitrogen Monuxide Hydrocatbons {Percent) (s]_is fucl}
Goah - - - — - - 99.0 10,0
JTOD-T Combustor - = - - - - - - s
M 00081 - - 0.020u 8.5 14.9 0.7 99.6 160
~1 0.00%6 - 00244 124 10.5 0.1 49.7 21.3
P2 00079 - 0.0227 11.5 16.0 1.5 99.0 218
2 0099 - 0.0099 1.5 0N 0.5 99.9 8.7
2 .0 - 0.0152 15.1 36.2 1.7 99.0 318
B2 0.0092 - 0.0231 125 28.2 0.7 99.3 236
P2 Q.0101 - 0.0254 14.8 208 Lo 09.5 5.3
P3 0.0075 - 0.0227 4.0 65.7 8.2 97§ 17.5
3 0.0026 - 0.0267 120 51.% 28 98.3 20
P3 0.0047 -— 00244 10.4 932 LB 94.1 19.6
F3 - 0.0089 -— 0.0223 u3 9.5 1.4 98.9 17.2
k3 0.0100 -— 0.0255 1.7 233 0.3 99.4 LI
P3 c.ol124 - Vulay 121 313 1.1 99.0 22.1
P4 0.0054 - 0026 6.4 4715 122 %7.5 1.8
P4 0.0088 - 0.0225 10.2 3.7 15 988 18.5
P4 Q0024 - 00252 1.7 62.7 4.0 95.7 19.9
P4 20048 - 0.0232 v.? - B19 516 91.2 17.7
P4 0.0068 i 0.0227 103 50.3 25 9.5 9.5
P4 0.0077 - 0.0196 18 7.0 i5.6 96.5 15.0
P4 0.0102 e 0.0263 130 28.Y [1%.3 99.2 24
| JE— 0.0122 - 0.0M6 14.0 46.7 38 9.4 46
Ps U045 $4.4 0.use Y4 4,2 439 94.3 17.2
] 0.0047 56.6 0.0273 oy 6.3 37.2 939 171
Ps 0.0044 62.7 0.0247 9.7 B0.3 4]2 92.6 8.1
s 0.0045 R4 0.0250 9.6 854 459 9.6 11.6
Ps 00043 60.3 0.0242 yy ™7 0.2 923 117
(] 0.0042 7.3 0235 s A4 £3.0 91.% 19.0
ps 0.0040 50.0 0.0221 Y4 6 £8.2 91.3 11.5
P 0.00%0 - 0.0300 52 0.5 80.1 890 -
P 0.00% - 0.0304 14 9. 8.8 988 -
L) 00102 - Q0257 40 319.4 146.5 76.1 b
" 00123 - 00312 5.6 121 5.4 99} -
17 0.0130 - 0.0305 1.5 15.4 L5 y1§ -
P8 0.0106 - 0.0268 1.2 49140 5.0 69.2 —
g 00122 — o.0312 60 17.1 6.6 46.4 -—
] 00135 - [{XET.) 7.2 3.6 16 99.¢ -
P2 00117 - Q.0292 ol 11 236 968 -
s 0.0126 - 00326 9.5 51 18.7 917 -
i 0.0130 - 0.0330 9.1 5.3 354 95.7 -
] 0.0109 - 0oloy 43 4.6 LIN 45,2 -
1.} 0.0146 - 00146 .0 1.7 105.2 8.7 -
ba 0 - 0.0133 a0 ite 2880 65.% -
ra A - Quidn [ kLN ] 4023 521 -
2.4 0 - 0.0243 120 (1K1} 1.2 99.4 b
2.3 - 0.0305 j20 41.4 4.0 Yo —

Nutes:  *Represents ratio of fuel to six injectors adjacent to passage sidewalls divided by total main burner fuel flow.

Combustor test tig conditions were inlel prewsure of 68 atm, inlet ternperature of 768.9 K, and inlet airllow
rale of 0.88 kgfs.

Engine design conditions were combustor inlet pressute of 217 atm, combuster inlet temperature of 7089 K.
and combustor inket airtfuw rate of 92.9 hg/s
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The effect of fucl-air mixture preparation was evaluated in two tests, In-the {irst, the circum-
ferential distribution of fuel in Conliguration P5 was modified by dividing the main burner
fucl injectors into two groups, one group consisting of six injectors adjacent to the compart-
ment sidewalls, and the other consisting of four injectors in the center portions of the com-
partments. Tests were conducted with various fucl splits between the two groups of injectors,
while maintaining the total fuel flow constant. The results showed no significant effect of
tfuel flow distribution on cither emissions of oxides of nitrogen.or combustion efficiency,
even when the fuel flow rate to the injectors adjacent to the compartment walls was reduced
17 percent below the design value or increased 19 percent above the design value.

In the second test to evaluate the effect of fuel-air mixture preparation, the nuwmber of fuel
injectors in the main burner was doubled through the use of ducl fuel injectors (Configuration
P8). Since the tuel flow through each injector was onc-half that of the configurations with
the design number of injectors, the dual injectors were modified to provide the same pressure
diop, thereby maintaining the same fuel droplet characteristics. The results of these. tests in-
dicated that doubling the number of injectors produced no significant effect on the emissions
characteristics of the combustor.

An attempt was made to determine the effect of using @ flameholder with slots instead of
circular holes. Due to the very lean premix passage equivalence ratic, the configurations
with the slotted flameholder were unstable at the sea-level take-off design point. Data were
recorded at higher values of overall fuel-air ratio, but could not be scaled to an unstable op-

erating point, Thus a direct comparison with the circular flamcholder data was precluded. . .. .. ...

3. SWIRL VORBIX COMBUSTOR
Test Results at Idle Conditions

The emissions test results obtained at idle conditions for the swirl vorbix combustor are
shown in Table XXIIl. At idle, only the pilot zone was fired. The best configuration, Con-
figuration S8, closely approached the emission goals for idle conditions (witheut compres-
sor bleed) with a carbon monoxide emission index of 29 compared with the goal of 20 and
an unburned hydrocarbon emission index of 4.5 compared with the goal of 4.0,

The effects of fuel-air ratio on the emissions of carbon monoxide are shown in Figure 48. The
trends are similar for Configurations 82 through S7, with increasing fuel-air ratio producing

a substantial decrease in carbon monoxide emissions. 1 contrast, Configurations 58 through
S10 tended to produce lower carbon monoxide emissions at lower fuel-air ratios.

All configurations exhibited similar trends with respect to the effect of fuel-air ratio on the
emissions of unburncd hydrocarbons. As shown in Figure 49, emissions of unburned hydro-
carbons deereased when the fuel-air ratio was incrcased,

Peak efficicncy levels were not as high as those for the stuged premix combustor, but the

combustion cfficiency of the swirl vorbix combustor was less sensitive to fuel-air ratio than
that of the staged pramix combustor,
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TABLLE . XXIIl

SWIRL VORBIX COMBUSTOR EMISSIONS AT IDLE CONDITIONS

Emission Index (g/kg fuel)

Total Combustion
Oxides of Carbon Unbumed Efficiency
Configuration Nitrogen Monoxide Hydrocarbons (Percent)
WITH BLEED
Goals —_ 20 4 99.1
JT9D-7 Combustor _e —_ — —
S2 2.9 68 28 95.1
S3 2.1 68 29 95.0
sS4 2.9 1 37 94.0
S5 2.9 2! 37 94.0
56 3.0 76 33 94.4
57 3.0 76 33 94.4
WITHOUT BLEED
Goauls —_ 20 4 99.0
JT9D-7 Combustor 3.3 77 29.8 94.7
S8 5.1 29 4.5 98.8
S9 4.0 57 13 97.1
S10 4.3 68 6:6 97.7

Notes: Combustor. rig conditions with blced were inlet pressure of 2.93 atm,
inlet temperature of 428 K, and fuel-air ratio of 0.0126,

Combustor rig conditions without bleed were inlet pressure of 3.74 atm,
inlet temperature of 456 K, and fuel-air ratio of 0.0105.

Data for oxides of nitrogen have been corrected to combustor inlet air
humidity of 6.3 g H9O/kg dry air.
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Configurations S2 through S7 incorporated numerous changes to :he pilot burner that had |
been expected to improve the emissions at idle conditions, Included were changes to the |
pilot swirler airflow, changes to the pilot bumer dilution flow, and the addition of an air

scoop to increase the pressure drop across the fucl nozzles. However, none of these signifi-
cantly improved the emission levels, i

Configurations S8 through S10 incorporated fuel injectors with improved pressure atomizing
fuel spray characteristics.and incorporation of high airflow rate main burner swirlers. In addi-
tion, these configurations were tested at idle conditions without simutated compressor bleed,
resulting in an operating point with higher combustor.inlet temperature and pressure than

that used for the previous configurations. The results indicated a significant improvement in
cmissions. but, because alt the design changes as well as the change in operating peint were
made simultancously, the individual effects of the changes cannot be separated. 1t is known
that the change in operating point would tend to reduce the emissions of carbon monoxide
and unburned hydrocarbons. However, it is believed that the improved fuel injectors probably
also produced a significant effect.

The effect of decreasing the throat and rear liner height was assessed by comparing the data
for Configuration $8. which had a throat height of 3.3 em, with that for Configuration S10,
which had a throat height of 2.5 cm. These configurations otherwise were identical. The
data indicate that the reduction in throat height produced a significant increase in carbon
monoxide emissions and a small increase in the emissions of unburned hydrocarbons, while
reducing the emissions of oxides of nitrogen.

Test Results at_Sea-Level Take-Off Conditions

The test results for the swirl vorbix combustor at simulated sca-level take-off conditions are
presented in Table XXIV. The swirl vorbix combustors exhibited very low levels of emis-
sions of oxides of nitrogen with high combustion efficiency. The best results were obtained
with Configuration $10, which demonstrated an emission index for oxides of nitrogen of

12.4 at a combustion efficiency of 99.7 percent. This was the lowest emission level for oxides
of nitrogen achieved in the program at the sea-level take-off design point in a configuration
that also provided high combustion efficiency. SAE Smoke Numbers varied with.configura-
tion, with values ranging from 1 for Configuration 39 to 14 for Configuration S10to 41 for
Configuration S6.

The swirl vorbix combustors gencrally exhibited a decrease in the emissions of oxides of ni-

trogen as the luel split was shifted to provide a higher fuel-air ratio for the main burner and !
a lower fuel-air ratio to the pilot burner, as shown in Figure 50. The reason for this trend is

that reducing the fuel-air ratio of the pilot burner reduces the temperature of the flow through

the pilot burner section, thereby reducing the time that the flow remains at the high tempera-

tures and pressures at which oxides of nitrogen are formed. Decreasing the pilot burmer fuel-

air ratio betow approximately 0.002 results in instability which is reflected in a decrease in

overall combustion cfficiency, as shown in Figure 51.
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A series of tests were conducted to determine the effects of fuel source density on the emis-
sions of oxides of nitrogen. 1n one test, the number of fuel injectors was changed from 7 to
13 without changing the fuel injector design, and in another, the number was changed with
an.accompanying change in design to maintain the fuel injector pressure drop and, therefore,
the spray characteristics. Neither test resulted in any significant change in cmissions.

Combustor Configurations S8 through S10 incorporated main burner swirlers with a flow

area that was approximately twice that of the previous configurations. Because of the in-
creased size of these swirlers, axial staggering on the inner wall was required, although the
swirlers were positioned as close to the ntain burner fuel injectors.as possible to promote rapid
dilution of.the fuel, In addition, to compensate for the increased flow through the swirlers,
the liner dilution holes were blocked. These configurations demonstrated substantially lower
emissions of oxides of nitrogen, but the specific effect of the increased swirler flow area could
not be identified since 2 number of other changes were incorporated at the same time.

The effect of changing thie main burner tuel injection angle was evaluated in Configuration

89, which incorporated fuel injectors that injected the fuel downstrcam at an angle of 66
degrecs from.the direction used for the other configurations. With this change, the main
burner fuel was injected into the vicinity of the main burner air swirler discharge. This change
produced a small improvement in emissions, reducing the emission index for oxides of nitro-
gen from 15.5 to 14.6 at a combustion efficiency of 99.6 percent.

The cffect of combustor throat height was evaluated in Configuration $10 in which the
throat height was reduced from the 3.3 cm used in the previous configurations to 2.5 ¢m.
In addition, the main burner liner was narrowed to assess the impact of reduced mixture
residence time both in the vicinity of the throat and in the main burner combustion zone.
The pilot combustion zonc was the same as that in Configuration 88. This configuration
produced the lowest emission level achieved in the program at sea-level take-off conditions,
with an emissions index for oxides of nitrogen of 12.4 at a combustion efficiency »f 99.7
percent.

D. ASSESSMENT GF RESULTS
1. TEST RESULTS AT IDLE CONDITIONS ...

The test results obtained at idle operating conditions for the best combustor configurations
from each concept are shown in Table XXV. Results are presented for both the idle condi-
tion with simulated compressor bleed and the idle condition without simulated compressor
bleed, since data were obtained at both conditions and insufficient data are available to per-
mit correcting either set of data to the other sct of conditions. Generally, the idie conditions
with compressor bleed would be expected to produce higher emissions since the combustor
inlet temperature and pressure are lower, both of which are known to produce higher emis-
sions, and because the fuel flow rate is lower, resulting in less cffective fuel atomnization,
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The staged premix combustor, Configuration P3, provided the best results at idle conditions
in the program. It was the only configuration that produced emission levels that were better
than the progrum goals for carbon monoxide and total unburned hydrocarbons at idle condi-
tions. Since this configuration was tested at idle conditions with simulated compressor bleed,
stiil Jowsr emissions would be expected if it were tested without simulated bleed. Since the
staged premix concept is sensitive to premix passage fuel-air ratio, a resizing of the pilot zone
airflow.schedule to achieve stoichiometric burning at the lower fuel-air ratio would be required
to maintain minimum idle emissions.. None of the staged premix combustor configurations
were successfully tested at the idle condition without simulated bleed. Tests *vere attempted
with Configurations P7 and P8, but both were unstable at the fuel-air ratio of 0.0105 corres-
ponding to the unbled condition.

The swirl vorbix combustor did not meet the emission goals for the program at idle condi-
tions, but it approached the goals and demonstrated a substantial improvement from the
emission levels of the JT9D-7 combustor. The best results were obtained with Configura-
tion 88, which was tested without simulated bleed. This configuration demonstrated.an
emission index for carbon monoxide of 29, which is 45 percent above the goal, but 62 per-
cent below the JT9D-7 level. It also demonstrated.an emission index for total unburned hy-
drocarbons of 4.5, which is only 13 percent above the goal, and is 85 percent below the
JT9D-7 level. Configuration 83 provided the best swirl vorbix combustor results at idle with
compressor bleed.

The swirl-can combustor provided poor performance at idle conditions. The best results were
obtained with Configuration N3 at idle conditions with bleed, with fuel supplied only to the
inner row of carburetor modules. Slightly lower emission levels were obtained with Configu-
ration N11 at idle conditions without bleed, but the difference is small, and testing of this
configuration at idle conditions with bleed would be expected to resuit in emission levels
higher than those demonstrated by Configuration N3. None of the swirl-can combustor con-
figurations produced emissions at idle as low as those produced by the JT9D-7 combustor,
Generally, the results showed that the swirl can combustor emissions can be reduced by fuel-
ing only the inner carburetor module row or by sector burning, but these techniques are not
sufficient alone to meet the program emission goals, Analysis of the results suggests that the
head plate dilution air is being added too rapidly, causing premature eaction quenching. A
sheltered or otherwise isolated pilot zone might provide acceptable emissions at low power.

2. TEST RESULTS AT SEA-LEVEL TAKE-OFF CONDITIONS

The test results obtaincd at sea-level take-off conditions for the best configurations of each
combustor concept are presented in Table XXVI. Emissions data for oxides of nitrogen have
been corrected to actual JT9D-7 engine operating conditions. The other data are presented
at combustor rig test conditions. Operation of the test combustors at the higher pressures
would be expected to result in higher efficiencies than those reported.

Ov+rall, none of the combustors met the emissions goal for oxides of nitrogen at the required
combustion efficiency for the sea-level take-off conditions. The best combustor did provide
a substantial improvement in emissions of oxides of nit1ogen relative to the current JT9D-7
combustor, however.
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TABLE XXVI

i: SUMMARY OF TEST RESULTS FOR BEST CONFIGURATIONS OF
; EACH COMBUSTOR CONCEPT AT SEA-LEVEL TAKLE-OFF
CONDITIONS

Oxides Of Nitrogen.
! Emission Index
] : :
i ' Corrected. to Engine Combustion
' ! Combustor Concept Design Take-off Efficiency SAE Smoke
and Configuration Conditions (g/kg fue (Percent) Number
Goals 10.0 99.0 i5
JTYD-7 Combustor 31.5 99.99 10
ﬁ Swirl Can 13.6 99,5 1

Configuration N9

Staged Premix 20.6 99 4 6
Configuration P3

Swirl Vorbix 12.4 99,7 14
Configuration 810

i Notes:. - Oxides of Mitrogen data corrected to engine conditions with combustor
inlet pressure of 21.7 atm, combustor inlet temperature of 768.9 K,
and combustor inlet airflow rate of 92.9 kg/fs.

Combustion efficiency (based on gas sample) and SAE Smoke Number
ar¢ recorded data at test rig conditions with inlet pressure of 6.8 atm,
inlet temperature of 768.9 K, and inlet airflow rate of 6.88 kgfs.
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The switl vorbix combustor, Configuration $10, provided the lowest emissions of oxides of
nitrogen at the sea-level take-off condition. Although it did not meet the goal, it provided
a 61 percent reduction in emissions of oxides of nitrogen relative to the JT9D-7 combustor,
with an efficiency of 99.7 percent. The smoke level of the swirl vorbix combustors varied
with configurations. Configuration $10 marginally met the goal with an SAE Smoke Num-
ber of 14 at the combustor segment rig operatmg conditions, but higher smoke ievels would
be expected at actual engine operating pressures.

The best swirl-can combustor configuration (N9) exhibited a 57-percent reduction in emis-
sions of oxides of nitrogen relative to the JT9D-7 combustor at an efficiency of 99.5 percent,
All f the swirl-can combustors provided low smoke levels, with the N9 configuration provid-
ing an SAE Smoke Number of 1.0.. ..

Staged premix combustor Configuration P3, which was the best of the staged premix com-
bustors tested, exhibited significantly higher emissions of oxides of nitrogen than did the
swirl vorbix and swirl can combustors. However, it still demonstrated a 35-percent reduction
in emissions of oxides of nitrogen relative to the JT9D-7 combustor. Taken as a class, the
staged premix combustors were deficient in combustion efficiency at high power levels.
Smoke levels were low for all configurations. The high emissions and low efficiency levels
are not characteristic of combustors with lean combustion of prevaporized, homogeneous
fuel-air mixtures. Since the combustor premix passages were nominally sized for lean fuel-
air ratio (equivalance ratio of 0.7), it appears that only limited premixing and vaporization
were actually accomplished in the configurations tested in this program.
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E. COMBUSTOR PERFORMANCE

In addition to the combustor cmissions measurements, performance measurements were made
during the Phase 1 screening tests, Included were measurcments ol pressure loss, exit tempera-
ture pattern, idle lean blowout, altitude stability and relight characteristics, and durability.
Tie results of these measurements are sumimarized below,

1. PRESSURE LOSS

The measured values ot combustor, diffuser, and system pressure loss are summarized in
Table. XXVI1 for.all configurations tested. As shown, the overall combustor section loss was
generally held close to the goal of 6 percent except for Configurations N7 and N9 through
N13. These configurations incorporated a diffuser blockage screen to improve the airflow
distribution at the combustor headplate raising the pressure loss by approximately 2.1 per-
cent. This approach was used as an expedient method of improving the airflow in the screen-
ing tests and is not considered to be a realistic approach for engine application,

2. EXIT TEMPEBATURE PATTERN

Exit temperature traverse data were taken at the idle and the simulated take-off operating
conditions. The resulting data were plotted as circumferential protiles which were then re-
duced to the form of combustor exit temperature pattern factor and average radial profile.

Circumferential Profiles

The circumferential temperature profiles were reviewed to identify the areas of nonuniformity
(which are undesirable since they represent hot spots that have an adverse cffect on turbine
durability) and to refate the areas of nonuniformity to specific features of the combustor
where possible. The influence of the scctor combustor rig sidewall cooling is readily apparent
in all the profiles.

The circumferential temperature profiles for a representative swirl-can combustor at idle and
take-ofl conditions are shown in Figures 52 and 33, respectively. Both profiles, but particu-
larly the profile for idie cenditions. show regions of increased temperature in line with the
diffuser struts. Since the fuel was distributed uniformly at the combustor headplate, these
regions indicate reduced airtlow directly downstream of the struts.

The circumferential temperature profiles for a staged premix combustor are shown in Figures
54 and 55. At idle conditions, the higlest temperatures occurred in line with the struts, ap-
parcntly because the sheltered regions downstream of the struts acted as flameholders for the
pilot burner. 1n addition, in Configuration 1’1, for which the data are shown, no liner dilution
air was supplied to that portion of the circumference occupied by the strut compartmeits,
which increased the degree of nonuniformity in the temperature profile. At take-off condi-
tions, the profiles were reversed, with the region behind the struts being characterized by
lower temperatures, The reason for this was that no main burner fuel injectors were located
in the strut compartiments to prevent fuel aspiration in the strut wake,
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N : PAGE B
, : 031%%0% QU ALITY

! ; OF TABLE XXVII
* :
1 SUMMARY OF COMBUSTOR PRIESSURLE LOSS TEST RESULTS
i
i Overall Combustor Dituser
( Pressure Loss Pressure Loss Presstire Loss
: Configuration (Pereent) {Percent) {Pereent}
i Goal. << G0 :
| JTYD-7 5.5 3.0 25
Swirl-Can Combustor
NI 4.0 1.5 2.5
N2 4,6 22 24
N3 5.3 17 b
i N4 5. 14 2.7
NS 5.6 R 2.7
r N& 5.7 29 2.8
N7 8.2% 3.2 29
N8 5.9 28 3.1
N9 7.4% 2.3 3.0
NIO 9.0* 3.5 3.4
NIl 9.4* 4.2 3.1
Ni12 7.5% 2.3 3.i
N13 7.4% 23 3.0
Staged Premix Combustor
Pl 6.6 3] 35
i 2 4.9 26 23
b ‘ P3 5.3 3.0 23
S P4 5.6 2.6 3.0
f 3y Ps 5.6 20 3.0
’ Po : - -
P7 6.1 2.9 3.2
P8 6.1 2.0 3.2
PO - -
F Swirl Vorbix Combustor
s1 5.0 2.2 28
s2 5.7 30 2.7
83 5.5 3.0 2.5
b $4 6.1 3.1 3.0
g 55 f.l 3. 3.0
ij S6 6.7 3.7 30
3 87 0.7 317 3.0
1 S8 5.0 2o 3.0
L §9 5.0 36 3.0
510 5.0 Lo 10

*ncludes diffuser screen pressure loss ol 2.1 pereent.,
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The swirl vorbix combustor exhibited the most uniform cireumferential temperature profiles
- of the three concepts investigated. At idle conditions, the temperature profile exhibited
some nonuniformity attributable to the diffuser strut wakes, as shown in Figure 56, but over-
o all, the profile is relatively uniform. At take-off conditions, the temperature profile.did not
exhibit periodic nonunitormities that could be related 10 cither diffuser strut wakes or to the
location of the pilot fucl injectors, as shown in Figure 37,

Pattern Factor

The combustor exit temperature pattern factors for cach configuration are summarized in
Table XXVHI. It should be noted that inadequate durability of the traverse rake thermo-
couples hindered the acquisition of data, and a number of tests were conducted with fewer
than five operational thermocouples. For these tests, the pattern factor was caleulated on
the basis of the maximum temperature observed using the remaining functioning thermo-
couples. Average combustor exit temperatures were determined on the basis of the gas sam-
ple {carbon balance) fucl-air ratio.

Review of the data indicates that the pattern Factors at take-off conditions were generally in
the range of 0.5 to 0.6 for all three combustor concepts. Although these values are sub-
stantially higher than the goal of 0.25, it is anticipated that the pattern factors at tuke-off
conditions can be reduced significantly with development. The high pattern factors at idle
are not of particular concern. since the average temperature levels are low, and the high pat-
tern factors at this condition theretore do not impose durability problems in the turbine.

Radial Exit Temperature Profiles

The average combustor exit radial profiles were determined from the exit temperature tra-
verse data. 1o general, it was found that the radial prolfile varicd considerably with configu-

T rational changes.

Representative profiles for each concept at idle conditions are shown in Figure 58. The pro-
files were strongly influenced by the location of the pilot zone. The swirl can combustor ex-
hibits a profile with a high peak near the outer wall, while the staged premix combustor is
biased toward the inner wall, The swirl vorbix combustor exhibits a nearly flat profile, con-
sistent with its axially staged design. Although temperature profiles at idle are not generally
of concern, the severely praked profile of the swirl-can combustor at id le could require con-
sideration of its affect on the turbine.

Figure 59 presents the average radial temperature profiles tor the combustor concepts at
takec-off conditions. All three ¢xhibit a peak at the center, whereas the target profile for the
JTYD-7 engine provides a peak near the 70 pereent span location. The radial profiic goal is
considered to be achievable with additional combustor development, although the task would
be difficult in those combustor concepts which do not provide liner dilution flow.
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TABLE XXVII1

SUMMARY OF COMBUSTOR EXIT TEMPERATURE
PATTERN FACTOR RESULTS

Patiern Factor

Idle Iddle
With Bleed Without Bleed Take-off
Confipuration. Conditions Conditions Conditions
Goal - - - < 0.25
; JT9D-7 - - 0.42
: Swirl-Can Combustor
. N2 0.50 - = 0.50
! N3 1.07 -~ 0.88
! N4 1.05 - 0.73
NS 2.0 - - 077 i
N6 . 1.70 - = 0.48 1
N7 - 1.99 0.53 !
N3 - 1.82 - —
N9 - 1.86 -
Nt2 -— 1.04 0.63
Staged Premix Combustor
: (] 1.14 - 0.51
i P2 : 1.50 - -
! P3 1.94 — 0.50
: P4 1.05 —-— 0.49
| P8 - - 0.61 -
ﬁ Swirl Vorbix Combustor
} S2 0.36 - = 0.54
\ S3 0.45 - - 0.65
; sS4 0.a7 — - 0.57 ‘
i |
: 55 - - 0.58 ‘
. i 56 - S 0.57
= | 57 - - - 0.93
RN '1 58 - 0.58 _—
—h i 59 - - 0.52 0.51
l 510 - - 0.49
1

Notes:  Combustor rig idle conditions with bleed were inlet pressure of 2.93 atin, inlet
o f temperature of 428 K, and fuel-air ratio of 0.0126.

Combustor rig idle conditions without bleed were inlet pressure of 3,74 atin, inlet
temperatuse of 456 K, and luel-air ratio of 0.0105.

Combustor rig take-olf conditions were inlet pressure of 6.8 atm, inlet temperature
of 768.9 K, and fuel-air ratio of 0.0227.
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3. IDLE LEAN BLOWOUT

Idle lcun blowout data were taken for selected combustor configurations, and the resulls are
shown in Table XXIX. The best results were obtained with the switl vorbix combustor con-

l,‘ . cept, for which most configurations demonstrated lcan blowout limits that were comparable
‘_ ' to those of the JT9D-7 combustor, This result was expected, since the pilot burner of the
t : swirl vorbix combustor is similar in design to a conventional burner. The swirl-can.combus-

tor configurations exhibited considerably higher lean blowout limits with two configurations,
N10 and N1 1, demonstrating just marginally acceptable limits of 0.0050 and 0.0043, respec-
tively. None of the staged premix combustor configurations approached the JT9D-7 lean

. blowout limit of 0.004, Both the staged premix and the swirl-can combustor concepts will
- require some design changes to improve idle stability.

L

TABLE XXIX

SUMMARY OF COMBUSTOR IDLE LEAN BLOWOUT TEST RESULTS

|
b
’ Lean Blowout Fuel-Air Ratio
Idle 1dle
‘ With Bleed Without Bleed
i Configuration Conditions Conditiong
i ; 1T9D-7 < 0.004
o -Swirl-Can Combustor
: N3 0.0058 - -
3 N4. 0.0058 -—-
F" 1. NS 0.0079 -
- N1D -- 0.0056
NIt - 0.0043
Staged Premix Combustor 0.0076 -—
P2 Q0058 -—
P3 0.0065 --
o P4 0.0082 —-—
i ) Swirl Yorbix Combaustor
o 82 0.0056 -
§3 0.0034 - -
84 0.0037 - -
85 0.0037 -
56 0.0044 — -
§7 0.0044 -~
59 - C.0044
s10 - 0.0041

4

Notes:  Combustor rig idle conditions with bleed were inlet pressure of 2.92 atm and inlet

temperature of 428 K.

Combustor 1ig Idle conditions without bleed were inlet pressure of 3.74 atin and

infet temperature of 456 K.
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It should be noted that no attempt was made in these lests (o simulate actual engine condi-
tions during lean blowout, since idle pressure and Tlow levels were maintained during the

lean blowout tests, In an engine subjected o asnap deceleration, fuel {low would drop cssen-
tinlly instantancously, while the inertia of the rotating machinery would slow the response of
the pirflow. This Jag results in a fean hucket on the transient Tuel-air ratio curve, Since the
lean bucket oceurs at pressure and-temperature levels higher than the idle values, the-xig
values of lean blowout may be considered conservative.

4. ALTITUDE STABILITY AND RELIGHT CHARACTERISTICS

Altitude stability and refight tests were conducted on the swirl-can and swaged premix com-
bustors to assess the capability of low-emission combustors 10 satisfy current engine relight
requirements. The swirl-vorbix combustor was not altitude stability tested. However, since

it incorporates many of the features ol conventioiil combustors, such as direct-Tuel injection
into the combustion zone and swirl stabilized recirculation, this concept should be capable of
mecting current engine relight requirements with sufficient development.

The swirl-can combustor relight tests were conduvted in Configuration N1 2. which contained
outer swirl flameholders and pressure atomizing noz:les spraying through the center of the
carburetor swirlers. Only the outer row of carbureior cun modules were Tueled for these
tests. Asshown in Figure 60, this combustor fell considerably short ot the JT9D altitude re-
light envelope. The highest ininimum pressure blowout occurred at only 5500 m, compared
with the design level of 9000 m. Relight capability ranged from 4000 m at the lowest value
of combustor airflow investigated to 1500 m at the highest airtlow. Usc of a 201 ignition
system instead of a 4] system did not significantly improve the lighting capability. Propa-
gation .was generally slow, in some instances requiring 30 seconds or more to reach the fully
lit condition.

9.0 .
g sl
]
g
W e
& to
A8 HEQUIRED
F JT90 ALTITUDE
g asl RELIGHT ENVELQPE
ﬁ MIN PHESSURE BLOW OUT
]
V1]
a
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) IONLTION IGNLTION
- BT LIy =] -y
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NO LIGH T Y A
0 1 1 1 1 1 J
0.2 03 04 0.5 08 [ %] 08 a9 19
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Figure 60 Swirl-Can Combustor Configuration N 12 Altitude Stability and Relight Test Results Shovn
on JTID Altinede Relight Envelope )
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The staged premix combustor relight tests were conducted on Configuration P9, This con-
figuration featured slotted flameholders in both the pilot and main burning zones, and used
liner dilution air to divert air away from the premix passage and increase the premix passage
equivalence ratio. Only the pilot zone was fueled lor the stability and relight tests. The re-
sults are shown in Vigure 61 and indicate considerably better altitude stability and relight
capability Tor the staged premix combustor than for the swirl-can combustor, although it
still fell short of the JT9D requirement. Minimum pressure blowout occurred from 7000 m
to 8550 m. Lights, however, were obtained only to a maximum of 2350 m using the con-
ventional JTOD engine 4] ignition system when fuel.was flowed to all of the pilot-zone fuel
nozzles. Flowing fuel to every other fuel nozzle in addition to the two nozzles adjacent to
the ignitor and using a 20 ) ignition source improved the relight performance, increasing the

maximum relight altitude to 6100 m. Al of the lights obtained propagated rapidly, generally
in less than one sccond.

5, COMBUSTQOR DURABILITY

Durability problems were encountered in all three combustor concepts, but they were gene-
rally localized and related to specific design deficiencies. Overall, the combustor liner durabil-
ity was found to be satisfactory in all concepts. It should be noted, however, that the maxi-
mum combustor tig inlet pressure was limited to 6.8 atm, precluding a durability_assessment

at full engine take-oft pressure condiiions.

In the swirl-can combustor concept, the durability problems were associated with upstream
burning caused by fuel aspiration, This burning was usually confined to areas of deficient
airflow upstream of the combustor, generally in the wake of the diffuser struts and fuel in-
jector supports. The problem was greatly reduced by modification of the prediffuser con-
tour and by reducing the fuel injector strut blockage. Installation of a screen at the diffuser
strut trailing edge completely climinated the problem. Certain swirl-can combustor configu-
rations also exhibited evidence of ¢xcessive flameholder temperatures, but the test conditions
could be controlled to prevent damage.

The staged premix combustor concept exhibited durability problems with both the pilot

and the main burhing zone lMamcholders, Fxcessive temperatures were recorded during nearly
every test, and localized melting was a common occurrence. Analysis indicated that local
eracking generally preceded melting, with the cracking being caused by the thermal stresses
produced by mounting the hot flameholder in a relatively cool, rigid framework. The prob-
lem could be alleviated by changing the design to permit the flamcholder to float in its sup-
port, but the metal temperatures would still exceed those required for long-term durability.
Some improvement was obtained during the program by the use of transpiration-cooled
flameholders in the later configurations, but flameholder durability continues to be a primary
problem area for premix combustors. Another serious problem with premix combustors is
autoignition, The problem was not encountered in this program. However, the combustors
were designed for autoignition safety at full engine pressure up to 21.7 atm whereas actual
testing was conducted at 6.8 atm, providing a very large autoignition safety margin.
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Durability problems with the swirl vorbix combustor concept were confined to the throat ... ..

and the main burner dilution air swirler areas. The throat region experienced excessive
metal temperatures as a result of the combination of two factors: it is exposed to a high

‘ velocity, high temperature gas stream; and the cooling louvers are in the wake of the pilot

: zone, resutting in reduced coolant air feed pressure. The problems in the swirler region re-
sulted from the fact that the swirlers were immersed in the burning gas streain, and the fact
that the swirler installation blocked the cooling louvers immediately downstream. All of
these problems appear solvable with detailed combustor design refinement.
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F. DEVELOPMENT STATUS

1. EMISSION REDUCTION STATUS

The Phase 1 pollutant emission goals were not achicved by any of the combustor concepts -
investipated in this program, The swirl-can and swirl vorbix concepts demonstrated the

lowest NO,, emission rafes at the take-off test condition. achicving levels more than 50 percent
below the current JT9D-7 production engine level. The staged premix concept met thedidle.. ..
CO and TIIC goals. No single configuration demoenstrated minintum emissions at both.the

idle and take-off test conditions, complicating the selection of a single most promising con-

cept. ;

The swirl-can combustor concept appears to be effective in reducing emissions ol oxides of
nitrogen at high power levels. The data indicate that additional emission reduction could be
achieved through an increase in the reference velocity. The emissions i@t idle conditions.,
however, are well above the goals, and a major redesign would be required 10 meet the goals
at these conditions while still retaining the demonstrated low emissions of oxides of nitro-
gen at high power.

It contrast, the staged premix combustor casily met the emissions goals for low power condi-
tions. but provided the least reduction in oxides of nitrogen emissions at high power of any
of the concepts investigated. In addition. a serious off-lesign combuation efficiency prob-
tem was identified. This concept, therefore, warrants additional development to capitalize
on its low-power cmissions, but requires considerable development to meet all of .the perfor-
mance requirements.

The swirl vorbix combustor provided a balance between low emissions at idle conditions and
low cmissions at high power. It approached the goals at the idle condition, and it provided
the lowest emissions of oxides of nitrogen at high power of any of the concipts investigated.
The smoke levels were marginally acceptable, however, at the combustor rig simulated take-
off conditions. The smoke level would be expected to increase at full engine take-off pres-
SUICS,.

2. AEROTHERMODYNAMIC STATUS

Although the primary emphasis of the program was the reduction of pollutant etnissions, i
secondary objective was the identification of opervational and performance problem arcas re-
quiring further development in Phase 1. On the basis of these results, the amount of develop-
ment required for cach of the concepts to meet the selected performance requirements was
estimated, These estimates are summarized in Table XXX,

3. INTERMEDIATE POWER CONSIDERATIONS

A qualitative assessment of the off-design emissions and performance characteristics of each
of the combustor concepts was made on the basis of daty obtained during the program. The
power conditions addressed were the approach power conditions (approximately 30 percent
of take-off thrust) and the high altitude cruise condition.
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TABLE XXX

SUMMARY OFF EXPERIMENTAL CLEAN COMBUSTOR
PERFORMANCE STATUS

Development Status*

Swirl-Can Staged Premix Swirl Vorbix .
Combustor  Combustor Combustor
Pressure Loss | 1 1
Exit Temperature Pattern Factor 3 3 3
Radial Exit Temperature Profile 3 3 3
Durability 2 3 2
Carboning and Nozzle Coking 2 2 2
Idie Stability (Lean Blowout) 2 3 |
Altitude Relight Characteristics . .. ———-3 3 2
*Development Status Code: 1. Currently meets requirement
2. Shouid meet requirement with normal develop-
ment :
3. Should meet requirement with extensive de-
velopment.

The approach power condition is most critical for the staged combustors since this power
level is close to the desired staging level. Approach power could be achieved, therefore,
either on the pilot burner alone, operating near its maximum fuel-air ratio, or on both the
pilot and main burners. In either case, the combustor inlet temperature and pressure levels
are substantially below the take-off levels, and the overall fuel-air ratio will be approximately
two-thirds the take-off level. From an aircraft operational standpoint, use of both the pilot

and the main burners during approach is desirable since it provides a more rapid engine ac-
celeration rate.

Test results from.the staged premix and swirl vorbix combustors indicate that the pilot burner
should operate at or close to its idle design fuel air ratio at the approach power condition if
both burners are used. The reason for this is that the combustion efficiency is strongly de-
pendent on the pilot fuel-air ratio, with relatively high pilot fuel-air ratios being required at
low combustor inlet temperaturcs and pressures. However, if the pilot burner is operated at

a fuel-air ratio closc to its idle design point, the main burner must operate at a fuel-air ratio
well below its design point. The effect of this type of operation was assessed by reviewing the
data obtained at test rig simulated take-off conditions. These conditions approximated the
combustor inlet pressure that would occur at approach. The inlet temperature in the rig was,
of course, higher than that which would occur at approach, and, thicrefore, the efficiency
based on the rig data will also be higher than would actually be achieved at approach. The
relative differences among the three combustor concepts, however, are still believed to be valid.
These results show that the swirl vorbix combustor exhibits only a small decrease in efficiency
with decreasing fuel-air ratio, whilc the staged premix combustor exhibits a much greater loss
in efficiency. The swirl-can combustor demonstrated an intermediate efficiency loss,
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On the basis of these results, it appears that the swirl vorbix combustor is the most likely of
the three concepts to provide acceptable combustion efficiency at approach conditions using i
both stages, while the staged premix combustor will encounter serious efficicncy problems

when operated as a two-stage system at intermediate power, i

High altitude cruise operation is characterized by reduced combustor.inlet temperature and
pressure relative to sea-level take-off conditions, but the overall fuel-air ratio is close to the
sea-level take-off value. When compared to the simulated take-off conditions used in the

test rip, only the cruise inlet temperature is significantly different from the rig conditions.

A small increase in the pilot burner fuel-air ratio could compensate for the reduced inlet
temperature at cruisc conditions. Therefore, since none of the combustor concepts exhibited
serious efficiency problems at simulated rig take-off conditions, it appears that they should
also provide acceptable efficiency at cruise conditions. However, minimizing emissions of
oxides of nitrogen at cruise conditions will represent a compromise with cruise combustion
efficiency.

4., APPLICATION OF RESULTS

The Phase I combustor configurations have been specifically designed for installation in the
JTOD family of engines. As a result, no major gas flowpath or structural changes will be re-
quired to adapt one of the concepts from this program to a production JTOD engine. How-
ever, it is evident that the two-stage concepts as a class are considerably more complex than
the conventional single-stage design they would replace. In particular, the number of fuel
injectors is substantially greater, with attendant increases in the number of combustor case
ports and fuel manifold complexity. The degree of fuel management needed to separately
control the pilot and main burner fuel flows independent of the total fuel flow will result in
an increase in the complexity of the fuel control. In addition, the increased volume occu-
pied by the external fuel system, including the fuel manifolds, staging valves, and fuel con-
trol unit will probably require revision of the aircraft nacelle layout. Consequently, although
it is premature to assess the actual magnitude of the impact, it is clear that incorporation of
a two-stage combustor in a production engine will increase the engine complexity, weight,
and cost.

In addressing the problems of intermediate power efficiency, the designer has the freedom
to vary the pilot-burner-to-main burner fuel split, to change the main-burner staging point,
and, if necessary, to depart from the pilot and main burner designs which were specifically
optimized for idle and sea-level take-off conditions, respectively. However, the combustor
concepts impose constraints with respect to high altitude flight operation including stable
operation in both zones and high efficiency at all steady-state cruise points, Any reduction
in efficiency at cruise is reflected in a significant increase in aircraft fuel consumption. This
is considered to be an unacceptable trade for reduced emissions at sea lovel.

Combustor hardware durability remains an unknown at this time, Although all of the com-
bustor concepts studied in this program were designed with adequate cooling and structural
integrity to withstand long-duration cyclic tests in an engine, experience indicates that prob-
lems in combustors often involve localized overheating which frequently are not identified
until engine cyclic endurance testing is performed. The design problem is made more diffi-
cult by the unconventional design of the two-stage combustor approaches.
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The pattern factor and radial profile data obtained during Phase | are considered to be rea-
sonable with respect to achievement of acceptable performance, given sufficient development,
although refinement of the exit temperature distribution will-be more difficult in those de-
signs which employ no aft liner dilution air. In addition. any diversion of quenching air to
the downstream dilution holes lor the purpose of exit temperature pattern control will-tend
to compromise the controt ol ¢missions of oxides of.nitrogen at high power levels.

Improvements in combustor lean blowout and altitude relight characteristics can be approached
through Yocal Tuel enrichment, cither through modification of the combustor airflow split,
changes in the fuel injector design, or by addition of an auxilary fuel system. The principal
impact of these changes would probably be an inerease in hardware complexity.

G. CONCLUDING REMARKS

The Phase | Experimental Clean Combustor Program work explored three candidate low
cmission combustion concepts, detining their potential for reducing emissions, q ualitatively
characterizing their performance, and identifying areas requiring additional deselopiment,
‘rom these results, it has been possible to select two promising concepts for reiinement and
optimization in Phase 11 in preparation for tinal selection of a single concept for engine testing
in PPhase 1L

The concepts selected for Phase 1 are a swirl vorbix concept and a hybrid concept. These
concepts represent an attempt to include features that will be effective in simultaneously
reducing emissions at both idle and high power conditions. The designs draw directly on the
design trends that were identitied in Phase I but which involved hardware modifications that
were beyond the scope of the Phase 1 screening program.

The Phase 11 swirl vorbix combustor was evolved directly from the Phase 1 swirl vorbix com-
bustor. Contiguration $10. The primary difference between the two is that in the Phase 11
combustor the pilot zone volume has been increased in order to improve the carbon monoxide
and unburned hydrocabon emissions at idle conditions. This was accomplished by moving
the vorbix throat tocation downstream approximately 3.8 cm. while maintaining the pilot
zone liner height at the Phase 1 value. In addition, the main burning zone residence time has
been reduced by the downstream displacement of the throat, This change is expected to pro-
vide additional reduction in the emissions of oxides ol nitrogen at high power conditions.

The hybrid combustor concept combines pilot zone features of the staged premix combustor
{Conliguration P3) with the main burning zone [eatures of the swirl-can concept. primarily
from Configuration N9. 1t is intended that this approach will combine the excellent emis-
sions characteristics of the staged premix combustor at idle conditions with the good emis-
sions of the swirl-can concept at high power conditions.
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The Phase 11 program places considerable emphasis on intermediate power performance,
which is an area that was not addressed in detail during Phase [, Five power settings will be
simulated, including approach (30 perce-vi of take-off thrust), climb (85 percent of take-off
thrust), and cruise, as well as idle and take-off power.settings. At the approach pewer setting,
techniques will be investigated for.improving combustion efficicncy, including circumfercntial
staging and single-zone operation. Testing at idle and.take-off conditions will verify that the
emissions reductions demonstrated during Phase L are maintained. Performance characterise
tics including exit temperature distribution, idle stability, and relight characteristics will be
more thoroughly explored during this phase. Possible trades between emission reduction
capability and performance will be investigated. The Phase I1 program will culminate with
the selection and optimization of a single concept for the Phase 111 engine demonstration test.
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CHAPTER IV

ADVANCED SUPERSONIC TECHNOLOGY ADDENDUM

A. PROGRAM PLAN

The work conducted under the Advanced Supersonic Technology (AST) Addendum was di-
rected toward the accomplishment of two objectives. The first was the reduction of the
emission of oxides of nitrogen at supersonic flight conditions without compromising othzr
combustor requircments such as efficiency, stability, and low emission characteristics at other
operating conditions. The second objective was to prepare a conceptual combustor design

for potential AST engine application,

The program was divided into three tasks, as follows:
Task 1 - AST Screening Tests
Task 2 - AST Cruise Design
Task 3 - AST Conceptual Design

Task 1 consisted of testing the most promising combustor configurations from Elements 1 and
11 of the basic Experimental Clean Combustor Program at simulated supersonic cruise condi-
tions. These tests were conducted concurrently with the basic program testing.

Task 2, which was conducted following completion of the screening tests, consisted of re-
designing, fabricating, and testing the two most promising concepts identified in Task 1, using
one concept from each of the basic program elements,

Task 3 consisted of preparing a conceptual design of an AST combustor concept for a specific
AST study engine cycle and geometric configuration, without the constraints of the CTOL
designs. This combustor was specifically intended to produce minimum cmissions of oxides
of nitrogen consistent with high efficiency at the supersonic cruise condition while maintain-
ing reasonable assurance of efficicnt operation at other power levels. ..".

The AST supersonic cruise condition was defined in Chapter I and represented the conditions
that would exist for a JT9D-7 combustor run at AST cruise inlet temperature and pressure,
These conditions resulted in a combustor reference velocity of 27 6 m/s for the swirl-can and
staged premix combustor concepts and a reference velocity of 41.9 m/s for the swirl vorbix
combustor concept. However, AST engine designs currently under study are characterized by
lower pressure ratios and somewhat higher combustor reference velocities than current

CTOL engines. Consequently,the test program included parametric variations of the com-
bustor reference velocity for selected combustor configurations to provide a more compre-
hensive definition of the emission trends.

The performance and emission goals for this work were also defined in Chapter 1.
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B. TASK | — AST SCREENING TESTS

1. CONFIGURATIONS TESTED

A total of seventeen combustor configurations were selected from Elements I and I for test-
ing at the AST cruise conditions. These configurations are identified in Tables XXXI,
XXXII and XXXIII. Included were nine swirl-can combustor configurations, three staged
premix combustor configurations, and five swirl.vorbix combustor configurations.

TABLE XXXI

SWIRL-CAN COMBUSTOR CONFIGURATIONS

' TESTED AT AST CRUISE CONDITIONS
Sea -evel
3 Take-off
Carburetor Fuel Liner
- : Equivalence Injector Type  Dilution
L - ‘ Configuration  Ratio Flameholder Type (Pressure Drop)  Air ) Remarks
:'. : N3 1.0 Hexagonal Low No
1 : N4 1.0 Hexagonal High No
N5 0.65 Hexagonal Low No
N6 . 1.0 Hexagonal with Low No
sheltered zone
N7 1.0 Hexagonal with Low No Diffuser included 76% blockage screen
1.3 cm recessed
swirlers
N8 1.0 Hexagonal with Low No Diffuser included V-gutter
1.3 cm recessed
swirlers
N9 1.1 Quter swirler Low No Diffuser included 76% blockage screen
flameholder*
NI1O 1.5 Hexagonal with. Low Na Diffuser included 76% blockage screen
swirler blockage
plate
N12 'NA Quter swirler flame- High No Diffuser included 76% blockage screen
holder*

*In cuter zone, outer and inner swirlers produced co-rotating flows. In inner and middle zones, cuter and inner
switlers produced countér-rotating Mows.
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TABLE XXXl

; STAGED PREMIX COMBUSTOR CONFIGURATIONS
[ ' TESTED AT AST CRUISE CONDITIONS

Equivalence  Equivalence

Ratio Ratio at Number Dilution
Flameholder at Idle Take-off. Injectors Air
Configuration  Hole Pattern (Pilot Only)  (Pilot and Main)* Pilot Main (Percent)
P4 Circular 0.89 0.6% 10 10 13.
1
P7 Slotted. 0.84 0.52 10 10 0 ‘
P8 Slotted 0.84 0.52 10- 20 0

* Average equivalence ratio for pilot burner plus main burner premix passages

TABLE XXXIII

SWIRL VORBIX COMBUSTOR CONFIGURATIONS
TESTED AT AST CRUISE CONDITIONS

Main Burner
Fuel Injector
Pilot Angle
Injector Dilution  Swirler Swirler Dilution to Flow Throat
Configuration  Type Swirler Airfllow Type Orientation  Air Number (Degrees)  Height (cm)
§3 Acrated Bascline With  Yes Straight Type | Yes m 90 3.3
Blockage Ring Vane
Y 84 ... Aerated Baseline With Yes Curved Vane Type ll Yes 13b 90 33 e
Plus Air  Blockage Ring
Scoop
S6 Aerated Baseline With  Yos Curved Vane Type 11 Yes 7ub 90 33
Plus Air  Increased Block-
Scoop  age Ring
: sa Pressure  Baseline No High Flow Type 11 No 13 90 i3
! Atomized Straight
H Vane
! 59 Pressure  Bascline With  Yes High Flow Typelli  No 13 24 i3
: Atomized Blockage Ring Straight
Vane

Notes: All configurations had pilot zone hood installed to prevent fucl aspiration.

a. Main burner fuel injectors in line with pilot bumer fuel injectors.
b. Reduced pressute drop fue] injectors

Fue) Injector Types:

; ~ Inner and outer awitl in ditection of fuel flow
il — Inaer swirl in opposition to fuel Row and outer swirl in direction of fuel flow
IIF - Inner and outer swirl co-rotational
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2. TEST RESULTS

The pollutant emission data obtained during Task | arc summarized in Table XXXIV. The
data are actually measured results without correction for humidity since the low humidity
levels existing in the combustor sector rig are belicved to be representative of actual humidity
levels in the stratosphere.

The swirl-can combustor configurations exhibited emission indices for oxides of nitrogen
between 11.3 and 18.1 g/kg fuel for a wide range of design features. The effects of the
various configurational changes on emissions of nitrogen oxides at the AST cruise condi-
tions were similar to those observed for the CTOL take-off tests, with configuration N9
(which featured an outer flameholder swirler) again demonstrating the lowest emissions of
nitrogen oxides. The emissions of carbon monoxide and fotal hydrocarbons were better
than the goals, and consequently, the efficiency surpassed the goal.

The staged premix combustor configurations all exhibited poor efficiency at the AST cruise
operating condition. In addition, Configurations P7 and P8, which had very lean premix
passage equivalence ratios, were not stable at the AST cruise fuel-air ratio.

The swirl vorbix combustor configurations generally exhibited high combustor efficiency at
the AST cruise condition, with two configurations achieving the goals for carbon monoxide
and total unburned hydrocarbon emissions. Simular to the swirl-can combustor configurations,
the swirl vorbix combustor configurations_produced emission indices for oxides of nitrogen

in the range of 13,1 to 18.3.

The effects of reference velocity on emissions of oxides of nitrogen and combustion efficiency
are shown in Figure 62. All contigurations demonstrated a decrease in emissions of oxides

of nitrogen that was approximately proportional to the increase in reference velocity. The
reference velocity produced only small effects on the combustion cfficiency for the range of
velocities tested. Where an cffect was observed, increasing the reference velocity increased

the efficiency.
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C. TASK 2 — AST CRUISE DESIGN
1. DESIGN DESCRIPTION..

On the basis of the Task 1 results, swirl-can combustor Configuration N9 and swirl-vorbix
combustor Configuration 89 were sclected for redesign, fabrication, and testing in Task 2,
Both of these configurations employed high dilution air mixing rites, and cach produced the
lowest emissions of oxides of nitrogen within its concept group, Both configurations also
demonstrated high combustioa efficiency at the AST cruise condition.

The design modifications made to these configurations were directed toward reducing the
residence time of the comoustion products at elevated temperature through an increasc in
the combustor reference velocity, since the results of Task 1 of the AST Addendum and the
results of Task IV of the basic program indicated that this approach was promising for fur-
ther reducing emissions of oxides of nitrogen.

In the swirl-can corabustor, the combustor reference velocity was increased by reducing the
aft liner height, The resulting configuration, designated N13, is shown in Figure 63.

In the swirl-vorbix combustor, the local velocity at the main burner throat section was in-
creased by reducing the geometric throat height and by decreasing the main burner liner vol-
ume.. The resulting configuration is shown in Figure 64 and was designated S10,

2,. .TEST RESULTS —

Configurations N13 and S10 were tested at the AST cruisc condition and also at the JT9D-7
engine idic and sea-level take-off conditions, (Results from these latter points are presented
in Chapter 111.) The pollutant emission results obtained at the AST craise condition are pre-
sented i1 Table XXXV, and the effects of combustor reference velocity are shown in Figure 65.

The best results were obtained with the swirl vorbix combustor, which demonstrated an emis-
sion index for oxides of nitrogen of 9.3 with an efficiency of 99.8 percent at.the design com-
bustoi reference velocity. Increasing the combustor reference velocity 20 percent above the
desigr. value further reduced the emissions index for oxides of nitrogen to 8.5.

The results for the swirl-can combustor indicated that the reduction in the combustor aft
liner height was not effective in reducing emissions of oxides of nitrogen. Infact, small in-
creases in the emissions of both oxides of nitrogen and carbon monoxide were observed. It
is passible that the decrease in aft liner height caused an increase in liner velocity. that pro-
duced pressure gradients that udversely affected the recirculation and mixing of the flow at
the headplate assembly.

Bised on these results, it appears that the swirl vorbix combustor concept holds tiwe greater
promise for further reduction in the emissions of oxides of nitrogen at the AST cruise con-
dition, Realization of this potential would require optimization of the combustor reference
relocity as well as optimization of the fucl split between thc pilot and main burners, Con-
sideration would also need to be given to the requirements for aceeptable pollutant cmissions
and performance at low altitude operating conditions.
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Figure 63 Swirl-Can Combustor Configuration N13
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10 SWIALER COOLING ae 0.00409 0.000488
pres 0.00206 0.0001287
08 0.00170 0.00015%
00 SWIRLER COOLING 420 0.00485 0.000108
aze 0.00269 0.0002406
200 0.00221 0.000286
PILOT NOZZLE P/N 2170011
NOZILE P/N 2170011 S.001984
TURBINE COOLING
D » 0.0223 0.002128
oD e 0.0139 0.002426

BIOEWALL COQLING AREA 0,00196 m 2
sinwaLL® cooLing 8.33m wag

" Figure 64 Switl-Vorbix Combustor Configuration §10
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D. TASK 3 — CONCEPTUAL DEFINITION
1. STUDY ENGINE DEFINITION

A duct-burning turbofan engine cycle, which had been defined under the Pratt & Whitney Air-
craft *Advanced Supersonic Propulsion System Technology Study,” Contract NAS3-16948,
was selected as the basis for_the_Task 3_conceptual design. This engine is designated Study
Turbofan STF502.

The combustor inlet conditions at sea-level take-off and supersonic cruise conditions for the
STF502 engine are presented in Table XXXVI. The AST cruise conditions used in the com-
bustor scgment tests are also shown for reference. As shown,the STF502 engine combustor .
inlet temperature and pressure levels are considerably higher than the AST cruise inlet condi-
tions used in this study.

B o o i
. . .

TABLE XXXVI

STUDY ENGINE STF502 COMBUSTOR INLET CONDITIONS
AND COMBUSTOR RIG INLET CONDITIONS

Study Engine STE502

Combustor Rig Supersonic  —
T AST Cruise Sea-Level Take-off Cruise
= Test Conditions Design Condition Design Condition
[ Inlet Temperature (K) 839 683 894.3
- Inlet Pressure (atm) 6.8 14.0 9.95
‘ Combustor Fuel-Air Ratio 0.0227 0.0210 0.0230
_ Inlet Airflow Rate (kg/s) 29.15* 151.5 98.0
Inlet Flow Parameter (kg+/ K/s m?2 atm) 1817 1625 1740
N Notes: Flow Parameter = W4 VT t4/' A4 Pt4 where Wa4 iz the inlet airflow rate,
T;4 is the inlet total temperature, A4 is the inlet arca, and P4 is the inlet total pressure.
- *Inlet airflow rate calculated on full annular combustor basis.
} AST STF502 supersonic ctuise condition is Mach 2.32 at 16.154 k.
g
b
Y
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2, COMBUSTOR DESIGN

The conceptual design for the STEF502 combustor was based on the swirl-vorbix combustor
Configuration S10. The basic design approach consisted of scaling the pertinent combustor
design parameters from the S10 configuration to the STF502 geometry and flow conditions.
However, in view of the observed trend for reduced emissions of oxides of nitrogen with in-
creasing reference velocity, the combustor residence times in both the pilot and the main bur-
ner zones were reduced approximately 12 percent. Although the primary design point was
the sea-level take-off condition, care was taken to maintain design val::es that would be ac-
ceptable at the supersonic cruise condition.

The resulting design is shown in Figure 66, and the dimensions and design parameter values
are summarized in Table XXXVII, together with the corresponding values for the S10 con-
figuration. As shown, the conceptual design for the STF502 engine combustor does not
differ significantly from the §10 configuration with respect to the buasic design parameters.
The overall dimensions are much larger, however, because of the relatively high through flow
and low pressure of the ST502 engine. The higher airflow and lower pressure resultina _ .
combustor length-to-height ratio that is about 20 percent lower in the STF502 combustor
than in the 810 configuration. The pilot burner for the STF502 combustor was sized by
scaling the fuel loading parameter, as described in Reference 17.

Scveral. features were added to the design on the basis of experience with the annular vorbix
concept. To improve durability, scoops have been added to the cooling louvers in the vicinity
of the throat, and the main swirlers have been recessed. In addition, the main burner fuel
nozzles have beent mounted in floating conical guides to provide a positive seal between the
shroud and the liner while allowing for nozzle and liner tolerances and for thermal growth.

3. ESTIMATED POLLUTANT EMISSIONS

Pollutant emission levels for the STF502 combustor were estimated on the basis of the mea-

sured emissions from the Configuration S10 combustor, and the results are shown in Table
XXXVIIL.

The emissions levels for oxides of nitrogen were scaled using the scaling technique described
in Chapter Il The-corrclation obtained using the scaling parameter described in Chapter 11
is shown in Figure 67 and indicates an emission index for oxides of nitrogen of 9.3,

The emissions of carbon monoxide and total unburned hydrocarbons were assumed to be
equal to those measured for Configuration $10 at the AST cruise condition. Since the STF-
502 combustor inlet temperature and pressure are higher than the test conditions at which the
Configuration 810 data were obtained, actual carbon monoxide and total unburned hydro-
carbon emissions from the STFES02 combustor would be expected to be lower than the values
quoted in Table XXX VI

130



131

augdus ZGSALS 10f uRsaq [pmidaduc) 401Snqui0) XAQI0A MIMS LSV 99 amnsty

vig
WO ZS'L yiqg
'

s_ohn.v .
(SLNBLSOL} V'V NOLLD3S

(SHATHIMS 09)
I M3IIA

88 NOILLO3S

JTONV XIT3H S

HKIHLWI 500
SANVAZL [wa]

“— {v-¥ NOILLD3S T35)

SHOLINOI w.(DJ SNtd 40 INVTd

;_r;mm._NNozm:
Lﬁ 3304 09 __,.r m / sanzzoNnTandoe

L= tra

{SHITHIMS OE)
3 MIIA w10

‘ONY X1T3H S

.1. T PN * ‘vid o~
. . WD 622 MNDIHL WD 500
i === T ||,H_W,\.~mm_m._mhgm 09) . SINVA OZ
i 22 amain
Y )
! via EM_M.__”Q es’t % INVA LIX3
: 371ONY XIN3H St N HOSSIHIWOD
—INVA LITMIINIBHAL o e % 3503 ONITIVHL—
3903 ONIAVIT .
39N SINVA ZL : ,.

1



“wy $S1°91 18 NJ YOBJ ST UOWIPUOD 3strd Sjuostadns ZOSALS ISV 13ION

(0[] 103SNQUWO) [RIOL %)

0°ss 0°ss 0°sS 0S¢ MO[jIy IaHmG Iawng UEY

0'0e 00t 0'6C 062 (o] Jo1snquio)) [BICL %) MOJINY 1awing 10}

143 o€ €€ 0€¢ (%) ss0T alnssalq JoysmquIo)

$9zl 61Tl 89Tl 6121 (s/w) Q1wof3A JEOIYL

't [ 4 Ly 8t (sur) awi], adouaplsay suoy Jawing 10jd

9T LT 8T 6'C {(sur) 3WI] 30UIPISTY JUOZ Jawing ulepy

( mE une Jy/r) aey aseaay

wSCmN.M wSCmm.ﬂ mﬁocz mSC_._ 1eay JUIAUN[OA UOZ Iaumg 10[id

AmE wye Iy/r) a1ey Isua[ay

wR: )T mﬁo:m.m m:: W wﬁcse.m 183} JLIUN[OA dUOZ JauIng ULE[y

LLY9 #9°09 (Wd) YIsua  uondg 10IsnquIo)

20°6¥ 6°9% (W) snipey 110Q 13U dUIqINf

65°LE 12014 (W2} snipey Jauuf U aulgrmy

[A1N7% 9ot (wod) snipey 13)nQ 11X L0ssardwo)

SIEY 8L°ZE {wd) snipey Jauuf 11xF Iossardwo)
Ismiy HO-=qEL asInLy HO-=9jeL

atuostadng slgostadng
lojsnquio]) 7OS4LS Q1§ uoneinsyuo)
10)snquuoy)

XIQIOA HIAS

01S NOLLVINDLANOD JOLSNINOD XIFYOCA TIIMS ANV
NOISTA TYNALJIDINOD d0OLSNANOD TOSALS JOd SYALINVIVL NOISTA

IIAXXX JTdVL

132



133

=
v
& =
O =
i x
w % ~
o= -~
L) 2 -~
DN -
= :
- L .
£2 y
= - >
2y £ L S
. MG i b= -
L8 7 = > z
LB W <
4o

) ~ . :
2w < .. = .
v .ottt :
P - 2
MT. = - -

= =
ZE z 2 g
W < -
= - 5 X -z
2 wi < =
.. = <
: o ) N
< =~ -
=
bt bl S =

PSS ol S s Do
s _....l..+.l.-|H:l,..+|.l¢|dll l“
: R L

T 8
£

X3IANI NOISSIAT ~ XON

e & el




TABLE XXXVIII

ESTIMATED STF502 COMBUSTOR EMISSION LEVELS AT SUPERSONIC
CRUISE AT MACH 2.32 AT 16,145 KM

Combustor Operating Conditions

Combustor Inlet Temperature (K) 894.3

Combustor Inlet Pressure (atm) 9.95

Combustor Fuel-Air Ratio 0.023
Estimated Emission Index (g/kg fuel)

Oxides of Nitrogen 9.3

Carbon Monoxide 4.5

Total Unburned Hydrocarbons 0.1
Combustor Efficiency (%) 99.9
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APPENDIX A ‘

TEST FACILITIES AND INSTRUMENTATION
DESCRIPTION

A.1 TEST FACILITIES

MIDDLETOWN HIGH PRESSURE FACIHLITY

X-903 test stand is a general purpose, high pressure combustion test facility designed for

experimental devclopment of gas turbine combustors. X-203. which is illustrated in IFigure

A-1, is one of three high pressure combustion component stands used fo evaluate such com-

ponents as segmental primary combustors, or any other components requiring a high cupacity !
air and fuel supply. This stand is located in the Middlctown. Connecticut, test lacility.

AT RN S

Fiew of High Pressure Test Stand. Water Spray for vofing Exhaust (s in the Foregrennd,

figure A-1
Fochaust is Ducted Down itto Underground Plenian { X-34240]

1358




The combustor test rig is mounted within a cylindrical pressure tank. Tank pressurization is
automatically controlled to within 0.34 atm, In this manner, the pressute load is supported
by the facility pressure vessel, permitting the experimental hardware to be of relatively light
construction. Combustor rigs up to 1,07 m in diameter and 2.34 m in length can be mounted
in the facility pressure tank. A retractable tank section and a breech locking mechanism have
been incorporated into the pressure vessel design to facilitate rig access.

The stand is supplied 11,34 kg/sec of air at 47.6 atm maximum from two Carrier air com-
pressors and one Allis Chalmers booster compiressor. which is located in an adjacent building.
The air can be heated to 922K in a nonvitiated air heater. The test centerline is equipped
with an inlet flow valve, a flowmeter, and a discharge line backpressure valve. The exhaust
ducting is water cooled and connected to an outside silancer pit.

Four individual fuel systems can each supply 0.416 m3 of fuel at up to 1,022 atm to the .
test stand. The present fuels arc Jet-A, No. 2 fuel oil, methanol, and heavy distillate, but
these may be changed depending on the specific type of tgst program. Fuel storage tanks
are as follows: two 75.71 metexg-3 tanks, one 34.07 meter” tank; and one 32.28 meter~ tank.
A portable tanker and pipeline heating equipment are used for the heavy distillate fuel.

The stand is supplied with process water from 5.08 to 55.5 atm and steam from 2.02 to
28.2 atm. An auxiliary air supply of 11.34 g/sec at 28.2 atm is available, in addition to the
shop and insirument air. Electric power at 12-2300 volts alternating current, or 12 volts....
direct current is available in the stand or in the building.

X-903 stand is connected to a data acquisition and gas sample analysis system located in a
trailer that is permanently attached to the building. This system has a tielinc to the Sigma 8
computer in East Hartford, Connecticut. In addition to the Automatic Data Recording (ADR)
system, the stand back-up instrumentation is sufficient to monitor all critical rig parameters,
plus all equipment. The monitoring irstrumentation and controls arc located in an air
conditioned control room adjacent to the stand with an observation window. This control
room is common with several other stands.

The exhaust duct has provisions to accept either a lincar or a 360 degree annular probe rake.

Sone of the particular characteristics of the X-903 test stand are described below:

Air Supply, Ducting and Valves

® [rocess Air;

Nonvitiated

11.34 kg/s at 47.6 atm, 0,254 m header
Preheater (nonvitiated) 922K

!

-
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L ll“'%l—'ﬂ;\_’]. bt nhind el b
]
1

e Inlet Air Line;
— 0,203 m diameter pipe
0.203 m control valve
—  ventral flowmeter

. Exhaust Line:

U016 m diameter with backpressure valve, increasing to
0.406 m to undergroand silencer pit oulside
—  The test chamber exhaust has a water cooled jacket, followed by direct water

spray condition.

® Shop Ain

One 0.025 w and one 0,018 m supply line, 8.49 ating

° Instrument Air:

One 0.013 m supply line, 3.04 atm

¢  Auxiliary Cooling Air:

One 0.038 m line, 28.2 atm, 0.113 kefs

[nstrumentation

7 Misc. 0.114 m Gages

7 0.114 m Recetver Gages

3 Barton Differential Pressure Gages
4 Pyrovanes

1. APl Temperature Indicator

1 Brown vertical scale indicator
2 Moore recording controller
16 Miscellaneous air regulators
1 Muitiplexer

1 Digital Gauge

| Digital Gauge

1 Digital counter, ¢ps

1 Digital counter, cps

1 Panatarm

1. Davis gas analyzer

| Brown Recorder

3,04 - 69.07 atm... ..
69.1 atin

5.08 m H,0 - 3.72 atm
0 - 1922K

0 -~ 1922K

0 -1922K

0 - 5206atm

0 - 304atm

36 pts

0..— 35.04atm

0 -~ 1644K, 56 pts
6 Channel.

4 Channel

14 Position

4 pis

o - 1367K1pt

E - 2260 Data Acquisiticn System/Sigma & interface

59 temperatures UTR
99 pressute
6 flows

Rake 10 temperatures, 10 pressures, 10 emissions, traveise control

Exhaust Emissions Analysis Equipment

NO. NO1. NOx, €O, €Oy, O, SAE Smoke No., THC

Y
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Fuel Supply (Fucls subject to change)

®  Fucls — et “A", #2 Fuel, Mcthanol, Heavy Distillate

For each of thesc fuels Jet “A™ # 2 Fuel, Methanol:
5.68 meter3/hr at 2,70 atm, 0.038 m Supply Line
2.50 meter3/hr at 103.11 atm, 0.051 Supply Line
0.038 m Return Line

For Heavy Distillate Fuel: (header in stand)
4,54 n1eter3lhr at 3.04 atm at pumping station
2.50 meter3lhr at §5.46 atm, 0.018 m Supply Line
0.018 m Return Line
Lines Trace heated

Water Supply

®  Process Water:
1-0.102 m line 5.08 atm

2:0.076 m lines 31.8 m3/hr total at 55.46 atm
All process water filtered through strainer and 0.069 cm filter,

Steam Supply
1-0.025 m, 2.20 atm space heater supply
1-0.076 m, 11.21 atm header maximum available flow 0.907 kg/s
1-0.051 ma, 28.23 atm header

Ventilation System

Exhaust blower on roof, air drawn in through wall louvres. Maximum air flow 4.57 m3ls
- one room change per minute.

Safety and Fire Protection Equipment

¢ 1-0.102m fire water linc with fog nozzles
®  Davis fucl vapor detectors
e North wall has blowout doors

ALTITUDE TEST FACILITY

X-306 test stand is a general purpose altitude facility used for stability, ignition and icing
component testing at simulated altitude conditions to 0,102 m HgA and flight Mach
number to 2.0. The facility is a multi-centerline installation consisting of one 0.76 m dia-
meter duct (a), one 0,31 x 0.41 m rectangular duct (b), and two 0.31 m diameter ducts

tc & d) connected to a common exhaust. Inlets are cross teed together to supply ambient,
heated, nonvitiated, heated vitiated, or refrigerated air. An external view of a typical rig in-
stallation is shown in Figure A-2.
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Vo206 Fost Staned fen Conphestiont Conponcni Developient and Anti-feing fnvestisationis
(X-135008)

Fiatre 12

The combustor tig exlinst Juet can be evacuated to 6.75 x 10° N,-"m: by any combination
of five .30 « 107 W TP Ingorsol-Rand vacuum pumps fitted at 5.00 1113/5 ree air discharge
cach. Fither ambient, heated nonvitinted, heated vitiated, or regrigerated air can be sup-
plicd to the test rigmlet, Ambicend autside air is ducted directly (o the test combustor,
Heated air is supplicd up to LISSK tnonvitiated ) by means of two liquid tuel fired heat
exchitngers in parallel rated st 2028 Ly s cach, Torall fouy branches CAL B Coand Dy and or
eated to 55K 1A aad B only by means of separate burners evitiated ), Refrigerated ait
can by supplicd fo PO a0 Lod s ! Keontin by o combination of four York Conpressors
and dricd inan a tmated Alupans Dryer to g water content of

f i P ol HaO ke of By A
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All controls and instrumentation to operate the test rig and monitor their performance are
contained in an air conditioned control room located adjacent to the test cell, Observation
windows arc provided beiween the control room and test cell to permit inspection of the

cell interior during rig operation. Safety and fire protection equipment are provided for the
control of hazardous operating conditions or use in the cvent of an emergency. Special por-
table instrumentation is supplicd as required, for example, Automatic Data Recording (ADR)

equipment,
Air Supplics:

®  Shop Air:

Inlet Air:

®  Spencer Blower Air:
¢  Vacuum System:

¢ Inlet Duct Sizes:

®  Exhaust Duct
Sizes:

®  Exhaust Valves: ...

®  Intake Valves:

®  Air Measuring
Systemns:

Test Instrumentation:

0472 n13/s, 7.13 atm, 0.076 m diameter outlet

7.26 kg/s ambient
4.54 kg/s refrigerated to 226K

5.19 m3/s ambient to H/E burners
5 units rated at 5.66 m3/s

0457 m LD, 0.305 m
(C&Dj) or 0.508 1n, 0.203 m,and 0.102 m parallcl
refrigerated ducts

0914 m L.D,, 0.762 m 1.D. (A) and
0.305 m 1.D, All above tee into

1.524 m L.D. water jacketed duct to the
Vacuum Pumps.

One each 0.762 m, 0.305 m aad 0,152 m
in vacuum control duct

One cach, 0.076 m, 0.152 m and 0.406 m
refrigeration duct and one 0,457 m
ambient supply duct

One cach 0.508 m, 0.203 m and 0,102 m
Venturis in refrigerated duct system

One 0.457 m Venturi in ambient supply
duct system

4 Brown potentiometers (covering a temperature range from 200

to 1922 K)

11 Thermocouple switches (28 point cach)
30 pressure gauges (0 to 99 atm)
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150 “U” tubes
7 pancls of gauges and controls for refrigeration
and vacuum unit controls
1 fuel flow digital flow indicator — P&WA Design
5 gtabilized glass fuel rotometers (0 to 1905 Kg/hr
10 Honeywell Protectovane Temperature Indicators (256 to 1367K)

2 Davis Gas Samplers

Electric Power Supply:

o  Alicrnating Current — 120 volt, 60 cps, 1-phase
240 volt, 60 c¢ps, 3-phase
460 volt, 60 cps, 3-phase

®  Direct Current - 24 volt at 150 amps

Fuel Supply:

®  Hydrocarbon fuels: JP-4, JI-5, and special fuels can be supplied from 6 underground -
tanks from 7.57 to 37.85 meter” capacities totaling forty two thousand gallons through
—0.013 m pipes up to 0.189 m3 (9979 Kgfhr) at 4.06 atm. Propyl nitrate and hydro-
gen peroxide are available from special tanks.. Oxygen and nitrogen gas are supplied
from cylinders stored outside the test cell.

Water Supply:
®  City Water - 0.757 m3, 7-13 atm, 0.951 m diameter outlet,

Recirculated tower cooled water; 0.126 m3/s
3.04 atm, 0.102 m diameter outlet,

Steam Supply:

®  Low Pressurce Steam — 431 Kg/hr, 3.72 atm, 417K, 0.038 m diameter outlet,

Safety and Fire Protection Equipment

®  Safcty equipment consists of a Cardox CO4 System to flood or modulated squirt into
chamber or rig as required from a 4119 Kg tank supply and a hose reel supply from
the same tank. Portable CO4 and Ansul bottles are available as required. AM.S.A. de-
tector system periodically sumples critical arcas and triggers a visual-audio alarm in
area. Fog sprays and foamite are piped into the chambers.
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A2 EXHAUST GAS ANALYSIS SECTION
A2l GAS ANALYSIS INSTRUMENTATION

The fixed station emission measurcment system is designed to measure exhaust constituents
of the high pressure combustor test facility. The instrumentation and sample handling system
were designed to conform to specifications in SAE ARP 1256, subscquently adopted, with
some exceptions by the EPA as described in Reference A.S.1. The laboratory is self-con-
tained and incorporates gas analysis instruments for the measurement of the following:

® Carbon dioxide, carbon monoxide and nitric oxide are measured with Beckman
Model 315A Non-Dispersive Infrared (NDIR) instruments.

e Nitrogen dioxide is measured with.aBeckman Model 255A Non Dispersive Ultra-
Violet (NDUV) analyzer.

e Total unburned hydrocarbons are measurcd with a Beckman Model 402 heated
input flame ionization detector.,

®  Oxvgen is measured with a Beckman Model 715 Analyzer using an imperometric
probe.

The combustor rig exhaust gas sample is distributed to the various instruments, with each
instrument having its own flow metering system. The sample handling system is shown
schematically in Figure A.2.1. The measurement ranges and accuracy characteristics of the
individual instruments are summarized in Table A.2.1.
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Figure A.2.1 X903 High Pressure Test Facility Gas Analysis Svste o
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TABLE A2

GAS ANALYSIS INSTRUMENTATION

Instrument and Instrurient Error -
Component Rapge Detection Methed % Full Scale......
THC 0-1 ppmy Flame lonization Detector +50
Intermediate
ranges %1.0
0-10% Beckman Model 402 1.0
NO 0-200 ppmv Non Dispers've Infrared 25
0-500 ppmy Beckman Model 315 AL +1.0
0-1000 ppmv 1.0
NO, 0-200 ppmy Non Dispersive Ultra Violet +2.0
0-500 ppmv Beckman Model 225A +1.0
cO 0-100 ppmv Non Dispersive Infra Red +2.0
0-1000 Beckman Mode] 315A +10
0-1% * 1.0
0-7% t 1.0
oy 02% Non Dispersive Infrared +1.0
0-5% Beckman Model 315A +1.0
0-18% t 1.0
0, 0-1% Polargraphic 1.0
0-5% Beckman Model 715 £1.0
0-10% + 1.0
0-25% 1.0

Individual stainless steel sample lines are used to transfer the gas sample from the fixed
exhaust rake array or the traverse reke to the gas analysis instrumentation. A schematic of
the gas sample transfer system is shown in Figure A.2.2, Sincc the individual sample lines
are not manitolded untit outside the rake body, the capability exists to provide complete
radial and circumferential documentation of exhaust constituent variation. However, the
bulk of the emissions traverse data were taken with the radial probes manifolded together,
immediately upstream of the gas analysis instruments. The sample transfer lines were steam-
traced to maintain sample gas temperature in excess of 423K, above the condensation
point of water and unburned hydrocarbon species present in the sample. As shown in
Figure A.2.2, the gas sampling rake(s) and sample transfer system were also utilized to
measure combustor exit total pressurz. This was accomplished by dead-ending the gas
sampling lincs upstream of the einissions measurcment meters and individually connecting
the lines to a pressure readout system,

Gas composition measureiments were made in accordance with the specifications of SAE
ARP 1256 with the following additions:

(1) In addition to measuring the constituents described in the ARP, a measurement was
also made of oxygen in order to more meaningfully construct a total mass balance,
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Figure A.2.2  Schematic of Gas Sample Transfer System

(1) Asa more meaninglul test of representative sample collection, average measured values
of total carbon (CO», CO, THCY was compared with the total carbon computed from
the measured values of air and fucel flow. The ARP requives comparison only on the basis
of measured CO».

(3) - The sampling system maintained the sample gas temperature at 423K to the flame
ionization detector and 323K to all other gas analysis instrumentation. This is im-
plied in the ARP. but is not clear in the equipment schematic drawing.

In exception to ARP 1256, the standard hydrocarbon reference gas was certified methane in

air, traceable to the National Burean of Standards (NBS). Because ARP 1256 is enginc-oriented,
a traverse pattern consistant with the requirement for representative sampling at the combustor
rig exhaust plane was substituted for the saumpling locations specified in the ARD.

Theee systems are available for data logging and processing. The primary data system consists
of an on-line Sigma 8 computer, providing essentially real-time data recording and analysis.
The gas analy zer outputs are digitized und, on command, are sent via a telephone line to the
Sigma 8 computer located in East Hartford, Connecticut, where emission data reduction is
aarricd out utilizing equations comparable to those specified in ARP 1256, After the data
have been processed, they are presented visually on a digital scope display at the test stand or
printed. as command. in the computer graphics laboratory, As a back up data system. the
analyzer outputs are also digitized and on command recorded on paper punch tape through
use of a Beckman data logging system with Talley 120 Punch. The paper tape is compatible
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with an 1BM.370 computer, which was available for off-linc special data reduction and valida-
tion programs. The third system consists of two Texas Instruments four pen records which
monitor the output of the instruments and provide a continuous real time record for cithey
immediate inspection or subsequent analysis. This system is especially helpful when trouble-
shooting problems after the test,

A.2.2 CALIBRATION GASES

The basic accuracy of exhaust gas concentration measurements depends on the availability of ...
accurately known reference gases. The calibration, zero, and span gases used in this study are
the result of a continuing in-house program to develop and maintain accurate standard gascs.

ARP 1256 specifies calibration gas certified by the vendor to an accuracy of one percent and
span gas to a stated accuracy of +2 percent. 1t has been Pratt & Whitney Aircraft’s experience
that gases, while purchased to a certified or stated accuracy, are occasionally significantly
different due to errors in blending or inherent instability of the gas in its container. Errors

in blending lead to a consistent bias as long as that particular calibration gas is used. Instability
normally leads to a reduction in actual concentration levels to an unpredictable new level.

To relieve this situation, a set of reference standards are maintained in the Pratt & Whitney
Aircraft Standards Laboratory which are carefully, and frequently in the case of unstable
gases, analyzed by various appropriate analytical techniques. Where practical, additional
analyses are performed by other agencies. These reference materials are maintained as trans-
fer standards,

A summary of ca.” 71tion gases and methods used for verification analysis is given in Table_
A.2.11. Instruments utilized for the analyses specified in Table A.2.11 are:

TABLE A.21I
CALIBRATION GASES
Stability in
Range of
Gas Source Interest Analysis
H/C NBS Stable g. ¢., FID, mass spectrometer
o Vendor Unstable in low NDIR, g.c., muss spectrometer
concentrations
0y Vendor Stable NDIR, g.c., mass spectrometer
NO Vendor Stable PDS, Saltzman with oxidizer,
mass spectrometer, NDIR,
Chemiluminescence
NO, VYendor Unstable PDS, Saltzman, mass spectro-
meter, NDUY, Chemiluminescence
Oy NBS/Air Stable £.C. mass spectrometer,

amperometric

g¢. : gas chromatogragh
FID : Flame lonization Detector
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1.  Gas Chromatographs (g.c.): lewlett Packard Research Grade 7620A with FID; Perkin
Elmer 800 with Thermal Conductivity detector; Perkin Elmer 820 with FID and Thermal
Conductivity detectors; Barber Coleman-cryogenic chromatorraph with Thermal Con-
ductivity detector.

2. TECO Model 10A Chemiluminescence Analyzer.

3.  Mass Spectrometer; CEC Model 21-130

A.2.3 SMOKE MEASUREMENT

Combustor exhaust smoke concentration was determined using a smoke measuring system
that conforms to specifications of the Society of Automotive Engincers Aerospacc Recom-
mended Practice 1179 and the Environmental Protection Agency, as specified in Reference
A.2.1. The smoke measuring system (smoke meter), is a semiautomatic electro-mechanical
device which incorporates a number of features to permit the recording of smoke data with
precision and relative ease of operation. A view of the smoke measurement console is shown
in Figure A.2.3. Dimensions of the filter holder and a schematic of the sampling systeni are
shown in Figure A.2.4. The filter holder has been constructed .with a 2,54 cm diameter _
spot size, a diffusion angle 8 of 0.127 radians and a converging angle a of 0.48 radian.

Figre A.2.3  SALEJEPA Smoke Meter
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Figure A.2.4 Details of SAE{EPA Smoke Meter Construction {75-5325)

The unit is designed to minimize variability resulting from operator to operator differences.

One of these features is a time controlled, solenoid activated main sampling valve (Valve A,

' See Figure A.2.4) having *‘closed”, “sample”, and “bypass” positions. This configuration

T permits close control of the sample size over relatively short sample times. In addition, this
timing system operates a bypass system around a positive displacement volume measurement

' meter to ensure that the meter is in the circuit only when a sample is being collected or dur-

ing the leak check mode. Other design features include automatic temperature control for
the sample line and filter holder, and silicon rubber filter holders with support screens fcr
ease of filter handling.

A Photovolt Model 670 reflection meter with a type Y search unit conforming to ASA Ph
2.17-1958 “Standard for Diffuser Reflection Density” is used to determine the reflectance
of the clean and stained tilters.

Calibration of the reflectance meter is accomplished through the use of a set of Hunter Lab-
oratory, NBS traceable, reflectance plaques which range in 15 steps from 3 to 96 percent.
Clean Whatman No. 4 filter paper has a nominal reflectance value of 80 percent, which is
within this range. The measured reflectance values are least-squares fitted, tested for lincarity,
and the gas sample weight flow per unit filter arca are computed by an 1BM 370 digital com-
puter. The reported smoke number is determined from the reflectance corresponding to a

sample rate per unit area of 0.023a}m2.

¢

“
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A3 EMISSIONS DATA REDUCTION CALCULATION PROCEDURES

A 34 DETERMINATION OFF AVERAGE EMISSION INDICES — RAKE IN THE MIXING. ... oo

MODE

The -total mass flow of any given constitue 1t of.the combustor exhaust is

Ry 09

W, = m, (r,0) p (r, 0) v, (r, 0) r dr d0
' Equation (1)

Ry 0
where: 1 1
Wx = mass flow of x
m, (1, )
p{r0)

v, (r,®)

mass concentration of x at (r, ¢)

density of exhaust gas at (r, 0)

z component of exhaust velocity at (r, 1)
The geometry is shown in Figure A.3.1.

6

2

Figure A.3.1  Sample Geometry of One Quadrant Ammitlar Combustor
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The emissions instrumentation measures composition by volume or equivalently mole fraction
of each constituent. The concentration by weight is obtained from the volumetric composi-

tion as follows.

ny Mx
m,, {1, 0= (r, )
where: n Mex Equation (2)
g . moles x
where — (r,0) = measured mole fraction of x at (r, 2}
n mole exhaust
M, = molecular weight of x
Max = mean molecular weight of exhaust at (r, @)

The mean molecular weight of the exhaust gas is:

n.
Mg = M, l ‘ .
- Equation (3).
i

where: M; = molecular. weight of the it

I constituent,

Unless otherwise specified, (nil n) is assumed to be taken under wet or actual conditions.
Measurements are made dry and corrected to wet values before used in these equations.

R. = INNER AND OUTER RADII OF THE.BURNER ANNULUS
92 = ANGULAR LIMITS OF THE TOTAL SURNER SECTOR BEING MEASURED,

f, = RAKE AZIMUTHAL POSITION
ABt = ANGLE INCREMENT OF THE SECTOR CENTERED ON 9,.
r = RADIALPOSITION OF THE MTH PROBE

Ar = RADIAL INCREMENT OF THE ELEMENTARY AREA
1 CENTERED ON (ri.ﬂe

A Al = CONSTANT

J = NUMBER OF RADIAL INCREMENTS
L = NUMBER OF AZIMUTHAL SECTORS

When a multipoint rake is used in the mixing mode, equation (1) requires that each probe on
the rake yicld a fraction of the total sample that is proportional to the local mass flow at that
particular probe. This requirement is satisfied by a rake that samples isokinetically. This type
of rake is traversed at the combustor exit plane to procure data at various azimuthal positions
and the results combined to obtain total enzission indices. The theory and procedure for com-
bining measurements from various rake positions is briefly described below,




The average mass concentration of the exhaust constituent x obtained with the rake at azimu-
thal position 0 is;

J

1

(M)gg == z:mx(r],og)p(r-,og)vu-,og)r~Ar-Ae .
X (ovipgdage 1 ] IR Equation (4)

where (pv)p 0 = uverage mass flow per unit arca.in the £ sector
Agg 0 = area.ci the € sector
Og = angular position of the rake when sampling the £ sector
AOQ = angular width of the 2 sector
Tj = radius to the jth probe
Arj = radial width of the area increment at T
] = number of radial probe points

The.probe points will be positioned at centers of equal area so that,

rjArjABQ = Aaggll Equation (5)

E and consequently the rake measured average value is;
I

— |

(mx)gsZ = —J Z my (r;, 8¢) p(rj, BQ)V(rj, 09) Equation (6)
o (PV)QQ j=1

4 where
]
—_ 1 Z o

r ([JV)Q’2 7 & p(r;, 0g) V (5j, 0g) | Equation (7)

In order to remain consistent with equation ( 1), the values obtained from several azimuthal
positions of the rake must be weighted by the mass flow in cach sector to procure an overall
average for the particular combustor. That is:

L

: Z m . anats
(pvly QA“OQ(“"‘)OQ Lquation (8)

‘ts
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where: L = number of azimuthal sectors

Total pressurc and temperature and static pressure measurements at the combustor exit planc
are used to obtain the mass flow distribution data necessary 10 complefe the averaging process.
The mass flow in cach sector is obtained using equation (7)

where:
2P [P (1, 0g)- P11 -
i) (rj, dg) v (rj, 09) = Equation (9)
]
and Py (rj, Bg) = Total Pressure at (rj, 89)
P, =  Static Pressure in the measurement plane (independent
of position)
T (rj, fg) = Temperature at (r;, 0¢)
R =  Gas constant of the mixture
B = _ Correction for compressibility effects
M2 @-kmM?
= (l + 4 -+ 24 4 e n)
M =  Mach number
k =  Ratio of specific heats

The emission indices can be calculated from the average mass concentration as follows:

w, = W, 'nTx Equation (10)
Wy L\ = o
L, = F My={l+ F,K M, Equation (11)
where W, =  Total mass flow of x
Wt =  Total mass flow of exhaust
1, = Mass flow of x per unit mass of fucl
Wt = A+F
A = metered air flow

byl
H]

metered fuel flow
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During portions of the experimental test program, the traverse rake was used to sample cach
point independently to allow emission concentration and flow distributions to be determined.

Tn this case, the average cmission index was computed similarly to the above except that the

sunumations extend over each of the arca clements. That is:

L J
A DD D
my == my (1, 0g) ar;, 8¢) v(r;, 0 1j Ar Agy Equation (12)
pYa ey =1
where L J
1
v o= ; — p (1, 0g) v (1}, Og) 1 Ar; Ay Equation (13)
=4 J=

and a is the total flow area and pv is determined by equation 9,

Again, the final emission indices can be calculated as in equation (11).

A.3.2 CALCULATICGN OF FUEL-AIR RATIO

The fuel-air ratio can be calculated from both fuel and airflow measurements a carbon balance

determined by the exhaust gas species concentration measurements. Following ARP 1256,
the fuel-air ratio is computed as follows:

co\ /["co2 ("c)
+ +
M, taMpy \ n n n

(F/A) = Mair I "o /1 o ﬁC02 o Equation (14)
n 2 4 n 4
where:..

a = hydrogen to carbon ratio in the fuel

i
X
and the values of (—-) are obtained from the flow weighted mass concentrations E—fx as

follows; n
%) [T\
(-—-) = (-Q%mx LEquation (15)
n Mx

where Mcx = mpean molecular weight of the exhaust gas
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‘ COMBUSTOR HOLE PATTERNS
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TURBINE COOLING

ID 7 AT 0.877d
0D 16 AT 0.547d
SIDE WALL COOLI

= 4,229 1N2
= 3,760 IN2
NG AREA - 2.678 IN2

1.D. 0.D,
LOUVER DIA. |#HOLES [AREAINZ LOUVER DA, #HOLES[AREAINZ
1 0100 128 1.007 11 0.096 165 1.126
2 0.100 68 0521 12 0.052 149 0.316
3 0.052 103 0.219 13 0.085 182 0.432
4 0.052 B4 0.17¢ 14 0.062 162 0.346
5 0.062 B4 Q179 16 0.062 184 0,391
6 0.062 a0 0.192 16 0,062 184 0.381
7 ) 0.052 114 0.242 17 0.052 184 0.291
8 0.052 126 0.267 18 0.062 180 0.382
g . 0.082 115 0.244 19 0.052 174 0.370
10 0.0838 84 0.580 20 0.086 70 0.406
SWIRLER ACD
1D 1.648
MDD 1.944
oD 2.349
8YPASS AREA 31.837
INJECTORS LOW 4P
Figure B-1 Liner Hole Pattent for Swirl-Can Modudar Conbustor Configuration N-1
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TURBINE COOLING

|D 7 AT 0.877d = 4,228 IN2
ID 16 AT 0.647d = 3.760 IN2

d 12,3 14 5
- an | ~5F Nl w 17 8%
asms \.»f.__#"ﬂ — .
i ‘
| A B
\,. (T |
‘0\.,. -.."' i

SIDE WALL COOLING AREA = 2.878 IN2

LD, 0. D. |
LOUVER| DIA. |#HOLES [AREAINZ] [LOUVER] DIA. #HOLES|AREAIN?
0.100 128 1.007 1 0.096 155 1.125
2 0.100 66 0521 12 0.052 149 | ©.216
3 0.052 103 0,219 13 0.055 182 0.432
T a 0.052 84 0.179 14 0.052 162 0345
5 0,052 84 0.179 15 0.052 184 0.391
8 0.052 20 0.192 16 0.062 | 184 0391
7 0.062 14 0.242 17 0.052 184 0.391
8 0.052 126 0.267 18 0.052 180 0.382
9 0.082 116 0.244 19 0,052 174 0.370
10 0.0928 84 0.580 20 | oose | 70 0.406
SWIRLER ACD MODIFICATIONS
1D 1548 + SHORTENED DUMP DIFFULeR
MD 1.844 + REMOVED FUEL NOZZLE SUPPORT HEAT SHIELDS
oD 2.349 « REDUCED WIDTH OF NOZZLE CENTERING LEGS

BYPASS AREA 17.316 (GROSS IN?)

INJECTORS LOW AP

« MOVED FUEL NQZZLE FROM 0.6TO 0.1 INCH FROM
SWIRLER
» MODIFIED BLOCKAGE TRIANGLES

Figure B-2 Liner Hole Pattern for Swirl-Can Modular Combustor Configuration N-2
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TURBINE COOLING -

10 7 AT 0.877d

= 4.229 |N2

OD 16 AT 0.547d = 3.760 IN?

SIDE WALL COOLING AREA = 2.678 IN2

kO, 0. D.
LOUVER] DIA, |#HOLES|AREAINZ| [LOUVER] OIA. | #HOLES|AREAINZ
1 0100 | 128 1,007 11 0.0% | 156 1125
2 0100 66 0.521 12 0.052 149 | 0316
3 0.052 103 | 0219 13 0.055 182 0432
4 0.052 84 | 0179 14 0.052 162 0.345
5 0.052 84 | 0.179 15 0.052 184 | o0ao
P 0.052 30 | ciez 16 0,062 184 | 0391
7 0.052 114 | 0242 17 0.052 184 | 0.391
8 0.052 126 | 0267 18 0.052 180 | 0.382
) 0.052 115 | 0244 19 0,052 174 | 0.370
10 | 00938| 84 | 0880 20 0.086 70 0.406
swm:.:n :g:?e MODIFICATIONS
MD  3.186
oC 3843 « INCREASE SWIRLER FLOW (33 VANE ANGLE)

BYPASS ARZA 10.611 (GROSS IN?)

INJECT2RS LOW AP

156

Figure B-3

* REDUCE BYPASS FLOW
+REDUCE OD AND ID BYPASS AIR WITH BLOCKAGE RINGS

18LOT AT EACH MODULE
{0.D. 0.150 x 1,125)
{(1.D. 0.150 x 1.000}

TYPICAL (OD AND 1D}

YA 7AN

Liner Hote Pattent for Swirk-Can Modelar Combustor Configaeration N-3




BLOCKAGE RING

TURBINE COOLING

ID 7 AT 0.877d = 4.228 IN2
OD 16 AT 0.547d = 3.760 IN2
SIDE WALL COOLING AREA = 2.678 IN2

F: '
E— - 1.D. 0.D. JI
= LOUVER| oIA. (#HoLES[AREAIN?] fLouver] DiA. | #HoLes|aReAiNZ
= 1 0100 | 128 1.007 1 0.096 155 1125
2 0.100 66 0.521 12 0052 | 149 0.316
3 0.052 103 | 0219 13 0.055 182 0.432
4 0.052 84 0.179 14 0.052 162 0.345
5 0.052 84 | oure 15 0.052 184 0.391
. 6 0,052 90 0.192 16 0.052 184 0.391
7 0.0652 14 | 0242 17 0.052 184 0.381
; 8 0.052 126 | 0267 18 0.052 180 0.382
f g | o.0s2 15 | 0242 19 0.052 174 0.370
10 00938 | 84 | oss0 20 0.086 70 0.406
SWIRLER ACD
D 25538
MD 3.186
oD 3.843
BYPASS AREA 10.611 {GROSS IN?)

MODIFICATIONS: REFERENCE CONFIGURATION N-3

®*-SAME AS CONFIGURATION N-3 WITH PRESSURE ATOMIZING NOZZLES
1.0, P/N 2770012
M.D. P/N 27700-11
Q.D. P/N 2770011

Figurc B4 Liner Hole Pattern for Swirl-Can Modular Combustor Configuration N-4
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BLOCKAGE

TURBINE COOLING

D7 AT 0877d = 4229 IN2 -
OD 16 AT 0.547d = 3.760 IN?
SIDE.WALL COOLING AREA = 2.678 IN2

1.8, 0.0
LOUVER DIA. |#HOLES|AREAINZ] |LOUVER| DIA. #HOLES|AREAIN?

1 0,100 128 1.007 L 0.086 166 1.126
0.100 66 0,521 12 0.052 149 0.316
3 0.052 103 0.219 13 0.055 182 0432
4 0.052 84 0.179 14 0.052 162 0.34b
-] 0.052 84 0,179 i5 0.062 184 0.391
6 0,052 20 0.192 16 0.052 184 0.391
7 0.062 114 ] 0.242 17 0.052 184 0.391
8 0.052 126 0.267 18 0.052 180 0.382
9 0.052 116 0.244 19 0.062 174 0.370
10 0.0838 84 0.580 20 0.086 70 0.406

SWIRLER ACD

1D 3.505

MD 4.400

oD §.307

BYPASS AREA  7.318 IN? (GROSS)

MODIFICATIONS: REFERENCE CONFIGURATION N-4

* USE LOW AP FUEL INJECTORS
* REDUCE BYPASS AIR FLOW
+ OPEN SWIRLERS:

1D —~ 42° VANE ANGLE
MD — 42 VANE ANGLE
oD -- 40° VANE ANGLE

Figure B-5  Liner lole Pattern for Swirl-Can Modular Combustor Configuration N-5
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BLOCKAGE RING

A J}.
—3

TURBINE COOLING

D7 AT 0.877d = 4.229 IN?
OD 16 AT 0.547d = 3.760 IN2
SIDEWALL COOLING AREA = 2,678 IN2

[N oD
LOUVER DiA, |#nHoLES[AREAINY [LOUVER DA, #HOLES|AREAIND

| 0.100 128 1007 11 0 0uG 154 1125

2 G100 2153 a5 12 0 062 149 0316

3 0052 103 0219 1 30%% 182 0432

4 0052 84 0179 14 0052 162 0 4%

] 0052 84 0179 15 0052 184 0 391

[ 0.062 ao 0192 16 0.052 184 039

? 0052 114 0.242 17 00%2 184 0 X9

8 0.052 126 0267 18 0052 180 Q82

9 0.052 115 0.244 19 0052 174 0370

10 00938 B4 0 L8O 20 0 086 10 0406
SWIRLER ACD
1D 2538
MD 3186
QD 3843

BYPASS AREA 10.611 (GROSS IN2)
MODIFICATIONS: REFERENCE CONWFIGURATION N.5

& MODIFY SWIRLERS AND BYPASS AREA TO CONFIGURATION N-3

® ADD 0.200 !N. EXTENSIONS TO HEX FLAMEHOLDER TO DELAY
BYPASS AIR QUENCH

® LOW ARINJECTORS

F

SHELTERED ZONE 0.200
FLAMEHOLDER CONFIGURATION -

Figure B-6 Liner Hole Pattern for Swirl-Can Modufar Combustor Configuration N-6




SCREEN 8 MESH
0.063 WIRE (79.4% BLOCKAGE) ——

1 g

TURBINE COOLING

ID7AT0877d =4.229 IN?
0D 16 AT 0.547d - 3.760 IN2
SIDE WALL COOLING AREA = 2.678 IN2

4y
5 160

BLOCKAGE RING
N

w,f

. 1.D. 0.0
LOUVER] Dia, l#noLes|aREaNZ [Louver] wia, [#HoLEs]arEAIN?
1 0.100 128 1.007 " 0.096 155 1.125
2 0.100 66 0.521 12 0052 148 0.316
3 0.052 103 0.219 13 0,055 182 0.432
4 0.052 84 0.179 14 0.052 162 0.345
5 0.052 84 0.179 15 0.052 184 0.391
6 0.052 90 0.192 16 0.052 184 0.391
7 0.052 114 0.242 17 0.052 184 0.381
8 0.052 126 | 0.267 18 0,052 180 0.382
g 0.052 115 | 0.242 19 0.052 174 0.370
10 0.0838 84 0.580 20 0.086 70 0.406
SWIRLER ACD
o 2538
MD 3.186
oD 3843
BYPASS AREA 10.611 {GROSS IN?)
'ﬁ

MODIFICATIONS: REFERENCE CONFIGURATION N6

+ RECESS SWIRLERS 0.500 INCH UPSTREAM

HOLD 0.100 DIM. BETWEEN FUEL INJECTOR AND SWIRLER

» ADD SCREEN TO TRAILING EDGE OF STRUTS {75.4% BL.OCKAGE)

* INSTALL ACQOUSTIC PROBES

Figure 8-7

0.500-]

0.100

Ly
|

T

Liner Hote Pattern for Swirl-Cant Moddar Combustor Confiquration N-7




BLOCKAGE RING
IR J“ T

ag® “v"' GUTTER

TURBINE.COOLING

ID 7 AT 0.877d = 4.229 INZ
0D 16 AT 0.547d = 3.760 IN2
SIDE WALL COOLING AREA = 2.678 IN2

1.D. 0.D.
LouveR| DA, |#HOLES|AREAINZ| |LOUVER| DiIA. | #HOLESJAREAINZ

1 0.100 128 1,007 11 009 | 155 1.125

2 0.100 66 0521 12 0.052 149 0.316

3 0.062 103 0.219 13 0.056 182 0.432

4 0.052 84 0.179 14 0,052 162 0.345

5 0052 | 84 0.179 15 0.052 184 0.391

6 0.052 90 0.192 16 0.052 184 0.381

7 0.052 114 0.242 17 0.062 184 0.391

8 0.052 126 0.267 18 0.052 180 0.382

g 0.052 115 0.244 19 0.052 174 0.370

10 0.0938 84 0.580 20 0,086 70 0.408
SWIRLER ACD
1o 2.538
MD 3186
oD 3.843

BYPASS AREA 10.611 (GROSS IN?)

MODIFICATIONS: REFERENCE CONFIGURATION N-7

* REMOVE SCREEN AND INSTALL V" GUTTER

Figure B8  Liner Hole Pattern for Swirl-Can Modular Combustor Configuration N-8
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BLOCKAGE

S
SCREEN >E.

TURBINE COOLING

ID 7 AT 0.877d = 4229 IN2
0D 16 AT 0.547d = 3.760 IN2
SIDE WALL COOLING AREA = 2.678 IN2

1.D. 0.0,
LOUVER DIA. |#HOLES|AREAING |LOUVERI DA, #HOLES]AREAIN?
1 0.100 128 1.007 1" 0.096 155 1.125
2 0.100 66 0521 12 0.052 149 0.316
3 0.052 103 0.219 13 0,058 182 0.432
4 0.052 84 0.179 14 0.062 162 0.345
5 0.082 84 0179 15 0.052 184 0.391
6 0.052 20 0.192 16 0.052 184 0.391
7 0.052 114 G.242 17 0.052 184 0.391
a8 ¢.052 126 0.267 18 0.052 180 0.382
) 0.052 115 0.244 19 0.052 174 0.370
: 10 0.0938 84 0.680 20 0.086 10 0.406

SCREEN 8 MESH

0.063 WIRE

70.4% BLOCKAGE
SWIRLER ACD

10 2.538
MD 3.186
oD 3.843

AIR SWIRLERS

{s] 3.736
MD 4.702
oD 6.716

MODIFICATION: REFERENCE CONFIGURATION N-3

] e ALL BYPASS AIR WILL PASS THROUGH AIR SWIRLERS AROUND EACH CARBURETOR
.- ¢ INSTALL SCREEN {SAME AS CONFIGURATION N-7)

Figure -9 Liner Hele Pattern for Swirl-Can Modular Combustor Confivuration N-Y
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SCREEN \
[t <

—

TURBINE COOLING

o ID 7 AT 0.877d = 4.229 IN2
L OD 16 AT 0.547d = 3,760 IN2
: SIDE WALL COOLING AREA = 2.678 IN2

1.D. _I 0.D.
LOUVER| DIA, [#HOLES|AREAINZ |LOUVER| DIA. | #HOLES|AREAIN?

1 0.100 128 1.007 1 0.096 155 1.126

L 2 0100 | 86 0.521 12 0.052 149 0.316
3 0.052 103 | 0219 13 0.055 182 0.432

4 0.052 84 0.179 14 0,052 162 0.345

b~ 5 0,052 84 | 0.79 15 0.052 184 0.391
) 6 0.052 20 0.192 16 0.052 184 0.391

1 ‘ 7 0.052 114 | 0242 17 0.052 184 0.391
8 0.062 126 0.267 18 0082 | 1BO | 0382

9 0.052 115 | 0.244 19 0.052 | 174 0.370

10 0.0938 84 | 0480 20 0.086 70 0.406

. SWIRLER  ACD

1D 0.982
MD 1.233
oD 1.487 !

BYPASS AREA 10.611 (GROSS IN?)

MODIFICATIONS REFERENCE CONFIGURATION N-7

® INSTALL SWIRLER BLOCKAGE PLATES
TO INCREASE CAN EQUIVALENCE RATIO

Figure B-10  Liner Hole Pattent for Swirl-Can Modular Combustor Configuration N-10
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BLOCKAGE RING
SCAEEN 1t

i\ | d,...'!l\g
;!1

L
]

(=
| v

TURBINE COOLING

107 AT 0.877d  =4.220 N2
oD 16 AT 0.547d = 3.760 N2
SIDE WALL COOLING AREA = 2.678 IN2

1.D. Q. D,
L LOUVER| DA, |#HoLES|AREAIN?] [LOUVER| DIA, | #HOLES AREAIN2
- 1 0.100 128 1.007 1 0.096 155 1125
2 0.100 66 0521 12 0.052 149 0.316
3 | 0052 103 | 0219 13 0.055 182 0.432
4 0.052 84 0.179 14 0.062 162 0.345
. 5 0.052 84 0.179 15 0.062 184 0.381
o 6 0.052 80 | 0.192 16 0.052 184 0.391
. 7 0.062 14 | 0242 17 0.052 184 0.391
J ' 8 0.052 126 | 0.267 18 0.052 180 0.352
o _ 9 0.052 115 | 0.244 19 0.052 174 0.370
10 0.0938 84 | 0580 20 0.086 70 0.406
SWIRLER ACD
D 0.982
- MD 1.233
ob 1.487
i BYPASS AREA 10.611 (GROSS AREA
DILUTION HOLES [ROW 3) B AT 0.676 DIAMETER = 1,936 IN?
DILUTION HOLES (ROW 141 __ 9 AT 0.676 DIAMETER = 1936 IN?
MODIFICATIONS: REFERENCE CONFIGURATION N-10

* ADD DILUTION HOLES

Figure B-11 Liner Hole Patier for Swirl-Can Muochlar Combustor Configuration N-11
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TURBINE COOLING

ID7 AT 0.877d = 4.229 1N2
OD 16 AT 0.547d = 3.760 IN2
SIDE WALL COOLING AREA = 2,678 IN2

Figure B-12

1.D. 0.D.
LOUVER]| OlA, |#HOLES|aREAIN?] |LOUVER| DiA, | #HOLES AREAINZ

1 0.100 128 1.007 1 0.096 165 1.125
2 0.100 66 0521 12 0.0562 149 0.316
3 _ 0.052 103 0.219 13 0.055 182 0.432
4 0.082 84 0.17¢ 14 0.052 162 0.345
5 0.052 84 0.179 15 0.052 184 0.381
6 0.052 20 0.192 16 0.052 184 0.391
7 0.062 114 0.242 17 0.052 184 0.391
8 0.05% 126 0.267 18 0.052 180 0.382
g 0.052 115 0.244 19 0.082 174 0.370
10 0.0938 84 0.580 20 0.086 70 0.406

SWIRLER ACD

ID 2638

MD 3.186

oD 3.843

AIR SWIRLERS

D 3.735

MD 4.702

oD 6.712

MODIFICATIONS: REFERENCE CONFIGURATION N9

« LENGTHEN FUEL INJECTORS

+ INSTALL HOLE IN FUEL-AIR SWIRLERS FOR INJECTORS

s USE PRESSURE ATOMIZING NOZZLES

Liner Hole Pattert for Swirl-Can Modular Combustor Configuration N-12 (Relight Configuration }
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BLOCKAGE RING -

SCREEN

TURBINE COOLING

ID7 AT 0877d = 4.229 INZ
OD 16 AT 0.547d = 3.760 IN2
SIDE WALL COOLING AREA = 2,678 IN?

|

\

—

Figure B-13
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AlR SWIRLERS

1] 3.736
MD 4,702
QD 5712

MODIFICATION: REFERENCE CONFIGURATION N-9

s REDUGE LINER HEIGHT

1.D. 0.0
LOUVER DIA, |#HOLES AREAINZ] |LOUVER] DIA #HOLES|AREAINZ

0.100 128 1.007 1 0.006 155 1.126
2 0.1G0 66 os21 12 0.052 149 0.316
3 0.052 20 .81 i3 0.065 182 0.432
4 0.052 20 0.191 14 0.052 162 0.345
5 0.0%2 a0 0.191 15 0.062 184 0.3%1
6 0.052 20 0.191 16 0.082 184 0,391
7 0.082 g0 | 0 17 0.062 184 0,391
8 0.052 00 0.1 18 0.052 180 0.382
9 0.0938 84 0.580 18 0.052 174 0.370
20 0.086 70 0.406

SWIRLER ACD

1D 2.538

MD 3.186

oD 3843

Liner Hole Pattent for Swirl-Can Modular Cosnbustor Confizieation N 13 AT Configwration)
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IMLOTION HOLE LOCATION

1"

I
N |

lﬁo]ﬁoll

TUHBINE
COOLING

TURBINE COOLING einiies
107 AT 0.827d - 4.220 IN?
0D 16 AT 0.547d - 3.760 IN2
SIDE WALL LOOLING AREA - 3534 IN2
1D oD
ouven] oia  [#rocesfareain?] [iouver] oia [#Holes|areain?
1 00781 78 0.373 11 0.055 164 0.389
2 0055 118 0.280 12 3.0625 152 0.466
3 0.052 96 W 13 0 0625 145 0.444
4 0052 104~ 0.22) 14 0052 163 0.346
5 0052 92 0.19% 15 0.052 162 0.344
6 0.052 81 0172 16 0.093 123 0.835
7 0.052 123 0.261 17 0.086 n 0.412
8 0.052 122 0259
9 0.0625 21 03N
10 0.110 6! 0579 _

PILOT FLAMEHOLDER

MAIN FLAMEHOLDER

10 DILUTION SLOTS (ROW 21

1D DILUTION HOLES {ROW 3}

OD DILUTION HOLES (ROW 12)
PHLOT FLAMEHOLDER WEEP AREA
MAIN FLAMEHOLDL X WEEP AREA

MAIN FLAMEHOLDER TRANS. COOLING

BULKHEAD TRANS. COOLING
PILOT NOZZLE (PN 2770011}
MAIN NOZZLE (PN27700-13}
FINWALL® COOLING 2.6% Wyy

94 AT 031%- 7326
117 AT 0.364 = 11.656
10 AT 1.187x.7 = 2,267
16 AT  0.743- 6.504
10 AT 0.787 = 4.8G65
250 AT 0.060- 0.707-
7% AT 0.060- 0212
1120 AT 0042 - 1852
580 AT  0.05L - 1.378

Figure B-14  Liner Hole Pattem for Staged Premix Combustion Configurarion P-1
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"¢ c'e'cl6'6'6' 6'6 6 6.6 61
TURBINE
COOLING
\
/
3 8
=
L SAME LDCATION a

P-1 ROW 3

SAME LOCATION
£1 ROW 12

TURBINE COOLING

\D7 AT 0.827d = 4.229 IN2
OD 16 AT 0.5474 = 3.760 IN2

SIDE WALL COOLING AREA = 3,634 IN? TURBINE

]
et
o
L.
"\_;

COOLING
1.D. 0.0.
LOUVER| DIA. |#HOLES|AREAINZ| |LOUVER| DIA. |#HOLES AREAINZ
1 0.0781 78 0.373 it 0.055 164 0.389
2 0.055 18 0.280 12 0.0625 152 0.466
: 3 0,052 a6 0204 | 13 0.0625 145 0.444
! 4 0.062 104 D.221 .14 0.062 162 0.246
) 0.052 92 0155 16 0.052 162 0.344
6 0.052 84 0472 16 0.093 123 0.835
7 0.052 123 0.261 17 0.086 7 0.412
§ B 0.052 122 0269
8 0.0625 121 0.371
10 0.110 61 0579
] PILOT FLAMEHOLDER 94 AT 0.5 = 7326 MODBIFICATIONS
MAIN FLAMEHOLDER 112AT 0411 = 14869
ID DILUTION HOLES [ROW 2) 14AT 0609 = 5.756 » INCREASED MAIN PREMIX PASSAGE
10 DILUTION HOLES (ROW 4} 15AT 0569 - 3814 FLOW
OD DILUTION HOLES (ROW 12) 10AT 0787+ 4866
PILOT ELAMEHOLDER WEEP ARLA 250 AT 0,100 = 1.964 * REDUCED AND RELQCATED
MAIN FLAMEHOLDER WEEP AREA 75AT 00680 = 0.212 ID DILUTION FLOW
MAIN FLAMEHOLDER TRANS. COOLING 1120 AT 0.042 = 1552
BULKHEAD TRANS. COULING G80 AT 0155 - 1,378 ® INCREASED PILOT FLAMEHOLDER
PILOT FLAMEHOLDER WEEP FLOW
MAIN FLAMEHOLDER )
eiNnwALL ® cooLING 26% Wag * INCREASED PILOT AND MAIN
FLAMEHMOLDER HOLES
TOWARD WEEP HOLES
Ligure B-15  Liner Hole Pattery for Staged Premix Combustor Configuration P2
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- TURBINE
k \ 2 a 4 g ¢ GOOLING

TURBINE COOLING

D7 AT 08270 = 4.229 IN2 S
0D 16 AT 0.647d = 3.760 IN? ; ¥

SIDE WALL COOLING AREA = 3.534 IN2 TUHBINE
COULING
o on
Louver] DA |#=Howes]|areain?| JLouven| oA  |#HoLES|AREAINT
1 00781 78 0.373 1 0 055 164 0.389
2 0.0b5 118 0.280 12 wo62% | 182 0.466
3 0 052 96 0 204 13 G 0675 145 0.444
4 00u2 104 0 20 14 005. 163 0.346
- ) 0052 97 0 195 15 0 0u2 152 0.344
"t 8 0 042 1 0172 16 0 093 123 0 83%
: , ? 005 123 0.261 17 0086 71 0412
' 4 00b2 122 0259
9 0 0625 121 0.371
10 0110 61 0579
!
PILOT FLAMEHOLDER B4AATUIIG: 7326 MODIFICATIONS REFERENCE
MAIN FLAMEHOLDER M2ZAT 0411 14859 CONFIGURATION P 2
1D DILUTION HOLES (ROW 2) 14 AT 0699 b 756
0D DILUTION HOLES (ROW 121 10AT 061G 2983 S ELIMINATE 1D DILUTION ALR (ROW 5)
PILOT FLAMEHOLDER WEEP AREA 250AT0.100 1964
MAIN FLAMEHOLDEH WEEP AREA 75ATOOG0 0212 * REDUGCE 0D DILUTION AIR
MAIN FLAMEHOLDEH TRANSPIRATION COOLING
BULKHEAD TRANSPIRATION COOLING NM20ATU0A? - 1552 # FEED BULKHEAD COOLING AND OD
MAIN FH (FUEL} TRANSPIRATION COOLING BBOAT U051 398 FINWALL PANEL WITH 0 5»0.% IN
PILOT NOZZLE (PN 27700111 SLOTS ON TIP OF PILOT PASSAGE
MAIN NOZZLE (PN 27700.13)
FINWALL™ COOLING 2 6% W, o L XTEND DIF FUSE R RAMPS BY 1 000
INCH
Figure B-16  Liner Hole Pattern for Staged Premix Combustor Configuration P-3
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TURBINE

1 9 1 4 v G COOLING

TURBINE COOLING

ID 7 AT 0.827d = 4.229 IN2 SAME LOCATION
OD 16 AT 0.5470 = 3.760 IN2 AS P2
SIDE WALL COOLING AREA = 3534 IN2

TURBINE
COOLING
1.0, oD. _l
LOUVER DIA. #HOLES AREAINZ LOUVER DIA, #HOLES AREAINZ

1 0.0781 59 0.280 1 0.055 123 0,292

2 0.055 89 0.210 12 0.0625 114 0.350

3 0052 96 0.204 13 0.0625 108 0.333

4 0.052 104 0.221 14 0.052 122 0.260

5 0.052 92 0.195% 15 0.052 123 0.268

6 0.052 81 0172 16 0.0893 123 0835

7 0.052 82 0.196 17 0.086 7 0412

8 0.052 122 0.259

9 0.0626 2 0.37

10 0.110 61 0.579
PRIMARY FLAMEHOLDER 94 AT 0.316 = 7.326
MAIN FLAMEMOLDER 112 AT 0.434 = 16573
ID DILUTION HOLES (ROW 2) 10 AT 0.699 = 3837
1D DILUTION HOLES {ROW 3) 7 AT 0528 - 1535
OD DILUTION HOLES (ROW 12) 10 AT 0.616 = 2883
PILOT FLAMEHOLDER WEEP AREA 250 AT 0.100 = 1964
MAIN FLAMEHOLDER WEEP AREA 75 AT 0.0680 - 012
MAIN ELAMEHOLDER TRANSPIRATION COOLING 1120 AT 0.042 = 1562
BULKHEAD TRANSPIRATION COOLING 580 AT 0086 = 1.378
MAIN FLAMEHOLDER {FUEL} TRANSPIRATION COOLING 276 AT 0.042 = 0.381

PILOT NOZZLE (PN 27700-11)
MIAN NOZZLE [PN 27700:13)
FINWALL® COOLING 2.6% Wag

MODIF{CATIONS
*MODIFY DILUTION HOLE PATTERN ON 1D
® INCREASE MAIN F LAMEHOLDER HOLES

* TRANSPIRATION COOL MAIN FLAMEHOLDER (ARQGUND F.H. HOLES)
®REDUCE LINER COOLING IN ROWS 1,2,7,11,12,13.34,15

Figure B-17  Liner Hole Pattem for Staged Premix Combustion Configniration P-4
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TUABINE COGLING

D7 AT 08274
0D 16 AT 0.547d - 3.760 IN?

. 4.229 1IN?

SIDC WALL COOLING AREA = 3.534 INZ

AS P-2

SAME LOCATION

1.D.

o.D.

LOUVER DIA.

#HoLes|lareain?

LOUVER

DA,

#HOLES

AREAIN?

1

0.0781

59

0.280

1

0.055

123

0.292

0.055

89

0.210

12

0.0625

114

0.350

0.052

96

0204

13

0.0625

109

0.333

0.052

104

0221

14

0.052

122

0.260

0.052

a2

0.19%

15

0.052

123

0.258

0.052

B1

0172

16

0.093

123

0.835

0.052

92

0.196

17

0.086

71

0.412

0.052

122

0.259

wle|juw|oju|a|wim

0.0625

121

0an

-
=]

0.110

61

0.579

PILOT FLAMEHOLDER
MAIN FLAMEHOLDER
1D DILUTICN HOLES (ROW 2}
1D DILUTION HOLES (ROW 3

oD DILUTION HOLES (ROW 12}

PILOT FLAMEHOLDER WEEP AREA
MAIN FLAMEHOLDER WEEP AREA
MAIN FLAMEHOLDER TRANSPIRATION COOLING
BULKHEAD TRANSPIRATION COOLING
MAIN FH {FUEL) TRANSPIRATIGN COOLING
PILOT NOZZLE (PN 27700-11)

MAIN NGZZLE (PN 27700-13)
FINWALL® COOLING (2.6% Wag)

MODIFICATIONS:

REFERENCE CONFIGURATION P-4

Figure 118

#STAGE MAIN FUEL SYSTEM

!
STRUT
&

O

®

R

AURNER

3

O

TulisNE

94 AT 0315 - 7.336
112 AT 0434 - 165673
10 AT 0.699 - 3.837

7 AT 0528 = 1.535
10 AT 0.616 = 2.983
250 AT 0.100 - 1964
7% AT 0.0G0 = 0.212
1120 AT 0.042 = 1552
580 AT 0066 = 1.378
275 AT 0.042 - 038!

STRUT

Liner Hole Pattern for Premix Cambustor Configiration P-5

TURBINE
COOLING

COULLNG
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TURBINE COOLING

ID7 AT 0.827d = 4.228 1N
OD 16 AT 0.647d¢ = 3.760 IN2
SIDE WALL COOLING AREA = 3,534 IN2

PILOT FLAMEHOLDER
MAIN FLAMEHOLDER
PILOT FLAMEHOLDER WEEP AREA

MAIN FLAMEHOLDER WEEP AREA

MAIN FLAMEHOLDER TRANSFIRATION COOLING
BULKHEAD TRANSPIRATION COOLING
PILOT NOZZLE (PN 27700-11)
MAIN NOZZLE (PN 27700-13)
FINWALL® COOLING 2.6%Wag

84 AT 0316 = 7.326
112 AT 0.434 = 16.673
250 AT 0.100 = 1.864

75 AT 0060 = 0.212

1120 AT 0.042 = 15662
680 AT 0.055 = 1.378

MODIFICATIONS: REFERENCE CONFIGURATION P-5

Figtere 319

172

SBLOCK ALL DILUTION AIR OD AND ID

TURBINE
COOLING

COOLING
1.D. 0.D.

Louver| DiA. |#HoLES]AREAINZ] |LOUVER DIA. |#HOLES|AREAINZ
1 0.0781 59 0.280 " 0.055 123 0.202
2 0.055 89 0.210 12 0.0625 114 0,350
3 0.052 a6 0.204 13 0.0626 109 0.333
4 0.052 104 0.221 14 0.052 122 | 0260
5 0.052 g2 0.195 15 0.052 123 0.258
6 0.082 81 0.172 16 0.093 123 0.835
7 0.052 92 0.196 17 0.086 71 0.412
8 0.052 122 0.259
9 0.0625 121 031
10 0.110 61 0579

Liner Hole Pattern for Stages Premix Combustor Contfiguration P-6
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TUREBINE
COOLING

TURBINE COOLING

ID 7 AT 0.827d = 4.229 IN2
0D 16 AT 0.547d = 3.760 IN?
SIDE WALL COOLING AREA = 3534 IN2

16 17

14 16

TURBINE
COOLING

1.D. o.D.

Louver| Dia. |#HoLes|AREAINZ] | LOUVER DIA,  |#H0OLES|AREAIN?
1 0.0781 59 0.280 1t 0.055 123 0,292
2 0.055 89 0.210 12 0.0626 114 0.350
3 0.052 96 0.204 13 0.U625 109 0.333
4 0052 | 104 0.221 14 0.052 122 0.260
5 0.052 92 0.195 15 0.052 123 0.258
6 0.052 81 0.172 16 0.093 123 0.836
? 0.052 92 0.196 17 0.086 " 0.412
8 0.052 122 0.259
9 0.0625 121 03N

10 0.110 61 0.579

PILOT FLAMEHOLDER (SLOTS)

MAIN FLAMEHOLDER (SLOTS)

PILOT FLAMEHOLDER TRANSPIRATION
MAIN FLAMEHOLDER TRANSPIRATION
PILOT FLAMEHOLDER WEEP AREA
MAIN FLAMEHOLDER WEEP AREA
MAIN TRANSPIRATION COOLING
BULKHEAD TRANSPIRATION COOLING
PILOT NOZZLE {PN 27700-11)

MAIN NOZZLE (PN 27700-13)

FINWALL® CODLING 2.6%WAB

40 AT 1.1 X 222 = 9.345

20 AT 1.756 X .603 = 19544
136 AT 0.042 = 0.188
119 AT 0.042 = 0.165
172 AT 0.100 = 1.351
34 AT 0.100 = 0.267
1120 AT 0.042 = 1.5662
680 AT 0.055 = 1.378

MODIFICATIONS: REFERENCE CONFIGURATION P-6

®INSTALL SLOTTED FLAMEHOLDER

Figure B-20  Liner Hole Patternt for Staged Premix Combusior Con figueration P-7
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TURBINE
COOLING

-,

T R
TURBINE COOLING 1 -i
'l =N | .

ID7 AT 0.827d = 4.229 IN2 " o2
ID 16 AT 0.547d = 3.760 IN2 14 1
SIDE WALL COOLING AREA = 3534 IN2
TURBINE
COOLING
1. 0.D.
LOUvER| DiA. |#HoLes|areain?] [Louver| Dia. |#HoLEs|arEAIN2
1 0.0781 59 | 0280 1 0055 | 123 | 0292
0.055 89 | 0210 12 | 00625 | 114 | 0.350
3 0.052 g6 | 0.204 13 | 00625 | 109 | 0333
4 0.052 104 | 0221 14 0052 | 122 | 0260
5 0.052 92 | 04195 5 | 0.052 123 | 0258
6 0.052 81 0172 16 | 0.093 123 | 0835
7 0.052 a2 0.196 17 | ooes 7 0.412
8 0.062 122 | 0250
9 00625 | 121 | 03n
10~ | 0.110 61 0579
PILOT FLAMEHOLDER {SLOTS) » 40 AT 1.1 X 0222 = 9.345
MAIN FLAMEHOLDER (SLOTS) 20 AT 1.76 X .603 = 19.544
PILOT FLAMEHOLDER TRANSPIRATION 136 AT 0.042 - 0.188
MAIN FLAMEHOLDER TRANSPIRATION 119 AT 0.042 - 0.165
PILOT FLAMEHOLDER WEEP AREA 172 AT 0.100 = 1.351
MAIN FLAMEHOLDER WEEP AREA 34 AT 0.100 = 0.267
MAIN TRANSPIRATION COOLING 1120 AT 0.042 = 1552
BULKMEAD TRANSPIRATION COOLING 580 AT 0.055 - 1378

PILOT NOZZLE (PN 27700-11)
MAIN NOZZLE (PN 2/700-12}
FINWALL® COOLING 2.6% Wag

MODIFICATIONS: REFERENCE CONFIGURATION P-6

e DOUBLE NUMBER OF MAIN FUEL INJECTORS

Figure B-21  Liner Hole Patternt for Staged Premix Combustor Configuration "8
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TURBINE
COOLING

10
16 17

TURBINE COOLING = e —— - ! <
ID 7 AT 0.827d = 4.229 IN2 1T s\i
OD 16 AT 0.547d = 3.760 IN? no12 13 3 it
SIDEWALL COOLING AREA = 3534 IN? 1215 P
TURBINE ‘
COOLING
L0 o.D.
LOUVER| OlA. |#HOLES|AREAIN2| JLOUVER] CIA. #HoLES|AREAIN?
1 0.0781 59 0.280 1 0.055 123 0.292
2 0.055 89 0.210 12 0.0625 114 0.350
3 0.052 96 0.204 13 0.0525 108 0.333
4 0.052 104 0.221 14 0.062 122 0.260
5 0.052 92 0.195 15 0.052 123 0.258
6 0.052 81 0.172 16 0.093 123 08385
7 0.052 a2 0.196 17 0.086 71 0.412
8 0.052 122 0.259
g 0.0625 121 0371
10 0.110 6 0.679

40 AT 1.1 X 0.222 = 3.345
20 AT 1,75 X 0.603 = 19.544

PILOT FLAMEHOLDER (SLOTS)
MAIN FLAMEMOLDER {SLOTS)

PILOT FLAMEHOLDER TRANSPIRATION 136 AT 0.042 = 0.188
MAIN FLAMEHOLDER TRANSPIRATION 119 AT 0.042 = 0.166
1D DILUTION HOLES (ROW 4) 15 AT 0.569d = 3.814
PILOT FLAMEHOLDER WEEP AREA 172 AT 0.100 = 1.35%
MAIN FLAMEHOLDER WEEP AREA 34 AT 0,100 = 0.267
MAIN TRANSPIRATION COOLING 1120 AT 0.042 - 1652
BULKHEAD TRANSPIRATION COOLING 580 AT 0.065 = 1.378

PILOT NOZZLE (PN 27700-11)
MAIN NOZZLE (PN 27700-12)
FINWALL® COOLING 2.6% WaB

MODIFICATIONS: REFERENCE CONFIGURATION P-6

¢ DOUBLE NUMBER OF MAIN FUEL INJECTORS
*ADD DILUTION HOLES

Figure B-22  Liner Hole Patier for Stazed Premix Combustor Configuration P-9
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78

TURBINE COOLING

ID7 AT 0.877d = 4.228 IN2
0D 18 AT 0.847d - 3.760 IN?

SIDEWALL COOLING AREA = 3.076 IN2

FINWALL® COOLING 5.33% Wag

DIL. SLOTS EQ.SP,
INLINE WITH PILOT
MOD. (12° SPACING!}

1.0. 0.D.
LOUVER| DtA. |#HOLES|AREAINZ| |LOUVER] DIA. #1oLES|aREA IN2

1 0.0985 97 0.739 13 0.0936 99 0.679

2 0.067 106 0373 14 0.070 121 0504

3 0.0935 74 0.508 15 0.065 142 0.337

4 o.063b | 102 0.323 18 0.055 128 1,304

B 0.0595 | 108 0.300 17 0.052 104 0.218

8 0.0862 76 0.16 18 00635 | 133 0.421

7 0.0685 34 0.233 18 00635 | 130 0.411

8 0.052 64 0.134 20 0.073 13 0.473

) 00585 | 116 0322 24 0.413 102 1.023

10 0,052 139 0.295 22 0.073 106 0.443

1 0.086 89 0817

12 0.098 78 0.588

N2
PILOT. SWIRLER 7 AT 0.638 = 4.466 (ACD)
43 AT 0.161 = 0.880

PILOT SWIRLER COOLING 224 AT 0.056 = 0,532 D SWIRLER } 45 AT 0081 = 0216
MAIN SWIRLER 28 AT 0.316 = B.840 (ACD COOLING 70 A1 0.087 = 0.246
PILOT DILUTION (1D} 7 AT 0.248 = 0.338 :
PILOT DILUTION (OD) 56 AT 0.278 = 0.303 43 AT 0.191 = 1.232
MAIN DILUTION (1D} {SLOTS) 7 AT 1.58 x 0.46 - 4802 OP SWIRLER } by 1 0.106 - 0373
DILUTION (OD) {SLOTS) 7 AT 1.61 x 047 = 4965 COOLING

BULKHEAD COOLING

20 AT 0.111 668 AT 0.040 - 0,895

70 AT 0.087 = 0.412

PILOT NOZZLE AIR BLAST {PN 33420} ACD = 0,096 IN2 PER NOZZLE
MAIN NOZZLE PTS (PN 27700-11}

Figure B-73
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Liner Hole Pattern for Swirl Vorbix Combustor Configuration 8-1



® ADD I{} AND OO HOOD TO FINWALL® PANELS

& REQUCE DILUTION AIRFLOW INCREASE BURNER P

BULKHEAD COQLING

20 AT 0.111 558 AT 0.040 ~ 0.895

70 AT 0.087 ~ 0.412

FILOT NOZZLE AIR BLAST (PN 33420 ACD - 0.096 FNZ PER NOZZLE

MAIN NOZZLE PT6 (PN 2770011}

Figure B:2¢  Hole Liner Pattem for a Swirl Vorbix Combustor Configuration S-2
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HOOD 1 i | ;
- . l 2 4 4 5 g 7'
:‘PL }] —. N l . ‘ . ,.I 8 g
rox Ty 7, -’:]";' l
- : - S Rt rin o
R - A1 T,
Sy ' "'}' oy
U 3 - C 227 d.
S . SN -
S q _ W oy, ~
N rL l | . G . -~
e rl ! A 8 %
T T I =g | 17 ;
TURBINE COOLING . i = V81
——  ~ droey | g - ]
ID 7 AT 08770 = 4.2201N2 ! )) £ L el 13
OD 16 AT 0.547d = 3.760 IN2 St DIL. HOLES EQ.SP. I b
SIDE WALL COOLING AREA = 3.076 IN? INLINE WITH PILOT i
FINWALLECOOLING 5.33% Wap MOD. (12°SPACINGI 1.4
1.0. | o.D.
TouUveR] DIA. | #roLes|aReAiN?| |LOUVER] DIA._ ] #HOLES AREA 1N2
1 0.0985 7 0.739 13 00935 89 0679
2 0.067 106 0.373. 14 0.070 131 0.504
) 0.0936 74 0.508 15 0.055 142 | 0337
4 00635 | 102 0.323 16 0.055 128 | 0304
5 0.0595 108 0.300 17 0.052 104 0.218
& 0.052 76 0.161 18 00635 | 133 | 0421
7 0.0595 84 0.233 19| 00638 | 130 | 04n
8 0.052 64 0.134 20 | 0.073 13 0.473
9 00595 | 116 0322 Y 013 102 1.023
16| 0052 178 | 0295 22 0073 106 | 0.443
1 | oose 89 0517
12 0.098 78 0.588
in2
PILOT SWIRLER 7 AT 083 - 4.468 (ACD)
PILOT SWIRLER COOLING 224 AT 0085 = 0632 o f13AT 0161 - 0880
MAIN SWIRLER A AT 0316 = 8.840 (ACD) b %“'g“'&‘:" 42 AT 0081 = 0.216
AILOT DILUTION (ID) 7 AT 0248 - 0338 COOLING  } a0 AT 0.067 = 0.245
PILOT DILUTION (0D} 5 AT 0278 - 0303
MAIN DILUTION {ID) 7AT 0450 = 1.168 0D SWIRLER :: :I g':g; i ;g?g
DILUTION (0D) 7 AT 0458 = 1.168 COD1 ING - :
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MORIFICATIONS |
®YSE 7 FUEL INJ. INLINE WITH PILOT MODULES
S REINDE X DIL. HOLES BETWEEN PILOT MODULES (6 1D & QD)
#AEDUCE MLOT SWIRLER ACD
® REINDEX MAIN SWIRLERS AS SHOWN BELOW

PILOT
1NJ.

178

® @) ©

TURBINE COOLING

ID 7 AT 0.877d = 4,229 IN2
OD-16 AT 0.542d ~ 3.760 IN2_

sk
1'&:_1'_;.‘9 f

SIDE WALL COOLING AREA = 3.076 IN2
FINWALLY CODLING 5.33% Wag

DiL. HOLES EQ.5P.
_J BETWEEN PHLOT

1.0. 1| 0.D.
kOUVE R DIA. #HoLeS]AREA IN?] | LOUVER DIA. #HOLES|AREA IN?
1 0.09856 a7 0,739 13 0.0935 99 0E£79
2 0.067 106 02373 14 0070 13 0.604
3 0.0935 74 0.508 18 0.055 142 0.337
4 0.0635 102 0.323 16 0.055 128 0.304
[ 0.0595 108 0.300 17 0,062 104 0.218
6 0.052 76 0.161 18 0.0635 133 0.421
7 0.0595 4 0.233 19 0.0635 130 0.4t
8 0.052 64 0.134 20 0,073 13 0473
) 00585 116 0.322 21 0113 102 1.023
10 0.062 139 0.295 22 0.073 106 0443 |
1 0.086 89 0517
12 0.098 78 0.588 i
IN2
::th 3:2&2 COOLING 22?::'%%2505 : 8':;; “Co! 43 AT 0.161
MAIN SWIRLER 2B AT 0.316 = 8.840 (Acy) 'DC%EE,';,,E(? 42 AT 0.081
PILOT DILUTION {ID} TAT 0248 =0.338 70 AT 0.087
ﬂk&Tuﬁ"ﬂb‘ﬂg’J’ (oD} 5 AT 0.278 0.303 op sinLER :g :,; 3.: g‘;
{1D) (SLOTS) 6 AT 0486 =1.168 COOLING ) 70 AT 0.087

DILUTION (DD} [SLOTS)
BULKHEAD COOLING

6AT 0496 =1.158
20 AT 0.111 B58 AT 0.040 = (.895

PILOT NOZZLE AIR BLAST {PN 33420) ACD - 0.096 IN? PER NOZZLE
MAIN NOZZLE PTE (PN 27700-11)

MOD. (12° SPACING)

= (.880
= 0.216
» 0.246

=123
=0.373
= 0.412

Figure B-25  Liner Hole Pattern for Swirl Vorbix Combustor Configuration 5-3
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81" vt e s

FINWALLY,

HOOD

Loy

i

UG

(/M

TURBINE COOLING

rw-. __! ." X

MOD.
{12° SPACING)

.+ BETWEEN PILOT

L
(‘ ] i i AT _" : MOD.
D7 AT 0877d = 4.229 IN2 i 1By @;1 (12° SPACINGI
OD 18 AT 0.647d = 3.760 IN? 1 1!
SIDE WALL COO' ‘NG AREA = 3.076 IN2 “ |
FINWALI®COOLIN S = 5.33% wap !
1.D. 0.0.
[TouvER] 1A, |#HOLES|AREAIN] {LOUVER] DIA. [#HoLes[aREA N2
1 00785 | of 0.469 13 0.0935 g9 0.678
2 0.067 106 | 0373 14 | oor0 121 | okoa O} (O
3 00836 | a7 0.254 15 0.055 106 | 0252
4 00635 | 76 0.2a1 16 0.055 96 0.228 @—_PILOT
5 00595 | &1 0.225 17 0.052 w4 | o218 e/
6 0,052 76 0.181 18 | oo0635 [ 100 | 0317
7 00595 B4 0.233 19 | ooe3s a7 0.309
8 0.052 64 0.134 20 | o073 86 0.356
MAIN INJECTOR
7
9 00595 | 87 0,242 21 0.113 6 0.762 MAIN SWIRLER
10 0.052 130 0.295 22 0.073 106 0.443 DRIENTATION
11 0.088 8y 0517
12 0,098 78 0588
N2
PELOT SWIRLER 7AT0520 =364
PILOT SWIRLER CODLING 224 AT 0056d, =0,632
MAIN SWIRLER 28AT 0316 =B.840 (ACp)
PILOT DILUTION (D) 7 AT 0.2480, 0338
PILOT DILUTION (0D} b AT 0278d. =0.303
MAIN DILUTION (1D} 6 AT 0.7M2d. =289
DILUTION (QD) 6 AT 0.712d. =2.389
BULKHEAD COOLING 20 AT 0.111d. + 558 AT 0.040 = 0,895
1D SWIRLER COOLING 13AT 0.161d. =0.265
54 AT 0,081d, =0.278
42 AT 0.067d.  =0.148
0D SWIRLER COOLING 13 AT 0.191d.  =0.372
54 AT 0.106d. =0.476
42 AT 0.087d 0260

PILOT NOZ2ZLE AIR BLAST (PN 23420] ACD = 0,096 IN? PER NOZZLE
MAIN NOZZLE (PN 32301-8) (13 LOCATIONS)

MODIFICATIONS: REFERENCE CONFIGURIATION 5.3

@ RELOCATE MAIN SWIRLERS (USE CURVED VYANE SWIRLERS FROM FT4)
® MODIFY FINWALL ® HOOD ATTACHMENT SCHEME

® ADD 7 COMB. HOLES IN LOUVER 5 (1.374 IN2) 0.500 DIAMETER
®INCREASE |0 AND OD DILUTION AIR HOLE DIAMETER TO (Q.712}

@ INSTALL SCOOP TO FEED AERATING NOZZLE

@ REDUCE LINER COOLING

O MODIFY DIFFUSER TO UNIFORMLY FEED FRONT END

Figure B-26

Liner Hole Patter for Swirl Vorbix Combustor Configuration §-4

10 DIL HOLES EQ.$P.
INLINE WITH PILOT

10 DIL HOLES EQSP.
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FINWALLE
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DIL. HOLES SAME

TURBINE COOLING

ID?AT0877d =4.220 IN2

OD 16 AT 0.547d = 3.760IN2 .

SIDE WALL COOLING AREA = 3.076 IN?
FINWALL® COOLING = §,33% Wag,

1.0, ﬁl 0.0.
LOUVER] OIa. |#HoLES|AREAINY [LOUvER] Dia. |#HOLES[AREA IN?
1 00786 | 97 0,469 12 | o083 | 9 | oem
2 0.067 108 | 0373 14 0.070 131 | oS04
3 00038 | 37 0.254 165 | 0.056 106 | 0.252
4 00635 | 76 0.241 16 | 0.055 26 0228
s 00595 | &1 0215 17| 0062 104 | 0218
) 0052 7% | 0181 18 | ooe3s | 100 | o037
7 00586 | B4 0.233 '® | ogs3s | o7 0.308
8 0.082 64 0.134 20 | 0073 86 0.356
9 00685 | 87 | 0242 2 XIE] 76 0.762
16| 0052 138 | 0.285 2 0073 106 | D443
1 | ooces 89 0517
12 | o088 78 0.588
in2

PILOT SWIALER 7AT 0520  =3.641

PILOT SWIRLER CODLING 224 AT 0.0B5d. =0.532

MAIN SWIRLERS 28 AT 0316  =B.840 (ACD)

PILOT DILUTION {1D) 7 AT 0.248d. =0.338

PILOT DILUTION (DD) 5 AT 0278d. 0,303 2

MAIN DILUTION {ID) BAT 0.2, =2.388 7 AT 0,500 = 1.374 iN? (ROW B)

PILUTION (05} SAT 07124, =2.389

BULKHEAD COOLING 20 AT 01114568 AT 0.040 ~ 0.895

ID SWIRLER COOLING 13AT 01610, 0269

B4 AT 0.081d. -0.278
42 AT 0.087d. =0.148
Q0D SWIRLER COOLING 13 AT 0.191d.  =0.372

64 AT 0.106d. =0.478
42 AT 0.087d. =0.260

PILOT NOZZLE AIR SLAST (PN 33420] ACD = 0,096 IN? PER NOZZLE
MAIN NOZZLE (PN 32301-8) {? LOCATIONS)

MODIFICATIONS: REFERENCE CONFIGURATION 54
® USE 7 MAIN INJECTORS INLINE WITH PILOT {NJECTORS

Hgure B:27  Liner Hole Pattem for Swirl Vorbix Combustor Configuration -5
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EINWALL¥

HOOD
c— 1l
L . 6 o
——— ot - I l 8
LR L
ST e A\ ", I
,-..___\ ;, P .
- ~T DIL. HOLES e
o, SAME AS 54 é\_‘l?
e ¢ ¥« n"
[ IS ZU
[ . S 14
o
. R _‘44
| 18 Vs )
TURBINE COOLING X R j
| i SES [T -
D AT 0.877d = 4.229 IN? | T Ei" ;
0D 16 AT 0.547d = 3.760 INZ 1_47 ' B s
SIDE WALL COOLING AREA = 3076 IN2 %t o3
FINWALL®COOLING - 5.33% Wag 11
Li_d
1.0 0.D.
rouver] DiA. |#HoLesIarean?] [Louver| Dia. [#HoLES]AREA INZ
1 0.0785 97 | 04869 13 0.0935 - Y
2 0.067 106 0.373 14 0.070 131 0504
3 0.0935 a7 0.254 15 0.055 106 0.262
4 £.0635 76 0.241 16 0.055 96 0.228
5 0.0595 a1 0.225 17 0.052 104 0.218
6 0.052 76 0.161 1B 0.0635 100 0317
7 0.0595 84 0.233 19 0.0635 97 0.309
8 0.052 64 0.134 20 0.073 85 0.356
9 | oos9s 87 0.242 Y 0.113 76 0.762
10 0.052 139 0.295 22 0.073 106 0443
1 | oges 89 0517
12 0.098 78 0.588
PILOT SWIRLER 7AT 0234  =1.638 IN? (ACD}
PILOT SWIKLER COOLING 244 AT 0.055d. =0.632
MAIN SWIRLER 28 AT 0316 -B.840 (ACD)
PILOT DILUTION {ID} 7 AT 024B4. -0.338
PILOT DILUTION (0D} 5 AT 0278d.  =0.303
MAIN DILUTION {1D) 6AT 0.721d. 2389 7 AT 0.500 ~ 1,374 (ROW 6)
DILUTION {OD) 6 AT 0.712d. =2.389
BULKHEAD COOLING 20 AT 0.111d.4553 AT 0.040d = 0.895
ID SWIRLER COOLING 13 AT 0.161d,, 54 AT 0.0814., 42 AT 0.067d. - 0.691
0D SWIRLER CODLING 13 AT 0.191d., 54 AT 006d., 42 AT 0.087d, - 1.098

PILOT NCZZLE AlH BLAST (PN 334700 ACD  0.096 iN? PER NOZZLE
MAIN NOZZLE PTG (PN 32301-8) {7 LOCATIONS)

MODIFICATIONS: REFERENCE CONFIGURATION 5.6
@ INSTALLED PILOT SWIRLER BLOCKAGE RING

Figure B-28  Liner Hole Pattern for Swirl Vorbix Combustor Configuration 8-6
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FINWALL®
HOOD

TURBINE COOLING

ID7 AT 0877¢ = 4.229 IN2

OD-18 AT 0.547d = 3.760 IN2 13
SIDE WALL COOLING AREA = 3.076 IN2 it
FINWALL® COOLING = 5.33% Wag ILJL ;

1.0, 0.D.

Louver| Dia. [#HOLES]AREAINY |LOUVER| DIA. | #HOLES AREA IN2
1 0.0786 a7 0.469 13 0.0935 28 0.679
2 0.067 106 0.373 14 0.070 131 0.504
3 00935 kY] 0.254 15 0.055 106 0.262
4 0.0635 1% 0.241 16 0.055 96 0.228
B 0.0595 81 0.226 17 0052 104 " 0.218
-] 0.062 76 0.161 .18 0.0635 |- 100 0.317
7 0.0585 B4 0.233 19 0.0626 97 0.309
B 0.052 64 0.134 20 0073 85 0.356
9 0.0596 a7 0.242 21 0.113 76 0.762
10 0.052 139 0.296 22 0073 106 0443
1 0,086 89 0517
12 0098 78 0588

PILOT SWIRLER

MAIN SWIRLER
PILOT DILUTION (1D}

PILOT DILUTION (OD}

MAIN DILUTION {!D)
DILUTION {OD}
BULKHEAD COOLING
ID SWIRLER COOLING

0D SWIRLER COOLING

7 AT0234  =1.638 IN2 (ACD)

PILOT SWIRLER COOLING 244 AT 0.056d. =0.632

28 AT 0.316 =8.840 {ACD)
7 AT 0.248d. =0.338
b AT 0.278d. =0.303
6AT 0712d, =2.388 7 AT 0.500 = 1,374 (ROW 5)
6 AT 0.712d. =2.389

20AT 0.111d. + 658 AT 0.040d = 0,895
13 AT 0.161d., 54 AT 0.081d,, 42 AT 0,067 .. = 0.691
13 AT 0.191d., 54 AT 0.106d., 42 AT 0,087d. = 1,098

PILOT NOZZLE AIR BLAST {PN 33420) ACD = 0,096 IN2 PER NOZZLE
MAIN NOZZLE PT& (PN 27700-11)

MODIFICATIONS: REFERENCE CONFIGURATION 56

¢ INSTALLED 13 MAIN INJECTORS

Figure B-29  Liner Hole Pattem for Swirl Vorbix Combustor Configuration 8-7
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P S—

TURBINE COOLING

ID 7 AT 0.877d = 4,228 IN2
0D 16 AT 0.547d = 3.760 IN2
SIDEWALL COOLING AREA » 3.076 IN2
FINWALLY COOLING = 5.33% Wap

1.0. l oo
LOUVER| 1A, |#HoLes|arean?] Juouver| na  |#u0LeEsS|ARE A IN?
1 00785 48 0.232 13 00935 99 0678
2 0.067 106 0373 14 0070 131 0504
3 00935 37 0254 15 0055 106 0252
4 00615 16 0241 16 0055 96 03228
5 0.0595 1] 0225 17 0052 104 ong
6 0052 75 016} 18 0 0635 100 D37
7 0.059 84 0232 9 0.063% 97 0.207
8 0.052 64 0.134 20 0073 85 0356
9 0.0595 87 0 242 21 0t13 51 0 508
10 0.052 139 0296 F73 0073 53 0222
1 .086 89 0517
12 0098 8 0588
PILOT SWIRLER 7 AT 05200 = 3.641 ACD
PILOT SWIRLER COOLING 224 AT 0.055d = 0.532
MAIN SWIRLER 28 AT Q.6BACD = 18.48 ACD
8ULKKE/D COOLING 20 AT 01114 = 0.194
5§58 AT 0.0400 = 0.701

10 SWIRLER COOLING —l13 AT 0.161d = 0265

28 AT 0.081d = 0.144.

42 AT 0.067d = 0.148
0D SWIRLER COOLING 13 AT 0.191¢ = 0.372

B AT 0106 = 0.247

42 AT 0.087d = 0.250

PILOT NQZZLE (PIN 27700-11)
MAIN NOZ2ZLE (P/N 27706111

MODIFICATIONS

* USE PRESSURE ATOMIZING PILOT NOZZLES
% REMOVE PILOT SWIRLER BLOCKAGE RINGS
*HEMOVE PLIQT DILUTION HOLES
®INSTALL HIGH FLOW MAIN SWIRLERS
® REMOVE DILUTION HOLES

Figure B-30  Liner Hole Pattem for Swirl Vorbix Combustor Configuration 5-8
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TURBINE COOLING

ID7 AT 0.B27d = 4.229 IN?
OD 16 AT 0.547d = 3.760 IN? .
SIDE WALL COOLING AREA = 3.076 IN2
FINWALL” COOLING - 5.33% Wag

1.0. 0.D.

LOUVER| OIA. (#HOLES|AREAIN?] |LOUVER] DIA. [#HOLES]|AREAIN2
1 0.0785 48 0.232 13 00935 99 0.679
2 0.067 106 0373 14 0.070 131 0504
3 00935 37 0.254 15 0.055 106 0.252
4 0.0635 76 0.241 16 0.055 96 0.228
$ 0.059% 1] 0.225 17 0.052 104 028
6 0.052 6 0.161 18 0.0635 100 0.317
7 0.059 84 0.233 19 0.0635 97 0.307
8 0.052 64 0.134 20 0073 85 0.356
9 0.0595 87 0.242 21 0.113 51 0.508
10 0.052 139 0.295 22 0072 53 0.222
11 0.086 g9 0517
12 0.088 78 0588

PILOT SWIRLEK 7AT0422d = 3085 ACD
PILOT SWIRLER COOLING 224 AT 0.055d - 0.532
MAIN.SWIRLER 2BAT 066 = 18.48 ACD
PILOT SWIRLER 7 AT 0.42d 3.085 ACD
PILOT SWIRLER COOLING 224 AT 0.055¢ - 0532
MAIN SWIRLER 28AT 066 - 1B.48 ACD
PILOT DILUTION (1D} 7AT0.2484 - 0.338
PILOT DILUTION (0D} 5AT 0278« - 0.303
BULKHEAD CODLING
20ATO.11d - 0.194
558 AT 0.040d - 0701
D SWIRLER COOLING 13 AT 0.161d - 0265
28 AT 0.081d - 0.144
42 AT 0.067¢ = 0.148
OD SWIRLER COOLING 13 AT 0.191d = 0.372
28 AT 0.106d - 0.247
42 AT 0.087 0.250

MAIN NOZZLE {P/N 27700-11}
MODIFICATIONS: REFERENCE CONFIGURATION 58

» MAIN FUEL INJECTORS ANGLED DOWNSTREAM
» REDUCE PILOT SWIRLER AIRFLOW WITH BLOCKAGE RINGS
o INSTALL PILOT DILUTION AR HOLES

Figure B-31  Liner lole Pattern for Swirl Vorbix Combustor Configuration 5-9
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TURBINE CQOLING

ID7 AT 0.877d = 4.220 IN2
OD 16 AT 0.547d = 3.760 IN?

SiDE WALL COOLING AREA = 3.076 IN2

FINWALLY COOLING = 5.33% Wag

& MAIN FUEL INJECTORS ANGLED DOWNSTREAM

BULKHEAD COOLING

1D SWIRLER COOLING

0D SWIRLER COOLING

PILOT NOZZLE (PN Z/70011)
MAIN NOZZLE (P/N 2770011}

1.o. 0.D.

LOUVER| DIA. [#HOLES|AREAINZ | LOUVER OIA. | #HOLES|AREAIN2
1 0.0785 48 0.232 13 0.0935 99 0.679
2 0.067 106 0.373 14 0.070 131 0.604
3 0.0835 37 0.254 15 0.055 106 0.252
4 0.0635 716 0.241 16 0.055 96 0.228
5 0.059% 81 0.226 17 0.052 104 0.218
6 0.052 76 0.161 18 0.063% 100 0.317
7 0.053 84 0.233 19 0.0635 97 0.307
8 0.052 64 0.134 20 0.073 8% 0356
o 0.0595 87 0.242 21 0.113 51 0.508
10 0.062 139 0.295 22 0.073 53 0,222
" 0.086 89 0517
12 0.098 8 0.588

PILOT SWIRLER 7 AT 0520 = 3.641 ACb
PILOT SWIRLER COGLING 224 AT 0.055d = 0.532
MAIN SWIRLER 28 AT 0.66 = 1B.48 ACD

20 AT 0.111d = G104
568 AT £.040d = 0.701
13 AT 0.161d = 0.265
28 AT 0.081d - 0.144
42 AT 0.067d = 0.148
13 AT Q1914 = 0.372
28 AT 0.106d = 0.247
42 AT 0.087 = 0.250

MODIFICATIONS: REFERENCE CONFIGURATION §.9

® REMOVE PILOT SWIRLER BLOUKAGE RINGS

$PLUG PILOT DILUTION AIR HOLES
® REDUCE LINER HEIGHT

Figure B-32 Liner Hole Pattern for Swirl Vorbix Combustor Configuration S-10 (AST Configuration)}
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APPENDIX C

EXPERIMENTAL TEST DATA

This appendix presents a compilation of the test data acquired with the thirty-two different

low-emissions combustor configurations tested during the Phase I screening evaluations. The

data tabulations are arranged according to the baseline design and subsequent configuration -

changes. Pertinent operating parameters such as fuel and airflows, fuel-air ratio,andinlet ... . . ... .. .
temperature and pressure are itemized along with the corresponding emissions index (EI)

value for the pollutants measured. In addition, comments pertaining to specific results are

also included where appropriate.
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APPENDIX D
NOMENCLATURE

Emission Index ~ g pollutant/kg fuel
kg fuel/kg air ir.

Specific Humidity ~ gH, O/ kg dry air
Lean Blowout

Pressure ~ atm

Pattern Factor

Pressure Loss ~ atm

Temperature ~ K

Velocity ~ m/fs

Combustor Reference.Velocity ~ m/s
Airflow ~ kg/s .

Fuel Flow ~ kgfs

Flow Parameter ~ kg\ﬁ(_imz atms

Density ~ kg/m3
Combustion Efficiency
Equivalency Ratio

SUBSCRIPTS

Burner

Staiic Conditions

Total Condition

Compressor Exit Station (JT9D-7)
Turbine Inlet Station (JT9D-7)
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