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FOREWORD

This document describes the work conducted and completed by the Commercial Products
Division, Pratt & Whitney Aircraft Group of United Technologies Corporaticn during Phase
11 of the Experimental Clean Combustor Program. This final report was prepared for the
National Acronautics and Space Administration Lewis Research Center in compliance with
the requirements of Contract NAS3-18544.

The authors of this report wish to acknowledge the guidance and assistance of Mr. Richard
Nicdzwiccki, NASA Project Manager of the Experimental Clean Combustor Program and -
Mr. J. R. Baker of the Advanced Controls Group of Pratt & Whitney Aircraft.
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SUMMARY

The Lxperimental Clean Combustor Program is direeted toward the development and demun-
stration of technology for reducing pollutant emissions for application to both current and
future gas turbine engine combustors, Ihe program is being conducted in three phases, Phase
Linvolved experimental rig sereening of combustor concepts to identify the best approaches
for reducing cmission levels, Phase 1T, which is the subject of this report, consisted of evalua-
tion and refinement of the best two combustor coneepts identified in Phase 1. Emphasis was
placed on documentation of emission characteristics over the full range of operating conditions
and development of satisfactory combustor performance. A fuel control design stuay was

conducted to esta lish fuel management requirements for two-stage combustors. Phase 11 -
will consist of full-scale engine demonstration tests of the best combustor selected from i
Bhase 11, j

1

Program gaseous pollution goals are expressed in two ways. as emission indices at the engine
operating mode where peak levels of each pollutant are generated, and as integrated EPA
parameter values. Compared with the current production JTYD-7 engine, the attainment of
these goals involves significant pollution reductions by factors of 2% to 5% on an emission
index basis. Program performance goals consist of maintaining or improving current produc-
tion combustor operating parameters.

Combustor testing in Phase 11 was conducted in the same 90-degree sector rig used for Phase
I. The sector rig sitmulates the JT9D engine combustor envelope and intemal flowpath, Tes's
were conducted at conditions that simulated JTOD-7 engine operating conditions at idle, ap-
proacht, climb, sca-level take-off, and cruise. The test rig matched the engine conditions at
idle, and duplicated all parameters except inlet pressure and airflow at the higher power levels.
The emissions data were corrected to account for differences between the rig operating con-
ditions and actual engine conditions, Stability and rclight capability at simulated altitude
conditions were also documented,

The Hybrid and Vorbix combustor concepts were selected for refinement in Phase 11, The
Hybrid combustor was created by merging the pilot zone of the Phase 1 Staged Premix com-
bustor with a main zone derived from the Swirl-Can combustor. The Vorbix concept was
continued from Phase I with evolutionary changes to the pilot and main burning zone di-
mensions.

Although none of the Hybrid combustors met all of the EPA parameter goals, substaniial re-
ductions of all pollutants were achieved. Oxides of nitrogen levels were significantly below
the JT9D-7 production engine levels, and surpassed the program goal for two configurations,
Carbon monoxide and total unbumed hydrocarbon tevels were generally close to or surpassed
goal levels with only the pitot zone fueled at the approach condition, Smoke levels were well
below goal levels, Best results were achieved with cenfiguration 117 where EPAP values of
3.4, 3.7, and 0.7 for oxides of nitrogen, carben monnxide, and total unburned hydrocarbons,
tespectively, were obtained.




The most significant poltutant problem uncovered with the Tybrid combustor occurred at

the approach condition, At this operating condition, the Hybrid was unable to operate with
high combustion efficiency (and accompanying low pollutant levels) with the pilot and main
zones fully fucled. With both zones tully fucled, combustion efficicneics were below 91 per-
cent, Some configurations exhibited combustion efficiency near 100 pereent with all approach
fuel supplied to either the pilot or.to the main zone. Selected configurations were tested with
tuel supplied to only a portion of the main injectors, and, in all cases, efficiency improved as
the number of main nozzies fueled was reduced. Implementation of any of the partial fuel
staging techniques is undesirable since it imposes additional demands on the engine fuel con-
trol, involves ignition during a flight mode. and creates additional combustor exit temperatute
distribution problems.

None of the Vorbix combustor configurations met the EPA parameter goals for all poliutants,
However, the Vorbix combustors exhibited cmission levels for oxides of nitrogen that were
significantly below the current JT9D production combustor level, in some cases surpassing

the program goals, Unburned hydrocarbon cimission levels and smoke were also low, generally
exceeding the goal levels, None of the Vorbix combustors met the carbon monoxide emissions
goal, although some configurations exlibited 25 percent reductions from the production com-
bustor level, Best results were achieved with configuration 825 where EPAP values of 2.2,
6.5, and 0.3 tor oxides of nitrogen, carbon monoxide, and total unburned hydrocarbons,
respectively, were obtained. The high carbon monoxide EPAP levels recorded with the Vorbix
combustor were generally due to the contribution at the idle test condition, Attempts to re-
duce carbon monoxide through pilot zone modifications including airflow redistributions,

fuel spray modification, and volume modifications were ineffective,

The Vorbix combustor appeared to offer the greatest potential for mecting the performance
goals without excessive comprumtise of the emission levels, The [Hybrid combustor was de-
ficient in both idle stability and altitude relight capability. On the basis of the pollution and

petformance results, the Vorbix combustor was selected for engine dethonstration testing in
Phase 111,

Work was also conducted on two addendums to the Phase 11 program, an Alternate Fuels Ad-
dendum and a Combustor Noise Addendum, Details and results of the fuel progtam are in-
cluded in NASA Report CR-134970. Results of the combustor noise program are described
in NASA Report CR-135106.




INTRODUCTION

This report describes the low pollution combustor concepts investigated and the combustor
component test results obtained in Phase [T of the NASA/Pratt & Whitney Aircraft lixperi-
mental Clean Combustor Program (BCCP), Also described are the program objectives, plan,
schedule, pollution and performance goals, and current and future program cfforts emphasizing
demonstration tests of a low pollution combustor installed in a full-scale JT9D engine.

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 ¢ngines manufactured
after January 1979 (Reference 1). These standards limit the emission of carbon monoxide
(CO), total unburned hydrocarbons (THC), oxides of nitrogen (NOXx), and smoke at aititudes
under 914 m. Recently introduced gas turbine engines, such as the JTOD family, already

meet the requircment for producing no visible smoke. Hlowever, compliance with the standards
for the gascous pollutants will require substantial improvements relative to current engine
cmission levels,

The rudiments of pollution control are understood. However, when incorporating pollution
reduction features, aircraft combustors must also accommodate a diversified range of factors
that greatly add to the development complexity of a practical low-emission combustor system.
Physical constraints on fuel vaporization, turbulent mixing rate, dilution air addition, and
residence time impose absolute Jimits on the combust on process. Performance requirements
for uniform exit temperature distribution, combustion stability, relight capability, durability,
and operational safety must also be considered. Furthermore, it is desirable to maintain com-
ponent weight, costs, and mechanical complexity at & minimum.

Specific combustor-cngine designs have not yet demonstrated the required pollutant reduc-
tions without compromising other performance parameters, indicating the need for auditional
technology. In responsc to this nced, the National Acronautics and Space Administration
initiated the lixperimental Clean Combustor Program in December 1972,

The first two phases, comprising the rig-test portion of the program, have been completed.
The results of Phase 1 were reported in NASA CR-134736. The results of the Phase 11 refine-
ment and optimization testing are reported in this document,

A summary of the program plan and goals of the Experimental Clean Combustor Program is
provided in Chapter 1. Chapter 11 contains a description of the reference engine (Jron-n
and combustor used as a basis for the program work, a description of the combustor design
coneepts tested in Phase 11, and a deseription of the test and analysis procedures. Chapter
111 presents the detaited emissions ind performance results for the Phase 11 combustors.
Chapter 1V discusses the fuel control design study in which the control system implications
of two-stage combustor concepts were explored. The relation of the completed work to the
work remaining in Phase 111 is discussed as a part of the concluding remarks contained in
Chapter V. Detailed descriptions of the Phase i1 combustor configurations, detailed duta
tables, and control concept schematics are contained in Appendices A through €, respectively.
A table of nomenclature is presented in Appendix 12, and the references in Appendix E.
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CHAPTER | —
EXPERIMENTAL CLEAN COMBUSTOR PROGRAM DESCRIPTION
A. GENERAL DESCRIPTION OF QVERALL PROGRAM
'The Experimental Clean Combustor Program is a multiyear effort that was initiated in De-
cember 1972 and is scheduled for completion in late 1976, The program is directed towards
two primary objectives:
1. The generation of the technology rcquired to develop advanced commercial CTOL
aircraft engines with lower exhaust poltutant emissions than those of current tech-

nology engines, and

2.  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 char-

acteristics for the Pratt & Whitney Aircraft J'T9D-7 engine. However, the technology developed

during the program will be translatable to other combustors, either for commercial or military
applications. The technology 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 which provide a step-by-step approach for develop-
ing the technology required for reducing emissions. These phases are described below:

1. PHASE | PROGRAM

Phase 1 was directed toward identifying promising concepts and z2stablishing the design trends
in sufficient detail to provide a firm basis for refinement of the more promising concepts in
Phase 1. Tiree concepts were tested in a 90-degree sector component rig at simulated engine
idle and sea-leves take-off operating conditions. These were a Swirl-Cen combustor concept,
a Staged Premix combustor concept, and a Swirl Vorbix combustor concept. Thirty-two
configurations were evaluated.

The lowest emissions at idle engine operating conditions were obtained with the Staged Pre-
mix 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 approached but did not meet the goals, while the Swirl-Can combustor
exhibited significantly higher emissions that were close to the levels produced by current pro-
datction YT91-7 combustors.

At sca-level take-off engine conditions, none_of the combustors met the goal for oxides of
nitrogen, although sotme combustor configurations provided significanl improvements ivlative
to the current production JT9D-7 combustor. The best results were obtained with the Swirl

b ra . e ————




Vorbix and the Swirl-Can combustors, both ol which provided approximatety 60-pereent
lower emissions of nitrogen oxides than the current production J'T9D-7 combustor, Ali three
combustor concepts met the smoke goal,

In addition to the basic Phase 1 program, seventeen combustor configurations were evaluated
at simulated supersonic cruise conditions, and a low-cmissions conceptual design was cvolved.
A combustion noise study was also condueted to document the noise characteristics of the
three low entission combustor concepts and to provide a data basc for correlating combustor
noise levels with performance parametess,

Detailed results of the basic program including the studices for advanced supersonic technology
applications are presented in NASA Report CR-134736. The results of the noise studics arc
presented in NASA Report CR-134820.

2. PHASE Il PROGRAM

The Phuse 11 program involved refinement and optimization of the most promising concepts
identified in Phase 1, The concepts sclected for Phase 11 were the Vorbix combustor and a
Hybrid combustor created by merging the pilot zone of the Staged Premix combustor with a
main burning zone derived from the Swirl-Can combustor, More comprehensive sector rig
testing simulating the full range of engine operating conditions was conducted to fully docu-
ment pollutant cmission characteristics, to identify previously undetected problem areas, and
to assess combustor performance. After initial testing, the program was reduced to the Vorbix
combustor concept and the remaining test effort was devoted to development of performance
characteristics in preparation for the Phase 11 engine demonstration tests. Details of the

Ihase 11 work are contained in the following chapters of this report,

Work was also conducted on two addendums to the Phase 1l program, an Aliernate 1‘uels Ad-
dendum and a Combustion Noise Addendum. Results of the Alternate Fuels Addendum are
contained in NASA Report. CR-134970. The results of the Comoustion Noise Addendum
are contained in NASA Report CR-135100.

3. PHASF 11l PROGRAM

The objective of the Phase 11 program, cutrently in progress, is to substantiate the poliution
reduction techuology developed in Phases T and 11 in an actual engine environment, Phase 111
provides evaluation of engine-quality, annular combustior hardware at full engine pressure
levels as well as assesstent of combustor and Tuel control system performance undet transient
operating conditions of acceleration and deceleration which cannot be simulated in a compo-
vent rig. ‘The work will culminate with the testing ol the Yorbix combustor concept in a
JT9D engine daring 1976,

S




C. PROGRAM SCHEDULE

The program schedule for the Experimental Clean Combustor Program is shown in IFigure 1,
Phase 1 was an cightecn-month cffort which has been completed. Phase 11 was a nineteen-
month effort which has also been completed. Phase 11, currently in progiess, will be a six-
teen month effort and is scheduled for completion during 1976,

M. COMPLETED
——— INPROCESS

PHASE I - COMBUSTOR

SCREENING TESTS
BASIC PROGRAM _ __ _ _

AST ADDENDUM _ . __ |

NOISE ADDENDUM _

PHASE [T — COMBUSTOR
REFINEMENT AND

OPTIMIZATION TESTS
BASIC PROGRAM -]

FUELS ADDENDUM _ . .
NOISE ADDENDUM . — 4

PHASE I — ENGINE
DEMONSTRATION TESTS

| 1973 | 1974 | 1975 | 1976 |

Figure 1 NASA[Pratt & Whitney Aircraft Experimental Clean Combustor Program Schedule
D. PROGRAM GOALS

Program goals were defined for both pollutant emissions and combustor acro-thermodynamic
performance, The goals for gasecous pollutants represent the priniary program focus. The per-
formance and simoke goals were set to require 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 levels, All goals are predicated on the
use of commercial grade Jet-A aviation turbine fuel.

1. POLLUTIOM GOALS

The pollutant emission goals are summarized in Table 1. The gaseous pollutant cmissions
goals arc expressed in two ways: as emission indices at the engine operating mode where the
peak levels of cach pollutant are generated, and as integrated IIPA parameter values, limission
index is defined as the ratio of grams of pollutant formed per kilogram of fuel consumed.
The EPA parameter, Reference 1, is a thrust-normalized measure of the total mass of poliu-
tant emitted in a prescribed landing and take-off cyele. As shown by a comparison of the
goals with the current production JT9D-7 engine, the attainment of these goals involves
significant pollutant reductions by factors of 2% to 5% on an emission index basis.

O
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Two ground idle operating points are defined in Table 1, corresponding to engine operation
with and without fifteenth-stage compressor bleed air extraction to meet airframe require-
ments. Current Pratt & Whitney Aircraft experimental engine and production acceptance
tests are conducted without extraction of bleed air. lowever, engines in the ficld operate
witl varying amounts of bleed extraction, 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 fucl-air ratio. Since
the basis for EPA Limission Standard compliance testing is presently open to interpretation,
both conditions were included in the test program.

2. PERFORMANCE GOALS

The Experimental Clean Combustor Program performance goals are summarized in Table 11
These goals do not represent an appreciable departure from current JT9D-7 operating levels
except for the pattern factor and the combustion ef ficiency at idle. The combustor exit
temperature pattern factor represents a level that is dif ficult to achicve on a production basis.
Also required for satisfactory performance is the achicvement of a radial average temperaturc
profile at the combustor.exit that is substantially equivalent to that produced by the current
production JT9D-7 combustor.

TABLI: 11

ECCP PERFORMANCE GOALS

Total Pressure Loss (%) 6
Exit Temperature Pattern Factor 0.25 at take-off
Combustor Bfficiency (%) 99 or better at all operating conditions
Lean Blowout Fuel-Air Ratio 0.004 £ 0.001
Altitude Relight Capability
Altitude (m) 9144
Flight Mach Number 0.5 - 0.8

An additional performance goal is the requirement that the combustor mechanical durability
be consistent with long-term engine operation, equivalent to the current JT9D-7 combustor.
This goal encotnpasses structural integrity, liner coolant air level, liner pressure drop, fuel
system taetal temperature, ete. In addition, the rear combustor liner pressure drop must not
be less than 1.8 percent to ensure that the coolant flow requirements for the first turbine
inlet guide vane will be met.,
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CHAPTER H
EQUIPMENT AND EXPERIMENTAL PROCEDURES

A. REFERENCE ENGINE AND COMBUSTOR

1. REFERENCE ENGINE DESCRIPTION

The JT9D-7 engine was selected as a reference for the NASA/Pratt & Whitney Aircraft Ex-
perimental Clean Combustor Program. 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 usc 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 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 turbine. The accessory gearbox is driven through a towershaft located
between the low- and high-pressure compressors. Sclected key specifications for the JT9D-7
engine are listed in Table 111
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TABLY 1l

KLY SPECIFICATIONS OF THE IT9D-7 ENGINE

Weight (kg) 39825
Length (m) 3912
Maximum Diameter, cold (m) 3.427
Pressure Ratio 21.7
Airflow Rate (kgfs) 691
Maximum Sea-Level 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

2. REFERENCE COMBUSTOR DESCRIPTION

The mechanical design of the JT9D reference combustor is shown in Figure 3. The com-

bustor is annular in design with an overall length between the trailing edge of the compressor

exit guide vane and the leading edge of the turbine inlet guide vane of 0.6m. The burning
length between the fuel nozzle face and the turbine inlet guide vane leading edge is 0.45m.
Key performance parameters of the JT9D-7 reference combustor are summarized in Table
IV. The reference combustor exit average radial temperature profile is shown in Figure 4.
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Cross-Sectional Schematic of the JT9D-7 Reference Combustor
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TABLE IV

KEY OPLERATING PARAMETERS OF THE
JT9D-7 REFERENCE COMBUSTOR

Compressor Exit Axial Mach Number 0.26
Compressor Discharge Temperature (K) 767
Combustor Temperature Rise (K) 719
Combustor Section Pressure Loss (%) 5.2
Combustor Exit Temperature Pattern Factor 0.42
Average Combustor Exit Temperature (K) 1486
Note: All data for standard sea-level static take-off conditions.
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Figure 4 Reference Combustor Exit Average Radial Temperature Profile

The JT9D-7 combustor incorporates a munber of advanced features. The primary diffuser
incorporates an inner ramp and outer trip followed by a dump section, and a burnet 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 construc-
tion 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 vse of twenty duplex-pressure atomizing fuel nozzles. The
nozzle portion of the fuel injector is enclosed in twenty short-cone swirler modules, which
provide primary zone flame stabilization. Optional take-cfT thrust augmentation is provided
by water injection through the fuel nozzle heatshiélds,
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3, REFERENCE ENGINE COMBUSTOR POLLUTION LEVELS

Since the JTOD engine and combustion system werc designed prior to current concerns re-
garding gascous pollutants, the combustor was not specifically intended to provide low
emissions. It does incorporate smoke reduction features and_produces no visible smoke at
any opcerating condition.

Exhaust emissions are periodically monitored during JT9D production acceptance tesis, and
typical results for the idle, 30-percent; 85-percent, and 100-percent sea-level static thrust en-
gine power settings are shown in Table V. These power settings correspond to the EPA-speci-
fied simulated ground idle, approach, climb-out, and take-off conditions which are used in the
establishment of aircraft engine emission standards. The data presented in Table V repre-
sent average emission levels for a JT9D-7 production engine incorporating ccmbustor con-
figuration EC 289386, This combustor configuration has been installed in production en-
gines shipped since Novemder 1975, The data have been corrected to standard day tempera-
ture and pressure and to an ambient humidity level of 6.3 g HQOIkg dry air. Jet-A fuel was
used for the tests. The corresponding values of EPA Parameter (EPAP) are also presented in
Table V. This parameter combines emission rates at the engine idle, approach, climb, and
takc-off operating modes, integrated over a specified landing-take-off cycle (Reference 1).

TABLEV

REPRESENTATIVE JT9D-7 FRODUCTION ENGINE EMISSION LEVELS
AND EXPERIMENTAL CLEAN COMBUSTOR PROGRAM GOALS

A.  Enission Indices
Total

Carbon Monoxide Unburned flydrocarbons  Oxides of Nitrogen Smoke

Emissions (p/ky fuel) Emissions (g/xg fuel) Emissions {gfkg Muel) {SAE Smoke Numbet)
Qperating ECCP LECCP T.CCP LCCP
Condition JT9D-7 Cioal ITIL-7 Goal 1907 Goal IT9D-7 Goal
Ground Idle 46.7 20 N6 4 1.9 B R - -
Approach (3% Power) 34 0.6 - 1.8 - e o
Climbout {85% Power) 0.5 - - 0.4 - 8.8 - EIRE - -
Sea Level Take-off 0.4 : 04 - 199 10 4 15

(100% Power)

B. EPA l’ur;@_clc_r (Ibm. pollutant/1000 Ibf. thrust - hr.flanding-take-off cy<le)

Total
Carbon Monexids Unbumed Hydrocarbons  Oxides of Nitrogen
[HeaY ECCP ECCP
-1 Goat JI9n-7 Goal Arana Goal
8.5 4,3 39 0.3 5.9 3o

Notes: Oxides of nitrogen data presented as nitrogen dioxide eguivalent,
Data represent average emission levels for & JT91-7 production engine incorporating combustot configuration 1:C 289356,

Ground idle dala bs without compressor ait bleed.
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B. TEST COMBUSTOR CONCEPTS AND CONFIGURATIONS

1. HYBRID COMBUSTOR
a, General Description

The initial Hybrid combustor Corfiguration H1 is shown in FFigures 5, 6, and 7. This com-
bustor concept incorporates two burning zones that are separated in both the axial and radial
directions. The design basis for each zone evolved from two combustor concepts that were
developed during the Phase 1 program. The pilot zone duplicates the physicval geometry of
the Staged Premix combustor Configuration P3 pilot which exceeded the low power CNLESioN
goals in Phase I, The main zone was based on the Swirl-Can combustor Configuration N9,
which demoustrated significant reductions in high power emissions of oxides of nitrogen.
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Figure 5 Cross-Sectional Side View of Hybrid Combustor

The pilot zone was designed for an cquivalence ratio of 0.8 at idle conditions to p:ovide low
levels of carbon monoxide and unburned iydrocarbon emissions as well as goo stability dur-
ing lighting. Tuel is introduced into the premix passage through forty pressurc-atomizing
fuel injectors (on a full unnular basis), where it mixes with air and is partially vaporized, The
combustible mixture then passes through holes in the flameholder and into the combustion
zone. At high power conditions, the pitot zone equivalence ratio is reduced to reduce forma-
tion of oxides of nitrogen,

The main zone was designed to provide lean combustion followed by quick quenching with
dilution air to reduce emissions of oxides of nitrogen at high power conditions, As shown

in ligure 7, the zone consists of an arrangenent of concentric counter-rotating swirlers lo-
cated downstream and displaced radially from the pilot zone. Fuelis introd uced through low

13




pressure drop injectors located at the center of the swirlers, The fuel impinges on a splash
plate located in the exit planc of the swirlers, where it is broken into small droplets and then

entraincd in the swirling Mow,

Figure 6

Figure 7

Exterior View of Hybrid Combustor {(XPN-52117)

Front-End View of Hybrid Combustor

(XPN-53775)

—




[

o

t During Phase 1, aspiration problems were encountered with the Swirl-Can modular combus-
- tor as # result of poor inlet air flow distribution, Consequently, a transparent plastic flow
model of the Hybrid combustor was fabricated and tested at cold flow conditions prior to
finalizing the Phase 11 design. The tests revealed nonuniform airflow distribution result-
ing from acrodynamic blockages caused by radial flows issuing from the strut cutouts in the
burner hood, To correct this problem, the Phase 11 hybrid design incorporated the follow-
ing changes:

A i e

1. The burner hood strut cutouts were extended and contoured to provide a smooth
p
] '_ transition to the inner and outer combustor ”llCl’S, and

2. The outer diffuser case wall was recontoured to reduce the diffuser area ratio

approaching the main Zone air inlet.

The effectiveness of the final design in improving airflow distribution is shown in Figure 8.
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h. Test Configurations

Optimum airflow fractions lor the Premix pilot zone and Swirl-Can main zone were de-
termined during the Phase 1 test program. However, the quantity of air available after liner
cooling requirements had been satisfied was insufficient to permit both pilot and main
zones to be operated at their respective optimum equivalence ratios. Therefore, e primary
focus of the configuration modifications was to shift the pilot und main zone equivalence
ratio to minimize pollutant formation. Other variables investigated were the main zone
swirler arvangeiment and the pilot zone fuel injector type,

The configurations tested are summarized in Tables V1 and VII. Specific types of configura-
tion change are discussed below, Detailed configuration descriptions are presented in
Appendix A.

Pilot Zone Equivalence Ratio

The effect of two different pilot zone equivalence ratios on idle emissions was evaluated.
The initial configurations, H1 through H4, were tested with a pilot zone equivalence ratio
of 0.8, In Configuration 115, the amount of premix passage airflow was reduced to increase
the equivalence ratio to 1.2, In the final two configurations, H6 and H7, the pilot zone
equivalence ratio was returned io 0.8,

TABLE ¥

HYRRID COMBUSTOR CONFIGURA TTON SUMMARY

Pilut Zone Main Zone
Yquivalence FFuel Fuel Dilution Ait
Rativ at Idle Number of [niector Switler Nuniher of Injector Inner Outer
Configuration  With Blewd Fuel Injectors Type* Afrngeanm Fuet Injectors Typue® Liner Liner

1 0.8 10 . PANC Two Concenttic 11 LD Yes Ho
Counter-Tetatiog
Swirlers

2 0,8 10 PA-HIC Twu Co-retating 11 L.rn Yes No
Switless

13 0.8 10 PA-TIC Outer Swirler Blocked 11 Len Yoy Yes
and Inner Area Reduged
Mr:

114 1% 10 PA-SC Oufer Switler Blocked 1§ 1rh Yes Yes
and ier Yeca Reduged
e

tt5 1.2 10 PA-HC St s 111 But Swirler 11 1Lrn Yos No
Area Increased 407

Ho 0.8 10 PA-IIC Saine as 1 But Swirler 11 1L Nu Nu
Area Increased 407

1?7 0.4 10 PA-SC Same as 111 But Switler 1 LI No No
Atea Increased 408

*Fuel Injector Types. PA Pressure Atomizing
e Holhsw Cone

¢ Solid Cone
LPIY  Lesw Pressure Drop
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Main Zone Equivalence Ratio

Main zone modifications were made to evaluale the effects of both equivalence ratio and
aitflow distribution on emission levels, In the initial design, the inner and outer main zone
swirlers operated with approximately equal fow rates that provided & bulk equivalence ratio
af 0.6, with dilution air introduced only through the inner liner. In Configurations 3 and
H4, the outer swirler was blocked, and the flow wus diverted to the oufer liner. In addition,
the Now through the inner liner was increased. This increased the bulk main zone cquiv-
alence ratio to 1.6, In Configuration 135, the dilution flow through the outer liner was
blocked and tie flow was returned to the outer swirler, and the dilution flow through the
inner liner was returned to approxitnately its former level. This configuration included a
richer pilot zone, and the airflow removed from the pilot zone was diverted to the main
burner outer swirlers,

Main Zone Swirler Arrangement

The swirlers for the main buming zone consisted of two concentric swirlers around each

fuel injector, Tn the initial configuration, these concentric swirlers produced counter-
rotating flows. Tests were also conducted with both the inner and outer swirlers producing
co-rotating flow, and with the outer swirler blocked. The co-rotating swirl flow was tested
in Configuration H2, and the outer swirler was blocked in Configurations {3 and H4. For
these two conligurations, the inner swirler flow area was reduced approximately 20 percent,
For the remaining configurations, Configurations 15 through H7, the initiul counter-rotlating

swirler arrangement was used with the outer swirler arca increased approximately 40 percent.

Pilot Zone Fuel Injector Type

Two pilot zone fuel nozzle types were tested to determine the effect of changes in fuel dis-
tribution. Both were pressure atomizing nozztes. One provided a hollow spray cone while
the other provided a solid spray cone,

Pilot Zone Flameholder Attachment and Cooling

Modifications were incorporated throughout the program to improve flameholder dura-
bility. In the initial design, the flamcholder was welded directly to the inner combuster
liner. This arrangement was tound to restrict thermal growth of the flamcholder, resulting
in deformation ol the Mameholder and premix passage, and inadequate famcholder coolant
flow. The Mameholder attachment was modified in Configuration 112 to provide a rigid
attachment at only one sidewall, Retaining tabs were used to axially position the flame-
holder atong thie outer liner, the FINWALL® ring between the pilot and main zones, and
the opposite sidewall, Tn Configuration 113, cooling holes were added in the trailing edge
of the Mumeholder, and in Contiguration Ho, cooling of the outer portion of the trailing
cdge of the flameholder was increased.

I R T

o




s

Pilot-to-Main Zone Fuel Split

The fuel flow split between the pilot and nrain zones at operating conditions above idle was
investigated for all configurations, By varying the fuel split during the tests, the relative
cquivalence ratios between zones could be optimized for all emissions, In early configura-
tions, the results were also used to indicate where adjustment of the equivalence ratio pro-
duced by clhanges in the airflow distribution would be beneficial, Tests were conducted at
the approach condition with fuel supplicd only to the pilot zone, only to the main zone, or
with various fuel-iow splits with fuel supplied to both zones,

2. VORBIX COMBUSTOR
a.  General Description

A cross-section schematic drawing of the initial Phasc 11 Vorbix combustor design is shown
in Figure 9, and representative photographs are shown in Figure 10 and 11. The design was
evolved from the Phase 1 Vorbix combustor and incorporates two burning zones separated
axially by a high velocity throat section. The pilot.zone is a conventional swirl-stabilized,
direct-injection combustor employing thirty fucl injectors (on a full annutar basis), It

was sized to provide the required heat release rate for idle operation at high efficiency.
Entissions of carbon monoxide and unburned hydrocarbons are minimized at idle opcrating
conditions primarily by maintaining a sufficiently high pilot zone equivalence ratio to allow
complete buming of the fuel,

_ -G - —
PILOT ZONE MAIN
: IN ZONE
NOZZLE SWIRLERS
| Al
': - P R r"\‘:_ \\
A -
T Iy

- o~ THROAT
r—— o \,.‘,..a,:]‘_._

! SOV
H . )
! _f B~

[ Co |‘r 1 -“.
it 5”! =
d,

-t
e

"y
i

-z
A3

TS MAIN ZONE
INJECTOHS

Figure 9 Swirl Vorbix Combusior Design
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Figure 10 Exterior View of Vorbix Combustor Configuration 8§11 (XPN-51834)

Figure 11 Front-tnd View of Vorbix Combustor Configuration S11 (XPN-51835)
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At take-off conditions, the pilot exhaust equivalence ratio is reduced as low as 0.3 (includ-
ing pilot dilution air) to minimize formation of oxides of nitrogen. The minimum equiva-
lence ratio for the pilot zone is determined by the overall lean blowout limits, combustion
efficiency, and the need to maintain sufficient pilot zone temperature to vaporize and ignitc
the main zone fuel. }

Main zone fuel is introduced through fuel injectors located at the outer wall of the liner
downstream of the pilot zone discharge location. Either thirty or sixty fuel injectors were
used (on a full annular basis). Main zone combustion and dilution air is introduced through
sixty swirlers positioned on each side of the combustor (on a full annular basis).

The Phase 1I Vorbix design differed from the Phase 1 design in that the length of the pilot zone
was increased by 3.8 cm and the main zone length was reduced by 3.8 cm. The increase in .
pilot zone length was made to reduce residual carbon monoxide and unburned hydrocarbons
produced at idle conditions. The corresponding decrease in main zone length was expected

to reduce the main zone residence time, thereby reducing the formation of oxides of nitro-

gen,
b. Test Configurations

Initial testing of the Vorbix combustor was concentrated on demonstrating further reduc-
tions in emissions. Modifications were made to the pilot zone to reduce emissions of carbon
monoxide and total unburned hydrocarbons at idle conditions. Char=es were made to the
main zone to reduce emissions of oxides of nitrogen at high power conditions and also to
identify those design features that would affect the radial temperature profile and pattern
factor. Later testing was directed toward correcting performance deficiencies and main-
taining or improving the emission characteristics. The effect of pilot-to-main zone fuel split
was investigated for all configurations,

The configurations tested are summarized in Tables V111 and [X. Complete specifications
arc presented in Appendix A. In the pilot zone, changes were made to burning volume,
swirlerfaitflow schedule, and fuel itjector type. In the main zone, modifications were made
to the switler oricntation, fucl source density, fuel injection technique, and airflow schedule,
Details of these modifications arce discussed in the following sections.

Pilot Zone Volums

The pilot zone volume was increased approximately 30 percent in Configuration 18 in an
attempt to improve idle combustion efficiency. The revised pilot zone geometry is shown
in Figure 12, The volunie increase was specified based on results presented in Reference 2,
which indicate that combustion efficiency is proportional to available combustion volumne,
In Configuration S19 through S21, the entarged pilot volume was evaluated without a hood
attachment. For the remaining configurations, a hood detived from the cunent JT9D-7

hood was installed to reduce diffuser section pressure loss and to improve airflow feed to
the pilot zone.
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Pilot Zone Swirler/Airflow Schedule

Various pilot swirter arrangements and airflow distributions were evaluated to assess the
offect on combustor emission and performance characteristics. The pilot zone utilized for
the first five configurations was transferred directly from the final Phase I configuration,
with the exception of increased length, The swirlers admitted 13.3 percent of the total
combustor airflow and no liner dilution airflow was used. The swirler airflow was metered
by swirler open area in conjunction with an air cap in the form of a toroidal deflector
located downstream of the swirler vanes, The air cap, visible in Figure 13, directs the swirl-
ing airflow towards the swirler fuel nozzle centerline and augments the tangential velocity
component.

S s W ) BLOCKAGE R s )

RING l

| AIR CAP g
(HATCHED PORTION)

:7 J \ | S——— E
PRESSURE ATOMIZING LOW PRESSURE DROP
FUEL INJECTOR AERATING FUEL INJECTOR

Figure 13 Swirl Vorbix Combustor Pilot Burner Front-End Designs with Pressure Atomizing Fuel
Injector and Low Pressure Drop Aerating Fuel Infector

For Configurations $16 through 819, blockage rings were added to the pilot swirlers to re-
duce airflow to the range of 2 to 5 percent of the total combustor flow, This produced a
pilot equivalence ratio of approximately 2. Configurations S18 and 519 included approxi-
mately 6 percent pilot zone dilution air,

Pilot zone equivalence ratio was reduced for Configuration S20 by increasing the swirl ait-
flow to approximately 13 percent, This was accomplished by removing the air cap, in-
creasing the swirler size, and increasing the dilution airflow by approximately 0.7 percent.
In Configuration S21, the swirler flow was increased to 15.7 percent by the addition of a
concentric swirler and a revised air cap, In Configuration 8§22, the dual concentric swirlers
were replaced by a single JTID-70 type swirler with approximately the same flow ratc as
the concentric swirlers. This swirler was utilized for Configurations 822 through 825, with
adjustment of swirler airflow accomplished by changing the metering arca of the toroidal
deflector air cap,
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Pilot Zone_Fuel Injector Type

Two fuel injector types were investigated. Most testing was conducted with pressure atomiz-
ing fuel injectors which depend on the fuel pressure to atomize the fuel, Two tests were
conducted with low pressure drop aerating fuel injectors which utilize the pressure drop
within the combustor for fuel atomizing. The two fuel nozzle installations are shown in

Figure 13.

Main Zone Swirler Orientation

Main zone swirlers are located between main fuel injectors to promote mixing of the fuel and
air. In the Phase I program, testing revealed that the combustor exit radial temperature pattern
was influenced by the orientation of the swirlers, that is, whether adjacent swirlers provided
swirl in the same direction or in opposite directions. In Phase 11, the effect of swirl direction
was also investigated to determine if the Phase I results were applicable to the larger swirlers
used in Phase 1! and also to determine the effects of swirl direction on combustor performance,
The swirler arrangements evaluated in Phase 11 are shown in Figure 14.

MAIN ZONE {NJECTOR IN LINE
WITH PILOT NOZZLES {13)

CONFIGURATIONS 811,816 TO 5§25

MAIN ZONE INJECTOR IN LINE

WITH PILOT NOZZLES
CONFIGURATIONS §12 TO 816

IN CONFIGURATIONS
r/  S12AND 815

fla—— THESE NOZZLES

! ALSO FLOW FUEL

12 13 INJECTORS
813 7 INJECTOFS
$14 7 INJECTORS
§15 13 INJECTORS

U
4

figure 14 Swirl Vorbix Combustor Main Zone Swirler Orientations Evaluated in Phase 1f
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IViain Zone Fuel Source Density and Fuel Injection Technique

Three main zone fuel system variables were investigated as part of the Phase II program, The
first of these was fuel source density. Tests were conducted with seven and with thirteen

main zone fuel injectors (corresponding to thirty or sixty fuel injectors on a full annular basis).
The tests were directed toward confirming exit temperature distribution trends identified in
Phase 1 #nd determining the effect of reducing the number of injectors on emissions.

The second variation was fuel injector pressure drop. Tests were conducted with two different -
pressure drop levels, utilizing both seven and thirteen injectors at each pressure drop level, to
assess the effect on emissions and radial teraperature profile,

The third variation was the use of premixing tubes for each of the main zone fuel injectors, as
shown in Figure 15. The premixing tubes are designed to provide a rich, partially vaporized
fuel-air mixture with an equivalence ratic of three. This design was based on results obtained
from other Pratt & Whitney Aircraft programs and was expected to provide reduced emissions
of oxides of nitrogen at high power levels with additional benefits related to reduction in the
fuel nozzle coking tendency and simpler liner removal,

) t‘!_
\ {;

MAIN ZONE
1

PREMIX
TUBES 13 LOCATIONS

tigure 15 Swirl Vorbix Combustor Design With Premixing Tubes
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vlain Zone Airflow Schedule

Most of the changes in main zone airflow schedule were made to adjust the exit temperature
profile and pattern factor. The modifications included changes in air distribution to the
swirlers and changes to the dilution flow. The dilution hole pattern was keyed to syminetrical
combustor features, such as struts and fuel nozzle locations, since the air distribution developed
in Phase 11 would be transferred to full annular hardware for Phase 111

Initially, the flows through the inner and outer liner swirlers were approximately equal, with

a combined flow of 54.4 percent of the total combustor airflow. Beginning with Configuration
$20, the total main zone swirl flow was reduced to approximately 45 percent and the flow
split between the inner and outer swirler rows was progressively biased to provide decreasing
amounts of flow through the inner swirlers. In Configuration S25, the inner swirler flow was
11.5 percent and the outer swirler flow was 25 percent. Configuration S21 employed car-
bureted fuel injection with 7.8 percent of the flow passing through the carburetor or premixing
tube passage. Most of this flow was subtracted from the swirler flow, reducing the combined
swirler flow to 38.8 percent.

No dilution flow was initially provided in the main zone, Beginning with Configuration 316
dilution flow was introduced thirough the inain zone inner and outer liners with approximately
equal amounts through each liner. This flow split was progressively modified to tailor the
radial exit temperature pattern until, in Configuration 523, all of the main zone flow not
passing through the swirle.s was introduced through the outer liner, with a total dilution flow
of 11.8 percent. In Configurations $24 and 8§25, the circumnferential distribution of this flow
was varied to tailor the circumferential temperature pattern,

C. TEST FACILITIES AND EQUIPMENT
1. TEST FACILITIES

The combustor tests were conducted in two test facilitics. All of the emissions and petfor-
mance evaluations except for the altitude relight tests were conducted in a high-pressure test
facility, Stand X-903, located at Pratt & Whitney Aircraft’s Middletown, Connecticut, plant.
The aititude relight testing was conducted in an altitude test facility, Stand X-306, located at
the Rentschler Airport Laboratory in East Hartford, Connecticut. The capabilities of these
facilities and the procedures used have been fully described in the Phase I final 1eport, NASA
CR-134736.

Two significant improvements were niade to the high-pressure test lacility. An automatic
traversing rake system was installed to replace the fixed rakes for gas sampling, and a chem-
ilumensence analyzer for oxides of nitrogen was added to the exhaust gas instrumentation,

The Phase 1 traversing rake was modificd to include provisions for automated sequencing, in-
corporation of a removable thermocouple rake head, and thermocouple air cooling. The
automated sequencing system was specifically designed for compatibility with the gas analysis
instrumentation response time to ensure accurate sampling. The rake head, which is shown

in Figures 16 and 17, was split into two sections to permit rapid replacement of cither head
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scction, In addition, a platinum-rhodium air supply manifold was incorpora.ed to provide air
cooling of the thermocouples when temperature data were not heing taken. This system was
effective in protecting thethermocouples when local temperatures exceeded the liiits of

the thermocouples,

Thie chemilumensence analyzer became the primmary measuring system for the Phase 11 pro-
gram, The Phase 1 nondispersive infrared and nondispersive ultraviolet systems were retained

as backup systems and for measuring concentrations of NO and NO4, respectively.
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2. TESTRIGS

A schematic diagram of a test vig and adapting hardware installed in the test facility is shown
in Figure 18. The rigs used for Fhase 11 were cssentially the same as.those used in Phase L,
ach rig consisted of a 90-degree sector simulating a full annular combustor.
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Figure 18 Schematic Diagram of Test Rig Installed in the Test Facility

The combustor cases for the test rigs duplicated the JIT9D-7 engine diffuser and combustor
casc design as well as the diffuser strut orientation. The combustor cases for the Vorbix
combustor were the same as those used in the Phase 1 program while the combustor cases for
the Hybrid combustor were provided by modifying the Phase I premix combustor cases.

The modifications consisted of changing the main fuel nozzle bosses to accommodate the
eleven main nozzles for the hybrid combustor and capping the ten premix main nozzle bosses,

The test rigs differed in two respects from those used in Phase 1. First, the rear outer portion
of each =ase was sectioned and then joined with a mechanical attacliment. As shown in
Figure 19, this modification improved the accessibility to the combustor for visual and bore-
scope inspection, and also permitted rapid modifications to the rear outer liner hole patterns
without requiring removal of the rig from the test stand.

The second modification was the incorporation of positive scaling at the rear liner seal. In
Pliasc 1, sliding finger seals had been used at the rear of the liners, and leakage had occurred
as a result of nonuniform thermal growth. For Phase 11, the rear seals were fabricated as an
integral part of the rear liners, and the assembly was then bolted to the rig backplate. Radial
and axial thermal growth was accommodated by deflection of the seal. A typical rear seal
artangement is shown in Figure 20.
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The fuel system for the Vorbix combustor incorporated up Lo three separate nimifolds, one
for the pilot zone and two for the main zone, The two main zone manifokds permilted staging
of ¢ither six, seven, or al thirteen fuel injectors,

The fuel system for the Hybrid combustor was similar to that for the Vorbix combustor, with
one fuel manifold for the pilot zone and two for the main zone, ‘Fhe main zone manifokls
were arranged o permit staging of four, seven, or ail eleven fuel nozzles,

Figure 19 Combustor Rig Owter Case Showing Sectioning to fmprove Accessibility (XPN-52120)
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Figure 20 Vorbix Combustor Design Showing Rear Outer Seal Arrangement

D. TEST COMDITIONS
1. HIGH-PRESSURE TEST FACILITY

The combustor rig test conditions were chosen to simulate the design table estimates of the
JT9D-7 engine. Production engine performance data has verified that the design table esti-
mates are representative of actual engine conditions. The data were taken during sea-level
static production engine acceptance tests and included operation at idle, approach, climb,
and take-off conditions for an urinstalled engine.

Rig test conditions are shown in Table X together with the corresponding production engine
conditions. As shown, the engine idle comditions were exactly duplicated in the rig. At higher
power levels, the rig duplicated all engine parameters except for the inlet pressure and airfllow,
‘Ite inlet pressure was limited by the test facility capabilities. The airflow wis reduced ac-
cordingly to provide the engine levels of combustor reference velocity,
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The test rigs incorporated shroud bleeds to simulate biced flow to meet turbine cooling re-
quirements. The biceds used in the rig duplicated those required in the engine, thereby
providing representative shroud airflow characteristics and combustor pressure loss.levels in
the rig,

In addition.to the tests conducted at simulated engine conditions, tests were conducted with
parametric variations of overall fuel-air ratio at a!l simulated engine operating conditions,
Parametric variations of inlet temperature and reference velocity were also made for selected
combustor configurations.

The test program included main burner fuel staging tests for 211 configurations at simulated
sea-level take-off conditions. In addition, circumferential staging was evaluated for selected
configurations at the approach and take-off test conditions.

2. ALTITUDE TEST FACILITY

Altitude stability and windmilling starting tests were conducted at simulated JT9D-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 sector rig. The range of
conditions that were simulated are shown in Figure 21 together with a typical JTID engine
relight envelope.

The windmilling starting tests conducted in the combustor rig were made at stabilized condi-
tions while the engine is required to relight immediately after a blowout with the combustor
and fuel system still warm, As a result, the limits demonstrated in the rig are conservative
relative to the relight capability at actual engine conditions following blowout.

T, WK F50K mIK 269K
AR ) oa%8 1004 1249

30 KG;'S KG'S KRGS KGIS
s

80—

49

T LINES OF
T CONSTANT
ATHF LRy

ALTITUDE METERS X 1000

‘Fun @ SECTOR MIG

e
0? [E] [T LE) [ [X] o8 09 14
FLIGHT MACH NUMSER

Figure 21 JT9D Relight Envelope
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E. DATA ANALYSIS PROCEDURES

1. PERFORNMANCE DATA

Measured and calculated combustor performance parameters are listed in Table X1 and de-
fined below.

TABLE XI

SUMMARY OF REPORTED COMBUSTOR PERFORMANCE PARAMETERS

Parameter Symbol Units Measured Caleunlated
Total Airflow W4 kels X
Total Combustor Airflow Wop kgfs X
Pilot Fuel Flow Wy pri kg/s X
Main Fuel Flow W seo kgfs X -
Total Fucl Flow Wi tot kg/s X
Fuel Tempcrature Truel K X
Inlet Total Temperature Tia K X
Inlet Total Pressure Piy atm X
Reference Velocity Viof m/fs X
Pattern Factor PF —— X
Inlet Air Humidity H -g,HQOIkg air X
Fuel-Air Ratio fia e X

Total Comiustor Airflow

The total combustor airflow is calculated by subtracting the measured inner and oufer turbine
cooling sir bleed flows and the estimated 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 combus-
tor airflow, at the compressor discharge temperature and static pressure, were pzasscd through
the combustor liner at the maximum cross-sectional area. This area is 0.098 m# for the Hy-
brid combustor sector tig and 0,056 m~ for the Vorbix combustor sector rig.

Pattern Factor

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

T - T
. t5 max t5 avg.
Pattern Factor = — B

Tis ave, - Tiq
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where:
'I‘t 5 max = Highest local temperature observed at the combustor exit plane
TtS avg - Average combustor exittemperature (calculated from the

carbon-balance fuel-air ratio and the corresponding combustor
inlet temperature and pressure) —_

Ti4 Combustor inlet temperature

Fuel-Air Ratio .

The fuel-air ratio is the ratio of fuel flow to total combustor airflow. Fuel-air ratio was
calculated from measured values of total fuel flow and airflow. The independent fuel-air
ratios for the pilot and main zones were determined by dividing the total fuel-air ratio in
proportion to the measured fuel flow rates to each of the burners. Hence, the sum of the
pilot and main zone fuel-air ratios equals the total fuel-air ratio.

2. EMISSION DATA
a. Fuel-Air Ratio Calculations

Fuel-air ratios arc reported on the basis of measured fuel and air flows (performance basis).
This differed from Phase 1 where the carbon balance technique was used as the basis for the
reported data. The change was made possible by the addition of the automated traverse rake
and by the use of data obtained between the diffuser strut projections where average values
can be obtained free from sidewall effects. 1n analyzing the data, emission indicas were cal-
culated using the local carbon-balance fuel-air ratios, and correlations were then made using
overall average fuel-air ratios calculated on the performance basis.

b. Combustion Efficiency

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 assumption that the total concentration of unburned hydrocarbons
could be assigned the heating value of methane (CHy). The equation was

[4343x + 21500y
Ne = lOO—lOOL 18.4(10)6]
wlere:
x = Measured carbon monoxide concentration in g/kg fucl
y = Measured total unburned hydrocarbon concentration in gfkg fuel
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¢. Extrapolation of Rig Data to Engine Conditions

Since the combustor sector rig was unable to simulate the combustor inlet pressure at con-
ditions above idle, the emissions data for oxides of nitrogen, carbon monoxide, and total
unburned hydrocarbons obtained at the rig test conditions required correction to the en-
gine conditions to permit comparison of the results with both the Experimental Clean Com-
bustor Program goals and with the current JT9D-7 emission levels. The correlations used
are described in the following paragraphs.

Correlaticn for Oxides of Nitrogen

Oxides of nitrogen are reported as equivalent NO,.

The correlation used to scale oxides of nitrogen values to engine pressure levels and to correct
the values for small differences between the actual rig conditions and the desired engine con-

ditions is as follows:

NOX COIT,

where:

and subscripts:
corr. =

meas. =

38

0.5
Pt4 COIT, Vief. meas. T¢s corr.

\'/

=[NO

X meas
ref. corr. Tt5 meas.

[Tt4 COIT. ~ Ttt’f meas.]
288

Pt4 meas.,

e18.8 (Hpeas - Heorr M| | ©

Emission index of oxides of nitrogen.
Inlet total pressure (atm)

Inlet total temperature (K)

Reference velocity (im/s)

inlet specific humidity (g H,O/kg air)

Combustor cxif temperaiure

Relates to value at corrected condition

Relates to value at measured condition




In this program, this correlation was used to extrapolate the experimental data to the condi-
tions shown in Table X. It could also be used to extrapolate the experimental data to other
conditions of inlet pressure, temperature, fuel-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, particularly to the equivalence ratio in the burning zone.
Consequently, use of this correlation was restricted to relatively small adjustments.

Correlations for.Carbon Monoxide and Total Unburned.Hydrocarbons

Total unburned hydrocarbons are reported as equivalent CHy,

Emission indices for carbon monoxide and total unburmned hydrocarbons were scaled to engine
pressure levels by scaling inversely to inlet pressure. This correlation has been used success-
fully to reduce data scatter in production JT9D-7 engine carbon monoxide and unburned
hydrocarbon data, as discussed in Reference 2.

d, Calculation of EPAP Values {Class T2)

Values for the Envitonmental Protection Agency Parameter (EPAP) were calculated on the
basis of the emission indices extrapolated to engine conditions. The parameter is defined as
follows:

4
¥ El; Wg; TIM;

EPAP =
Zil FNi TIM;
where:
El =  Emissions index
Wy = Fuel flow
TIM = Time in mode
i =  Mode index
Fyn = Net thrust

The mode indices and times in cach mode are defined in Table XII.

Since the fuel flow, time in mode, and net thrust for the JT9D-7 engine are all tnown for
each operating condition, the caiculations for this program were simplified by defining co-
efficients combining these terms for each operating condition. These cocfficients were de-
fined as:
We . TIM
fc c
EPAP Coefficient, = 2
r P TIM
i
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!
where ¢ denotes the operating condition for the particular coefficient. The resulting values ]
for the coefficients are presented in Table X1I. With these coefficients, EPAP values could
be calculated by multiplying the emission indices for each operating condition by the appro-
priate coefficient and summing,
TABLE XII
DEFINITION OF EPAP CONDITIONS 5
AND EPAP COEFFICIENTS FOR IT9D-7 ENGINE -
Time EPAP
Index Operating in Mode Coefficient
Number Condition (Minutes) (Ib/hr 1b)
1 Idle 26.0 0.1763 (Unbled)
0.1728 (Bled)
2 Approach 4.0 0.0682
3 Climb 2.2 0.1065 §
4 Take-off 0.7 0.0414
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CHAPTER IlI
PHASE |1l PROGRAM RESULTS
A, INTRODUCTION

The foltowing scctions present cinissions and performance data for both combustor con- —.—
cepts. The data sections arc followed by a discussion of the devclopment status of each
concept and identification of the concept sclected for the Phase 111 demonstration program.
The data are the results of tests conducted on seven Iybrid and 15 Vorbix combustor con-
figurations. The program accumulated 338.5 hours of rig testing. The cmissions data cx-
cept for the simoke data have been scaled from the rig test conditions to typical engine op-
erating conditions using the procedures described in Chapter IL

B. HYBRID COMBUSTOR
1. EMISSION RESULTS
Idle Results

The test results obtained for the Hybrid combustor configurations at idle conditions are
summarized in Table X111 Data are presented for both idle conditions (with and without
simulated compressor bleed) since data were obtained at both conditions and correlation
of the data to a single set of conditions was not practical. Generally, the test condition
with compressor blecd would be expected to produce higher emissions since the combustor
inlct pressure and temperature are lower, both of which are known to produce higher emis-
sions, and because the fuel flow rate is lower, resulting in less effective fuel atomization.

As shown in the table, nearly all Hybrid configurations closely approached or exceeded the
program idle pollutant goals. Best results at idle with bleed were achieved with Configura-
tion H4, where carbon monoxide and total unburned hydrocarbon emission indices were
60 percent and 87.5 percent below the goal values, respectively. Best results at the unbled
idle condition weie achieved with Configuration 117 where the carbon monoxide and total
unburned hydrocarbon emission indices were 80 percent and 28 percent below the goal
values, respectively.

The tabulated data indicate significant differences in idle emissions for the different config-
urations. The differences appear to be related to the pilot zone equivalence ratio rather
than to changes in the basic cmissions characteristics. This effect can be seen in Figure 22

which is 4 plot of carbon monoxide emissions versus overall fuel-air ratio. This shift is par-
ticularly noticeable for Configuration 15 for which the pilot zone equivalence ratio was in-
creased 50 percent at the design fucl-air ratio over that of the other configurations.
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TABLIL X1il

HYBRID COMBUSTOR EMISSIONS AT IDLE CONDITIONS

Emissions Index gg[kg fucl)

) Oxides Total Combustion
- of - Carlron Unburned Efficiency
’ Configuratioun Nitrogen Monoxide Hydrocarbons (Percent)
o Goal 20.0 4.0 99.0
WITH BLEED
H1 3.1 12.0 8.0 98.8
H2 3.7 9.0 0.7 99.7
H3 34 10,0 0.4 99.7
- H4 3.2 8.0 0.5 99.8
H5 3.7 17.0 0.5 99.5
H6 3.8 9.0 44 99.3
H7 3.3 44,0 4.1 98.5
WITHOUT BLEED
- H3 2.6 24.4 6.5 98.7
l‘ H7 2.8 39 2.9 9.6
“l.;
- Notes:
—s: With Bleed: Emissions data for oxides of nitrogen corrected to combustor inlet total
: temperature of 428K, inlet pressure of 2.93 atm, reference velocity of
18.3 in/s, humidity of 6.29 g/kg, and fuel-air ratio of 0,0126.
‘ - Emissions of carbon monoxide and total unburned hydrocarbons cor-
T rected to combustor inlet pressure of 2.93 atm and fucl-air ratio of
. 0.0126.
Efticiency based on carbon balance data.
B Without Bleed: Emissions data for oxides of nitrogen corrected to combustor inlet total
temperature of 464K, inlet pressure of 3.95 atm, reference velocity of
20.6 m/s, humidity of 6.29 g/kg, and fucl-air ratio of 0.010.
Emissions of carbon monoxide and total unburned hydrocarbons cor-
rected to combustor inlet pressure of 3,95 atin and fucl-air ratio of 0.010,
Efficicney based on carbon balunce data,
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Take-off Results

The tost results obtained at take-off conditions arc presented in Table XIV. None of the
configurations met the goal for oxides of nitrogen cinission levels at sca-level take-off condi-
tions. llowever, levels of oxides of nitrogen significantly lower than those produced by the
current production JT9D-7 combusior were achieved., The best configurations demonstrat-
ed oxide of nitrogen cmission levels that were approximately 60 percent lower than those
produced by the current JTID-7 combustor. These levels are still approximately 50 pcreent
above the emission index-level goal of 10,

The take-off results generally do not show significant changes in the emission levels as a re-
sult of the changes in configuration. Configuration H4 is prominant, however, with its
significantly higher emissions of oxides of nitrogen, This difference was caused by an in-
crease in main zone equivalence ratio produced by shifting the main zone outer swirler
flow to the outer liner dilution holes.

Smoke numbers recorded at take-off conditions were very low, ranging from 1 to 4 for all
Hybrid configurations, However, it should be noted that the absolute SAE smoke numbers
reported were measured at rig pressures and were not corrected to engine pressure levels.

TABLE XtV

HYBRID COMBUSTOR EMISSIONS AT SEA-LEVEL TAKE-OFF CONDITIONS

Finissions Index (g/kg fucl}

Pilot Oxides Total Combustion
l*uel-Adr of Carbon tinbured Efficiency Smoke
Configuration  Ratio Nitrogen  Monexide  Hydrocarbons (Percent)  Number
Goal 0.0 99.0 15
H1 00453 13.89 15.79 9.40 98.5 —
0.00560 14,92 10.65 6.14 99.0 -
0.00681 16.28 212 201 499.7
12 0.00435 18.59 19.36 .09 984 -
0.00553 1790 195 0.20 99.9 |
0.00791 [EX .38 017 99,9 -
14 0.00541 498 R.04 0.83 99.7
0.00131 24.52 1.37 0 100.0
0.00968 24,59 0.7% 0 99,9
115 0.000329 16601 13,04 16.37 91.5
0.0usi 17.69 4.30 (.12 99.5
0.00910 25,88 540 u.ol 99.8
16 0.00123 2202 16,31 LA 986
0.00300 2005 0.8 t3.4¢ 7.9 4
0.004:43 19,06 £5.53 n? 9.2 2
0.00759 16.57 5.08 [ 490_H
"7 0.00705 1632 4,0} 0.3 "W
0.00931 18.58 [ 0.69 CUR )
Nutes. Fmissivhs data fur oxides af nitrogen cutrecied o combustor infet total

temperature of TO7K. . et pressure of 21.09 atm, reference velocity of
25,8 mys, humidity of 6.29 g/kg, and combustor exit total temperatun
of 14806K ¢overall Tugl-ait ratio of 0.0215).

Fmissions of carbon monoxide and total unbumed hydrocarhons cor-
rected to combustor inlel pressuse of 21.0% atm.

Fiticien:y based on carbon hatance data,
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Approach Results

The results obtained at simulated approach conditions are tabulated in Table XV, These
results showed that the lowest emissions at approach conditions were obtained with fuel
supplicd only to the pilot zone, With fuel supplied to both the pilot and main zones, high
emissions of carbon monoxide and unburned hydrocarbons resulted, although the emissions
of oxides of nitrogen were somewhat lower than when only the pilot zone was used. Sup-
plying fuel to the main zone only produced lower emissions of carbon monoxide and un-
burned hydrocarbons than obtained when both zones were used, but the results were not

as good as those obtained with fuel supplied only to the pilot zone. Selected configurations
were tested with fuel supplied to only a portion of the main injectors, and in all cases, ef-
ficciency improved as the number of main nozzles fueled was reduced.

TABLE XV
HYBRID COMBUSTOR EMISSIONS AT APPROACH CONDITIONS

Limissions Index (g/kp fuel) _

Pilot Main Burner Oxides Total Combustion
Fuel-Air Fuel-Air of Carbon Unburned Efficiency
Configuration Ratia Ratio Nitrogen Monoxide Hydrocarbons (Percent)
H2 0.01039 0.00280 4.18 34.56 229.20 727
0.00683 0.0067) 204 88.92 239.03 70.3
"3 0.01319 0 8.72 1.50 0.95 299
H3 - 11 main injectors 0 0.01352 1.75 10.57 1.59 99.6
H3 - 7 main injectors 0 0.01349 713 9.19 0.32 99.7
H4 - 4 main injectors 0 0.01341] 651 41,27 1.35 98,9
H4 0.01381 0 9.34 1.71 041 99.9
HS 0.01325 0 12.0i 1.13 1.45 99.8
H5 - 11 main injectors 0 0.01354 3561 98.94 76.56 B3.8
HS - 7 main injectors 0 0.01338 5.53 05.93 063.02 91,2
HS - 4 main injectors 0 0.01280 6.55 59.31 38.86 94.1
Ho 0.00690 0.00697 375 76.04 G6.42 90.5
0.00480 0.00878 1.52 64.56 55145 3475
H7 0.01338 0 3.90 23,88 on 99.4
Notes: Emissions data for oxides of nitrogen cortected to combustor inlet totat

tempetature of 586 K, inlet pressure of 8,51 atm, reference velocity of
23.3 my/s, humidity of 6.29 g/kg, and combustot exit total tempetatute
of 1G62K.

Emissions of carbon monoxide and total unburned hydrocarbons corrected
to combustor inlet pressune of 5,51 atm,

Efficiency based on catbon balance data.
This behavior is related to the narrow stability limits of the pilot and main zones of the
Hybrid combustor and to the relatively severe operating conditions at approach. At these

conditions, the overall fucl-air ratio is too low to pennit simultancous efficient operation
of both stages,
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This result is unfortunate from an operational standpoint since it would require staging of
the main zone during engine ceceleration for a missed approach, thereby increasing the en-
gineacceleration time from the approach condition.

Climb Results

The test results obtained at simulated climb conditions are shown in Table XVI. These data:
were obtained at fuel splits that provided aceeptable cfticicney levels at take-off conditions.

At climbout, combustion efficiencies were generally over 99,5 percent with oxides of nitro-
gen levels reduced 66 percent relative to the current production JT9D-7 levels.

TABLE XVI1
HYBRID COMBUSTOR EMISSIONS AT CLIMB CONDITIONS

Emissions Index {g/kg fuel)

Pilot Oxides . Total Combustion

Fuel-Air of Carbon Unburned Efficiency

Configuration Ratio Nitrogen Monoxide  Hydrocarbons (Percent)
H2 0.00721 10.35 10.46 1.29 99.6
H4 0.00515 21.75 29.56 29.34 95.9
0.00607 18.81 33.56 35.05 95,2
0.00747 16.42 39,77 40.87 94.3
H5 0.00518 9.89 12.26 1.47 99.5
He6 0.00757 12.22 11.24 1,36 929.6
17 0.00756 14,17 11.24 1.55 99.6

Notes:  Emissions data for oxides of nitrogen corrected to combustor inlet tetal temperature
of 735K, inlet pressure of 18.51 atm, reference velocity of 25.5 m/s, humidity of
6.29 g/ky, and combustor exit total temperature of 1396 K.

Emissions of carbon monoxide and total unburned hydrocarbons corrected to com-
bustor inlet pressure of 18,51 atm.

Efficiency based on carbon balance data.
Cruise Results
Emission data were recorded at simulated altitude cruise conditions for selected configura-

tions because of rezent concern with the effects of potlutants released by aircraft engines in
the stratospherc. The emission data are presented in Table XVII,
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TABLL XV

LHYBRID COMBUSTOR EMISSIONS AT CRUISE CONDITIONS

Jinissions Index ]g[kg fuel)

Pilot Oxides Total Combustion
Fuel-Air of Carbon Unburned Efficiency
Configuration Ratio Nitrogen Monoxide Hydrocarbons {Percent)
JTOD-7* - 222 1.0 0.2 -
H6 0.00768 7.89 23.93 4.26 98.9
117 0.00762 9.54 28.52 4.11 98.8

Notes: *Estimated values

Emissions data for oxides of nitrogen corrected to combustor inlet total tempera-
ture of 704 K, inlet pressure of 9.31 atm, reference velocity of 23.8 m/s, humidity
of 6.29 gfkg, and combustor exit total temperature of 1413 K.

Emissions of carbon monoxide and total unburned hydrocarbons corrected to com-
bustor inlet pressure of 9.31 atm.

fficiency based on carbon balance data.

Best results were achieved with Configuration 116 where combustion efficiency was 98.9
percent and the emissions of oxides of nitrogen were reduced 64 percent relative to the cur-
rent production JT9D-7 estimated level.

EPAP Results

The emission results for idle, approach, climb, and take-off conditions were used to caleu-
late PAP values for cach configuration for whichsufficient data were available, and the re-
sults are presented in Tables XVIII and XIX. The emission levels used in the calculations
were sclected from test data curves to provide the best overall emission levels when com-
promises between one class of emissions and another were required. The data uscd fo1 the
approach condition correspond to operation of the pilot only for all configurations except
H2 and 16, where both zones were fucled.

As shown in Tables XVIII and X1X, the best overall results were obtained with Configura-
tion H7. Relative to the JT9D-7 production engine EPADP values, this configuration provid-
od a 42-pereent reduction in the emissions of oxides of nitrogen, a 56-percent reduction in
the emissions of carbon monoxide, and an 82-percent reduction in the emissions of un-
burned hydrocarbons. The improvements in carbon monoxide and total unburned hydro-
carbon emissions were obtained primarily at idle conditions while the improvenient in the
cmissions of oxides of nitrogen were obtained primarily at take-off and climb conditions,
Configurations 12 and 16, which were operated staged at approach, meet the oxides of ni-
trogen goal at the expense ol large increases in unburned hydrocarbons and carbon monox-

ide,
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TABLL XVII
HYBRID COMBUSTOR EPA PARAMETER EMISSIONS RESULTS
EPA Parameter

(1bm., pollutant/1000 Ibf, thrust -
hrflanding-take-otf cycle)

Oxidesof  Carbon  Total Unburned SAE Smoke ldle

Configuration  Nitrogen Monoxide  Hydrocarbons Number Condition

JTOD-7 (1} 59 8.5 39 4 Without Bleed

Goal (2) 3.0 4.3 0.8 15

H?2 2.5 89 16.6 i With Bleced

H4 (3) 4.5 47 3.2 - With Bleed

H5 (3) 33 4.6 0.4 - With Bleed

Hé6 29 8.2 5.5 4 With Bleed

H7 (3) 34 10.8 1.0 - With Bleed

H7 (3) 34 3.7 0.7 - Without Bleed

Note: All data corrected to JT9D-7 engine conditions.

(1) Based on initial production test results for combustor EC 289386.

(2) 1979 EPA rule levels for class T2 engines.

(3) Pilot only fucled at the approach conditions,
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2. PERFORMANCE RESULTS

In addition to the combustor emission measurcments, performance measurements were
made during the Phase 11 program to determine pressure loss, exit temperature pattern, idle
lean blowout limits, altitude stability and relight characteristics, and durability. The results
of these measurements for the Hybrid combustor are summarized below.

Pressure Loss

The measured values of the combustor, diffuser, and total combustion system pressure losses
are summatrized in Table XX. As shown, the Hybrid combustor generally operated close fo
the goal of six percent.

TABLE XX
SUMMARY OF PRESSURE LOSS TEST RESULTS
FOR HYBRID COMBUSTOR
Overall Diffuser
Pressure Combustor and Shroud
Configuration Loss (Percent) Loss (Percent) Loss (Percent)

Goal 6.0 - — - —
JTOD-7 5.4 S -
H1 6.5 2.0 39
H2 6.4 2.5 3.9
H3 6.7 2.3 4.4
H4 6.7 2.3 4.4
H5 5.6 2.1 35
H6 5.8 24 34
H7 6.4 2.8 36

Exit Temperature Data

Exit temperature traverse data were taken at idle conditions and at simulated take-off con-
ditions. ‘The resulting data were plotted as circumicrential profiles which were then reduced
to exit temperature pattern factors and average radial temperature profiles. It should be

noted that the maximum allowable temperature for the traverse rake was 1800 K, which pre-
cluded the acquisition of data at the full sea-level take-off fucl-air ratio. As a result, most

data taken at high power conditions were obtained at a fuel-air ratio of 0.016. For these tests,
pattern factors were caleulated on the basis of the maximum temperature observed with the
operational thermocouples, The average combustor exit temperature was computed from

the measured fucl-air ratio,
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TEMPERATURE ~ K

The circumferential temperature profiles for the Hybrid combustor at idle and sca-level take-

off conditions are shown in Figures 23 and 24, These profiles show regions of increased temp-

erature in linc with the diffuscr struts, particularly at idle conditions. These data suggest
that the sheltered regions dowanstream of the struts are functioning as flameholders for the
pilot zone.
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As shown in Table XXI, the pattern factor values for the [lybrid combustor ranged between
0.40 and 0.47 at sea-level take-off conditions. Although these values arc significantly higher
than the goal of 0.25, there was no attempt made to improve the pattern factor during the
Hybrid test program. Values arc comparable to those for the current production JT9D-7 en-
gine. The pattern factors for the Hybrid combustor at idle conditions are very high because
of the radial staging used at idle conditions, but, since the average temperatures are low at
idle conditions, the high pattern factors may not pose a turbine durability problem.

TABLE XXI

SUMMARY OF HYBRID COMBUSTOR EXIT
TEMPERATURE PATTERN FACTOR RESULTS

Pattern Facior

Idle Take-Off -
Configuration Conditions Conditions
Goal - 0.25
JT9D-7 - 0.42
Hi 1.33 0.45
H2 1.49 0.44
H3 1.02 S
H4 1.10 0.47
HS5 1.84 - -
Ho 1.94 0.40
H7 1.43 - —

A typical radial temperature profile for the Hybrid combustor at idle conditions is shown in
Figure 25. The high temperatures near the inner wall of the combustor are a consequence
of the pilot zone location.

At sca-level take-off conditions, the Hybrid combustor produced a radial temperature profile
that approaclied the baseline profile for the JIT9D-7 combustor, as shown in Figure 26. The
temperatures are slightly higher than the baseline profile near the outer liner and slightly lower
near the inner liner,

Idle Lean Blowout Limits
Table XX suminarizes the idle lean blowout results for the Hybrid combustor. The lean

blowout limits were all significantly higher than those for the JT9D-7 combustor and are
unacceptable, Poor blowout characteristics arc characteristic of premix type combustors.
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TABLE XX

SUMMARY OF HYBRID COMBUSTOR IDLE
LEAN BLOWOUT TEST RESULTS

idle
Lean Blowout
Configuration Fuel-Air Ratio
Goal —_ —-—
JT9D-7 < 0.004
H1 0.0077
He6 0.0063
H7 0.0067

Notes: Data taken with simulated compressor bleed. Nominal inlet conditions were
inlet pressure of 2.93 atm and inlet temperature of 428K.

Altitude Stability and Relight Results

Altitude stability and relight characteristics were determined for Hybrid combustor Config-
urations H5 and H6, and the results are shown in Figure 217. The data have been plotted on
the JT9D-7 engine relight envelope for comparison purposes. The outer envelope indicates
the enginc requirement for relighting with a hot engine, while the rig baseline limit indicates
the requirement for lighting from a cold-soak condition, which was the condition used for
the Phase 11 combustor tests. 1t should be noted, however, that the minimum pressure blow-
out limit must exceed the hot engine relight requirement by a considerable margin if the
engine is to accelerate successfully after ignition.

As indicated in Figure 27, only minimum pressure blowout data were obtained for the Hy-
brid combustor, since neither configuration tested could be lit at altitude conditions. Con-
figuration HS reached its minimum pressure blowout limit below the minimum required al-
titude for relight, and, therefore, has no potential for meeting the relight requirement. Con-
figuration H6, however, demonstrated a blowout limit above the relight altitude require-
ment and, therefore, might be developed to meet the relight requirement through relocation
of the igniter plugs or modification of the fucl spray pattern. The difference in altitude
characteristics is attributed to the 50-percent leaner pilot zone equivalence ratio in Config-
uration 6.

Combustor Durability

Durability problems in the Hybrid combustor were confined primarily to the pilot flame-
holder region. / serics of modifications were made to correct the situation, and some im-
provement was obtained. In Configuration H2, the design of the flameholder attachment
to the inner liner was modificd to permit thermal expansion of the flamcholder. In Con-
figuration 113, cooling holes were added in the trailing edge of the flameholder, and in Con-
figuration 16, cooling of the outer portion of the trailing edge of the flamcholder was in-
creased. These changes were effective in improving the durability and permitted 80 hours
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of testing without further modifications. Ilowever, significant deterioration still occurred,
primarily in the arca near the attachment of the flamcholder to the inner liner. The dura-
bility of the Hybrid combustor liners and main burning zone appeared satisfactory through-
out the test program.
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Figure 27 Minimurm Pressure Blowout Test Results for Hybrid Combustor Shown on JT9D-7 Altitude
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C. VORBIX COMBUSTOR
1. EMISSION RESULTS
Idie Results
The einission results obtained at idle conditions are summarized in Table XXIII.
Data were obtained both with and without simulated blecd. Generally, the trends were the
same for both sets of conditions for emissions of unburned hydrocarbons and oxides of ni-

trogen, but the emission levels for carbon monoxide were significantly lower without simu-
lated bleed,
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TABLL XXIH . —
VORBIX COMBUSTOR EMISSIONS AT IDLE CONDITIONS
Bmissions Index (g/kg fuel)
Oxides Total Combustion
of Carbon Unburned Efficiency
Configuration Nitrogen Monoxide Hydrocarbons (Pereent)
Goal 20 4 99.0 -
WITH BLEED
_ 811 38 39.0 1.2 98.9
i S12 3.4 37.7 1.7 98.9
s13 3.4 37.7 1.7 98.9
Si4 34 377 1.7 93.9
§15 34 37.1 1.7 938.9
Sie6 32 61.6 1.0 93.4
- 817 2.7 553 1.3 98.5
= Si8 2.9 69.8 1.1 93.2
. 519 2.8 64.8 0.2 98.4
. 520 31 46.3 6.2 98.2
- 821 2.9 43,0 2.3 98.7
' $22 3.1 54.4 2.8 98.4
- 523 36 35.2 10 99.1
f 525 29 40.5 0.5 99.0
WITHOUT BLEED
520 4.0 270 3.5 99.0
S21 3.4 280 1.6 99,2
522 3.7 39.5 2.8 98.8
) 523 4.1 15.0 20 99.0
824. 3.8 320 2.1 99.0
525 2 18.5 0.5 99.5
Notes: Emissions data for exides of nitrogen with bleed corrected to combustor inlet total
temperature of 428K, inlet pressure of 2.93 atm, reference velocity of 32,0 m/fs,
humidity of 6.29 gfkg, and Tucl-air ratio of 0.0126.
Emissions data for oxides of nitrogen without bleed corrected to combustor inlet
temperature of 464K, inlet pressure of 3.95 atm, reference velocity of 35.9 m/fs,
humidity of 6.29 g/kg, and fuel-air ratio of 0.0100,
o Esnissions of carbon monoxide and total unbumed hydrocarbons corrected to com-
S bustor inlet pressure of 2,93 atm and fucl-air ratio of 0.0126 with bleed and to com-
- bustor inlet pressure of 3.95 and fuel-air ratio of 0.0100 without blced.
Efficiency based on carbon balance data.
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Generally, idle pollution resutts were disappointing in that carbon monoxide concentrations
excecded the goals for nearly all configurations investigated. However, the carbon monox-

ide goal was achieved with Configuration 825. The total unburned hydrocarbon woals were
achicved with most configurations,

Attempts fo reduce carbon monoxide through primary zone modifications including airflow
redistributions, fuel spray maodification, and volume modifications were incffective, The
lack of response of the Vorbix combustor to conventional idle emissions reduction tech-
niques suggests that the throat region und the massive introduction of dilution airflow
through the main swirlers immediately downstream of the throat werc prematurely quench-
ing the combustion gases and thus inhibiting carbon monoxide oxidation. Test results from
the later Vorbix configurations, in which reduction of main swirler airflow was accompanied
by reduced idle carbon monoxide levels, tend to support this conclusion,

Take-off Results . ..

The test data for sea-level take-off conditions is summarized in Table XXIV,

The Vorbix combustors exhibited emission levels for oxides of nitrogen that were signifi-
cantly below the current JT9D-7 production combustor level, This improvement was ob-
tained concurrently with high combustor efficiency. Several configuraiions approached or
exceeded the goal for emissions of oxides of nitrogen.

The modifications to reduce emissions of oxides of nitiogen involved changes in swirler and
dilution airflow distribution. Significan’ reductions in emissions were achieved, with Con-
figuration S23 producing an cimissions index for oxides of nitrogen of only 9.0 with an
efficiency of 99.6 percent, surpassing the sea-level take-off emissions index goal for oxides
of nitrogen of 10. Configuration 825 achieved an emissions index for oxides of nitrogen of
10.8 with an efficiency of 99,8 percent. Although the lowest emissions for this configura-
tion were slightly higher than those for Configuration §23, the overall emissions and effic-
iency characteristics of Configuration S25 were superior, as shown in Figure 28.

Reducing the number of main fucl injectors by 50 percent and the use of premixing tubes
were investigated, but neither produced significant reductions in the cmissions of oxides
of nitrogen. The premixing tubes offer potential benefits of reduced tendency for nozzle
coking and relatively constant fuel spray penetration at all operating conditions, but exai-
bited localized durability problems. A full evaluation of the potential of the premixing
tubes was not pursued in the Phase 11 program,

As with the Hybrid combustor, smoke levels measured at rig pressures were very low, rang-
ing from SAE smoke numbers of 1 to 5. Configuration $12 was an exception, however,
producing an SAE smoke number of 9. 1t should be noted that the absolute SAE smoke
numbers were measured at rig pressures and were not corrected to engine pressure,

57

R

——y




TABLL XXIV

VORBIX COMBUSTOR EMISSIONS AT SEA-LEVEL TAKE-OFF CONDITIONS

Emissions Index (g/kg fucl)

58

Pilot Oxides Total " Combustion
Fucl-Air of Carbon Unburned Lfficiency Smoke
Configuration Ratio Nitrogen Monoxide Hydrocarbons {Percent) Number
Goatl 10.0 15
S11 0.00359 14.60 10.70 0.80 99,7 - —
0.0047] 15.28 3.83 0.10 99.9 - —
0.00563 16.09 2.36 0.03 99,9 -
0.00645 16.86 1.72 0.08 100.0 - —
S12 0.00357 15.62 18.35 1.22 99.4 9
0.00465 15.46 16.58 0.44 99.6 - —
0.00580 16.85 12,72 0.34 99.7 ——
0.00730 18.46 10.37 0.27 99,7 -
813 0.00884 21.68 6.26 0.1o 99.8 - —
Si4 0.00420 19.72 15.71 0.90 99.5 - —
0.005719 21.79 4,91 0,35 99.8 - —
0,00900 28,79 4.80 0.12 99.9 - —
S15 0.00412 13.51 23.24 1.26 99.3 -
0.00579 16.07— 19.75 0.71 99.5 -
S16 0.0052] 17.57 8.35 0.16 99.8 —-—
0.00754 22.87 7.22 0.08 99.8 - —
0.00970 22.64 2.75 0 99.9 -—
517 0.00215 12.87 26.73 3.52 98.9 -
0.00422 18.02 11.23 0.36 99.7 - —
0.00542 i9.76 8.10 0.22 99.8 - -
0.00748 22.48 6.65 0.16 99.8 - -
0.00983 24.71 3.85 0.07 99.9 -
S18 0.00322 20.32 11.27 0.26 99,7} - -
0.00417 23,18 8.86 0.13 99.8
0.00534 25.76 1.36 0.10 99.§ -
0.00733 24.97 4.09 0.03 999 -
0.00970 24.09 2.63 0.02 999
519 0.00770 - 3.45 0.07 990




TABLE XXIV (Cont’d)

____Limissions Index (g/kg fuel)
Pilot Oxides Total Combustion
Fuel-Air of Carbon Unburned Efficiency Smoke
Configuration Ratio Nitrogen Monoxide Hydrocarbons (Pereent) Number
S20 0.00224 13.06 20.63 4.02 99.0 4
0.00329 13.79 13.97 0.62 99.6 2
0.00445 14.74 9,99 0.13 99.7 4
0.00767 18.09 3.40 0.03 999 3
S21 0.00310 11.64 31.87 8.45 98.3 -
0.00414 14.04 13.93 0.58 99.6 - -
0.00692 19.93 4.60 0.26 99.9 — -
0.00747 21.28 3.98 0.13 99.9 i
8§22 0.00207 14.96 9.29 0.74 99,7 —_—
0.003006 15.10 6.40 0.35 99.8 1
0.00422 16.26 4.17 0.26 999 -
0.00521 16.84 2.36 0 99.9 - -
0.00600 17.67 1.89 0 100.0 1
0.00730 19.18 1.21 0.03 100.0 I
8§23 0.00208 9.01 10.72 1.05 99.6 2
0.00311 14.14 4,16 0.35 999 3
0.00427 14.80 3.39 0.03 99.9 2
0.00523 14.74 2,20 0.03 999 2
0.00739 18.22 1.24 0.13 100.0 1
524 0.00228 13.04 7.26 0.98 99.7 3
0.00333 12.94 4,52 0.29 999 3
0.00458 13.82 2.59 0.10 99.9 5
0.00558% 13.82 1.22 0.10 100.0 5
525 0.00555 — - 1.39 0.03 100.0 2
0.00439 — - 210 .16 99.9 2
0.00334 11.15 2.49 0.16 99.9 2
0.00225 10.79 4.52 0.39 99.8 3
0.00587 12,80 1.40 0.03 100.0
0.00132 11.49 7.81 0.94 99,7
Notes: Emissions data for oxides of nitrogen corrected to combustor inlet total temperature
of 767 K, inlet pressure of 21,09 atm, reference velocity of 45,0 mfs, humidity of
6.29 g/kg, and combustor exit total temperature of 1480 K,
Emissions of carbon monoxide and fotal unburned hydrocarl.ons corrected to com-
bustor inlet pressure of 21.09 ati.
Efficiency based on carbon valince data,
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Figure 28 Relationship Between Emissions of Oxides of Nitrogen and Efficency for Vorbix Combustor
Configurations S23 and 525

Approach Results
The test results obtained at approach conditions are shown in Table XXV.

Unlike the Hybrid combustor, the Vorbix combustor is capable of operating with high com-
bustion efficiency with both the pilot and main zones fully fucled at approach.

However, the overall emissions did not compare favorably with those of the current pro-
duction JT9D-7 combustor at approach conditions. Although some configurations provided
¢missions of oxides of nitrogen that were only one half those of the production combustor,
these configurations also produced cmissions of carbon monoxide that were 12 times higher
than those of the production combustor, Vorbix configurations that produced emissions of
oxides of nitrogen comparable to those of the vroduction combustor produced emissions of
carbon monoxide that were approximately 3 times those of the production combustor.

Ctimb Results

Emissions data obtained at climb ¢ .ditions are shown in Table XXV The data were ob-
tained using the optimum pilot b iner fucl-uir ratio determined at take-off conditions,

During climb, combustion efficiencics were generally over 99.5 percent with oxides of nitro-
gen levels reduced 70 percent when compared to current production JT9D-7 levels,
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TABLLE XXV

VORBIX COMBUSTOR FMISSIONS AT APPROACH CONDITIONS

Emissions Index (g/kg [uel)

Pilot Oxides Total Combustion
liuel-Air of Carbon Unburned Efficicncy
Contiguration Ratio Nitrogen Monoxide  Hydrocarbons {l’crcent)
S11 0.00744 5.07 2040 1.65 99.3
0.00956 6.72 11.21 0.44 99.7 -
§12 0.01300 9.97 6.01 0.30 99.8
s17 0.01358 4.60 12.48 0.32 99.7
Si8 0.00263 3.61 54,19 3340 94.8
0.00547 7.04 20.76 1.53 99.3
0.00808 7.08 15.50 0.32 99.6
0.01070 6.05 15.34 .14 99.5
520 0.00688 5.54 15.63 2.16 994
0.00703 5.36 13.09 0.63 9%.6
0.01040 8.57 .48 0.1 99.8
0.01048 8.92 7.92 0.32 99.8
S21i 0.00582 4.24 4591 23.71 96.1
0.00754 5.16 19.74 2.82 99.2
§22 0.00458 3.55 47.68 14.79 97.1
0.00658 4,68 23.13 1.70 99.3
0.00935 6.51 22.18 1.21 99.3
523 0.00496 3.88 41.79 6.37 98.3
0.00705 4.62 22,03 .18 99.3
0.00980 7.46 14.14 0.48 99.6
825 0.00977 6.54 21.85 ¢.72 99.4
0.00682 4.34 30,94 1.92 99.0
0.004381 3.10 5142 13.45 97.2
Notes: Emissions data for oxides of nitrogen corrected to combustor inlet total tempera-

ture of 586 K, inlet pressure of 8.51 atm, reference velocity of 40.7 m/s, humidity

of 6.29 g/kg, and combustor exit total temperature of 1062 K.

Emissions of carbon monoxide and total unburned hydrocarbons cotrected to com-
bustor inlct pressure of 8,51 atm,

Efficicncy based on carbon balance data.
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TABLE XXVI

VORBIX COMBUSTOR EMISSIONS AT CLIMB CONDITIONS

Lmissions Index (g/kg fuel)

Pilot Oxides Total Combustion
[Fuel-Air of Carbon Unburned Efficiency
Configuration Ratio Nifrogen Monoxide Hydrocarbons (Pereent)
511 0.00418 12.03 9.12 0.54 99.7
S13 0.00604 12.40 8.48 0.33 99.8
S$17 - Pilot Only 0.01976 10,34 2.98 0.13 99.9
S18 0.00304 15.41 9.10 0.33 99.7
520 0.00764 15.14 2.70 _—— ——
522 0.00209 10.50 12.93 2.37 99.4
823 0.00389 i1.37 4.85 0.14 99.9
S25 0.00228 8.53 8.80 0.9] 99.5

Notes: Emissions data for oxides of nitrogen corrected to combustor inlet total tempera-
ture of 735 K, inlet pressure of 18.51 atm, reference velocity of 44.5 m/s, humidity
of 6.29 g/kg, and combustor exit total temperature of 1396 K.

missions of carbon monoxide and total unburned hydrocarbons corrected to com-
bustor inlet pressure of 18.51.

Efficiency based on carbon balance data.

Cruise Results

Emisstons data obtained at simulated cruise conditions are shown in Table XXVIL All con-
figurations provided substantial improvements in the emissions of oxides of nitrogen relative
to the current production JT9D-7 engine levels, with the best configuration provicing an
improvement of approximately 80 percent. Emice s of total unburned hydrocarbons

and carbon monoxide were considerably higher than those of the current production
JTOD-7 engine,

EPAP Results

EPAP values were calculated for cach configuration for which sufficient data were available,
and the results are shown in Tables XXVII and XX1X. As for the Hybrid combustor, the
emission levels used in the calculation were selected from test data curves to provide the
best overall emission levels when compromises between the varions classes of cmissions were
required. Most configurations produced lower cmissions of oxides of nitrogen and un-
burned hydrocarbons than the goal levels, but none met the goals for carbon monoxide
emissions.
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It appears that improvements in carbon monoxide levels could be achicved by permitting
increases in oxides of nitrogen without exceeding that goal level. One way this can be ac-
complished is by increasing the pilot fuel-air ratio at cach staged simulated engine cycle point,
For example, configuration $25 produced EPAP values of 2.2, 6.5 and 0.3 respectively for
oxides of nitrogen, carbon monoxide and total unburned hydrocarbons, For these data,
pilot fucl-air ratios were (.00687 at approach, 0.00228 at climb and 0.00225 at takcoff.
Substituting data obtained with pilot fucl air ratios of 0,.00977 at approach and 0.00587 at
takcoff produces EPAP values of 2.4, 5.7 and 0.2, it appears that inereasing pilot tuchair
ratios at the climb conditions would further reduce carbon monoxide levels. Fowever, climb-
out data for §25 were obtained only at the 0.00228 condition.

TABLE XXVII
VORBIX COMBUSTOR EMISSIONS AT CRUISE CONDITIONS

Emissions Index (s/kg fucl)

Pilot "Oxides Total  Combustion
Fuel-Air of Carbon Unburned Efficicncy
Configuration Ratio Nitrogen Monoxide Hydrocarbons (Percent)

JTOD-7% 200 1.0 0.2 -
S 0.00402 6.52 28.39 41.38 94.5
S18 0.00498 13.47 15.72 0.25 99 .6
0.00590 13.30 12.65 0.12 99.7
0.00692 14.06 11.02 0.07 99.7
520 0.00405 7.39 22.74 0.88 09 4
0.006006 8.57 11.65 0.15 99.7
0.00817 10.46 5.68 0 99.9
522 0.00270 6.99 28.40 7.10 98.5
523 0.00395 7.02 11.96 0.65 99.6
5235 0.00245 4,48 22.29 3.97 99.0

* Estimated values
Notes:  Emissions data for oxides of nitrogen corrected to combustor inlet total tempera-
ture of 704 K, in'et pressure of 9.31 atm, reference velocity of 41.8 m/s, humidity

of 6.29 g/kg. and combustor ¢xit total temperature of 1413 K,

Emissions of carbon monoxide and total unbured hydrocarbons corrected to com-
bustor inlet pressure of 9.31 atm,

Efficiency based on carbon balance data.
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TABLE XXVII

VORBIX COMBUSTOR EPA PARAMETIR EMISSIONS RESULTS

___ thrust-hr/landing-take-off cycle)

EPA Paramcter
(bm pollutant/1000 Ibf

“Oxides Total ~ SAE
of Carbon Unburned Smoke Idle

Configuration Nitrogen Monoxide Hydrocarbons Number Condition
JTOD-7 (1) 5.9 8.5 39 4 Without bleed
Goalfy 30 4.3 0.8 = 15
S11 3.0 9.1 0.3 — With bleed
S18 34 14.8 0.3 — With bleed
520 3.3 9.6 1.1 2 With bleed
520 3.5 6.2 Without bleed
S22 2.6 12.9 09 1 With bleed
S22 2.7 10.3 0.9 Without bleed
S23 2.5 8.7 0.3 2 With bleed
S23 2.6 8.6 0.5 Without bleed
S25 2.2 10.4 0.3 3 With bleed
52§ 2.2 6.5 03 Without bleed

(1} Based on initial production test results for combustor EC 289386

(2) 1979 EPA rule levcls for class T2 cngines

Note: All data corrected to JTOD-7 engine conditions
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Overall, the best results were obtained with Configuration 825, which provided EPA para-
meter values for all emissions species that were substantially lower than those of the current
production J'T9D-7 engine, Relative to the JTID-7, Configuration S25 provided a 63-per-
cent reduction in oxides of nitrogen, a 24-percent reduction in carbon monoxide, and a 92-
percent reduction in tetal unburned hydrocarbons.

Correlation of the efficiency data for idle, approach, climb, and sea-level take-off reveals an
important characteristic of the Vorbix combustor, as shown in Figure 29. At idle condi-
tions, the combustion cfficiency drops off rapidly at pilot fucl-air ratios below 0.009, but
the efficiency becomes progressively higher for a given pilot fuel-air ratio as the power level
is increased. This characteristic indicates that fuel scheduling between the pilot and main
zones can be effective in minimizing emissions at any infermediate power level.

100.0

29.8—
99.61— /
99.4

99.2 —

89.0~
98.8 k
98.6
984
98,2~
98.0-

97.81—

GMBUSTION EFFICIENCY ~PERCENT

f
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9-’_4 - RAT'O = 0.01 3,
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97.0 1 i J 1 —1 { )
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Figure 29 FEfficiency Characteristics for Vorbix Combustor Configuration 825 as a Function of Pilot
Zone Fucl Air Ratio
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2. PERFORMANCE RESULTS

As for the Hybrid combustor, performance measurements were made during the Phase 11
program for the Vorbix combustor to-determine pressure loss, exit temperature pattern, 1
idlc lean blowout limits, altitude stability and relight characteristics, and durability.

Pressure Loss 1

The measured values of combustor, diffuscr, and total combustion system pressure loss are
summarized in Table XXX. As shown, the initial configurations of the Vorbix combustor - ’
operated with pressure losses in excess of seven percent. This high loss level resulted pri-
marily from the high shroud losses around the combustor front end. A significant reduction
in the-losses was achieved in later configurations throngh incorporation of a hood to stream-
linc the flow around the Vorbix front end. The hood was retained for Configuration S25,
but an increase in the losses occurred as a result of a change in the front-end airflow sched-
ule, since the hood was specifically sized for the airflow requirements of Configuration S23.

TABLE XXX
SUMMARY OF PRESSURE LOSS TEST RESULTS
FOR VORBIX COMBUSTOR
Overal! Diffuser
Pressure Combustor and Shroud
Configuration Loss {(Percent) Loss (Percent) Loss (Percent)
Goal 6.0 -— -
JT9D-7 5.4 - = - —
Sil1 7.2 2.7 4.5
Si2 7.2 2.7 4.5
S13 7.2 2.7 4.5
Si4 7.2 27 4.5
S135 7.2 2.7 4.5
Si6 7.3 2.7 4.6
S17 7.3 2.7 4.6
S18 6.1 2.4 37
S19 6.2 2.3 3.9
S20 5.6 2.3 33
S21 0.0 2.8 32
522 5.6 2.5 3.1
523 4.6 2.3 23
524 4.6 2.3 2.3
825 6.9 2.5 4.4
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Exit Temperature Data

When thermocouple durability problems limited the amount of temperature data available,
pattern factors were caleulated on the basis of the hottest temperature reading obtained
from the functioning thermocouples and an average temperature calculated on the basis of
the measured fucl-air ratio. Most of the data for high power operating conditions was ob-
tained with a fuel-air ratio of 0.016 to lmit the maximum temperatures and promote ther-
mocouple life.

The circumferential temperature profiles for the Vorbix combustor at idle and sea-level
take-of [ conditions are shown in Figures 30 and 31. These data show far less scatier than
those for the Hybrid combustor, and the temperature patterns do not appear to be influ-
enced adversely by the strut wakes.
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Circumferential Lxit Temperature Patterns for Vorbix Combustor Configuration 520 at
Sea-Level Take-Off Conditions With Fuel-Air Ratio of 0.016

Pattern factors are shown in Table XXXI and range from 0.42 to 0,93 at take-off condi-
tions. Although the best configuration provided a pattern factor equal to that of the cur-
rent JTOD-7 production combustor, it remained 68 percent above the goal, indicating the
desirability for further development.

The radial temperature profile obtained at idic conditions is shown in Figure 32, Unlike the
Hybrid combustor which produced high temperatures near the inner wall because of the ra-
dial displacement of the pilot and mauin burper zones, the Yorbix combustor produced a
relatively uniform profile at idle conditions. This unitorm prolile is one benefit of axial
rather than radial separation of the two combustor stases.

High-temperature radial tetmperature profiles for sctected Vorbix coinbustor configurations

are shown in Figure 33, These plots show that the profile is sensitive to the configusational
changes. Several configurations provided profiles similar to the JT9D-7 target profile.
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TABEE XXXI

SUMMARY OF VORBIX COMRBUSTOR EXIT
TEMPERATURE PATTERN FACTOR RESULTS

Patlemn Faclor

Ldte Take-03T
Cunfiguration Conditions Conditions
Coal - 0.2%
I79D-1 0.42
Sii 0,27 0.57
512 0.46 0.93
513 - 0.58
514 . - o
515 - o
516 0.30 0.80
317 0.30 0.80
518 0.27 0.78
s19 0.57 -
820 040 0.65
8§21 0.39 -
522 0.46 0.68
523 0.36 043
S04 - 0.42
515 0.44 0.48
1300 -
12001 COMPRESSOR EXIT TEMPERATURE = 428K
COMPRESSOR EXIT PRESSURE = 2,93 ATH
EUEL AIR BATIO = 0,0126
X 100}
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Vigure 32 Radial Ixit Temperature Pattert for Vorbix Combustor Configuration §16 at Idle Conditions
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Idle Lean Blowout Limits

3
3

The Vorbix combustor idle lean blowout data are presented in Table XXXII. As shown,
all Vorbix combustor configurations except Configurations S11 and 821 provided lean
blowout limits lower than those for the JT9D-7 combustor. Configuration S21 had a high
pilot swirler airflow which produced a leaner pilot zone and consequently increased the
overall combustor fuel-air ratio at lean blowout.

TABLE XXXIE

SUMMARY OF VORBIX COMBUSTOR IDLE
LEEAN BLOWORT T1ST RESULTS

tdle
Lean Blowout
Configuration Fuel-Air Ratia
Lioal
1Tt < 0.004
su 00063
517 Q.04
818 0.0023
519 .04t
50 0.0018
s 0.0004
LM 0.00 24
h9s] 00930
M4 0.0024
825 00025

Rutes  Thata taken with sinnlated compreswn bleesl.
Nanimal inler conditwns were inlel pressure
af 292 atm and inled temperatuge of 4 %K

—
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ALTITUDE IN METERS

12

Altitucle Stahility and Relight Results

The altitude stability and relight data for the Vorbix combustor revealed that the character-
istics are sensitive to the pilot swirler configuration, The initial results obtained for Config-
urations $19 and 820 are shown in Vigure 34. ‘Ihe results approach the engine requiresment
and compare favorably with results from rig tests for the JT9D-7 combustor. The effect of
the pilot swirler modificution incorporated in Configurations $24 and 82§ is shown in Fig-
ure 35, These data indicate sighificantly poorer altitude stability and relight characteristics.
In an attempt to improve performance, Configuration 524 was retested with a high-pressure
drop fuel nozzle. Results are shown in ligure 36. As shown, this change was cffective in
improving the altitude stability and relight performance, but it did not achicve the capabili-
tics of Configurations S19 and S20.
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It should be noted that retention of the good altitude and relight capabilities demonstrated

in Configurations $19 and 520 could require comproinise of the good emissions characteris-
tics demonstrated in the later configurations. Achicvement of both characteristics concur-

rently is expected to require considerable development.

Combustor Durability

The Vorbix combustor cxperienced only minor durability problems consisting of localized
hot spots on the combustor liners. Configuration 821, however, experienced local burning
in the vicinity of the main burner premixing tubes.

D.

COMBUSTOR STATUS ASSESSMENT

Summaries of pollution results for the best performing configuration of cach combustor
concept, Hybrid Configuration H7 and Vorbix Configuration 825, arc contained in Figures
37,38, and 39. JT9D production engine data are also included for comparison. A summary
of performance results and status for both concepts are contained in Tables XXXI11 and
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TABLL XXX

HYBRID COMBUSTOR PERFORMANCE RESULTS

Should Meet Should Meet
Currently Mceets Requirement With Requirement With
Requirement Normmal Developmant Extensive Development

Pressure Loss X
Exit Temperature

Pattern Factor X
Radial Exit Tem-

perature Profile X
1dle Stability (Lean

Blowout) X
Altitude Relight

Characteristics e X
Durability X
Carbon Formation X

TABLE XXX1V

VORBIX COMBUSTOR PERFORMANCE RESULTS

Should Mect Should Meet
Currently Meets Requirement With Requirement With
Requirement Normal Development Extensive Development

Pressure Loss X
Exit Temperature

Pattern Factor X
Radial Exit Tem-

perature Profile X
Idle Stability (Lean

Blowout) X
Altitude Relight

Characteristics X
Durability X
Carbon Formation X



On the basis of these resulis, the Vorbix combustor was deemed the more promising design
and the one most readily adaptable to engine instaltation. Thus, the Vorbix concept was
sclected for additional Phase 11 testing and for the engine testing, The best all-around comi-
bustor configurations, Vorbix combustor Configuration 825 and Hybrid combustor Config-
uration H7, exhibited significant LPA parameter einissions reductions compared to the
JTID production combustor while maintaining smoke below the visible threshold, Both

of these combustor.configurations have been developed to the exteat that either of them
could have been chosen for the Phase 111 engine demonstration tests.

Determining factors in the Phase I1I selection were the gencrally good performance as-
pects of the Vorbix combustor, including the ability tc operate full staged at approach.
With the exception of the program pattern factor goal, this design currently meets, or
should meet with normal development, all engine performance requireme nts. Vorbix pat-
tern factors, while not at the goal level of 0.25, are equivalent to current groduction JT9D-7
levels.

E. PHASE 1!l ENGINE DESIGN

A representative cross-section of the Phase 111 engine design is shown in Figure 40, This
configuration is expected to produce emissions comparable to those produced by Config-
uration $25 in Phase II. The Phase 111 configuration closely resembled Configuration 825
except for a number of minor changes required to incorporate the combustor into the en-
gine and facilitate installation. A common cast fuel injector support has been designed for
both the pilot and the main burner zone to reduce fabrication cost. In addition, to reduce
diffuser casc distrotion, the pilot fuel injector mount pads will be clustered in groups of
three. The pads will be mounted on ten bosses welded to the diffuser case. Clustering re-
duces the amount of case welding required and also climinates interference with the diffuser
case bleed bosses.

Other minor changes inciude an increase in pilot zone swirler travel to allow radial growth
and a revised cooling airflow distribution. In addition, sturctural considerations dictated re-
vision of the mount pin arrangement and stiffening of the throat cooling air scoops to pre-
vent flutter.
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CHAPTER IV
FUEL CONTROL DESIGN STUDY

A. INTRODUCTION

A fuel control design study was conducted as part of Phase 11 to identifly control system re-
quircments added by the staged combustor concepts developed in the Experimental Clean
Combustor Program. A number of conceptuat designs which satisfy the functional require-
ments were specified, and the most promising concepts were selected on the basis of available
technology and estimated life cycle cost.

The stucdy was conducted in two parts, The first addressed modification of the current JT9D
fuel control with a minimum number of changes to mect the requirements of the staged Vor-
bix combustor. This concept was based on 1975 technology and included specific design
work to prepare a design for a breadboard control system for Phase 111 engine testing. The
breadboard engine fuel control design for Phase 111 engine testing is described in this chap-
ter. Items relating to identification of candidate schemes, concept evaluation and concept
selection are contained in Appendix C.

In the second part of the study, new design concepts using projected 1985 technology were
explored. These study results are also contained in Appendix.C.

B. FUEL CONTROL DESIGN REQUIREMENTS

The current JTID-7 fuel control unit is a hydromechanical device which sets engine thrust by
scheduling and distributing total engine fuel flow as a function of power lever position, high-
pressure rotor speed, and limiting parameters such as combustor pressure.

The combustor pressure and fuel flow envclopes corresponding to the altitude-Mach number
operational envelope of the JT9D-7 engine are shown in Figure 41, The current production
single-stage combustor system employs duplex fuel nozzles, with the cut-in point of the sec-
ondary fuel flow occurring at a fixed value of overall fuel flow. Effectively, the staging point
is independent of overall combustor fuel-air ratio, and the primary/secondary split can be
quite different at various engine power tevels and operating altitudes, In addition to the fuel
control function, the engine control unit schedules variable compressur stator vane angle and
compressor bleeds,

Two-stage combustors, of the type developed in the Experimental Clean Combustor Program,
are characterized by two separate combustion zones and two physically separate sets of fuel
injectors and manifolding. Since cach combustor zone must be operated within generally nar-
row limits for optimum emission fonmation and combustion cfficiency, fuel distribution to
each zone must be based on engine fucl-air ratio rather than total fuel flow. In addition, a
numbet of mechanical constraints such as maximum fuel pump pressure, minimun control-
lable flow rate, fuel nozzle turmn-down ratio, manifold head effect, etc., act to further limit the
fuel control designer’s freedom in varying pilot to main fuel distribution, Preliminary
specification of the pilot/main fuel split for the two-stage Vorbix combustor operating at
sea-level is shown in Figure 42, Minimum and maximum limits are imposed on the pilot zone
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fucl-air ratio to prevent lean blow out and cxcessive thermal stresses in the pilot zone, These

limits were developed from the Phase 11 combustor rig testing, and define the practical opera-
ting envelope which can be used for pilot/main zone fuel schedule optimization in the engine

during the Phase 111 effort.
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An additional requirement imposed by the staged Vorbix combustor is that passage through
the staging point (transition from 100 percent pilot to pilot plus main zone operation) must
be accomplished in a vapid and continuous manner, This is required for reasons of flight
safety, and is specified by the FAA Airworthiness Standards (Reference 4) in terms of a five-
second maximum atlowable clapsed time for engine aceeleration from flight idle to 95 per-
cent thrust, The current production JTID-7 fucl system is fully staged at ground idle, there-
by climinating *“fill time* delays associated with the volume of the secondary fucl manifold,
distribution tubes, and fucl nozzle supports. However, the Experimental Clean Combustor
Vorbix combustor must stage between the idle and approach operating conditions, Uncom-
pensated manifold fill time delays will seriously impact engine transient response. For this -
reason, significant effort was devoted to minimizing this problem in the definition of candi-
date fuel control design concepts.

C.

FUEL CONTROL BREADBCARD DESIGN FOR PHASE i1
ENGINE TESTING

The breadboard fuel control and distribution system for the Phase 1Ll engine demonstration
testing is shown schematically in Ficure 43. This arrangemcnt utilizes existing JT9D fuel
control components where feasible, and retains the engine control stator vane and bleed
schedule functions intact. The main fuel pump, main fuel control, and the fuel-oil cooler
are JTYD production components used without alteration. The flow distribution valve (per-
cent split valve) will be similar to a Hamilton Standard Division component with appropriate
modifications to meet the flow requirements of the Vorbix combustor, The percent split
valve is controlled by a reprogtammable PDP 11/40 digital computer. Overall combustor
fuel-air ratio, required as a principal control parameter, is sensed by its proportionality to
total fuel flow divided by combustor inlet pressure. Manifolds, staging valve operation, etc,
will be functionally identical to hardware intended for eventual flight use.
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Figure 43

Prefiminary Design of Breadboard Fuiel Control for Phase 11T Fngine Testing
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| be implemented by a set of solenoid valves labeled S, 1, and K
in Figure 43, These valves are desigred to provide three modes of operation. In the shut-
down and start mode, the transfer valves will circulate all main zone fuel back to the pump
inlet, In the circulation mode, the transfer valves will circulate low-pressurc fuel from the

i the main zonc manifold and back to the pump inlet, In
from the percent split valve

The staging mechanism wil

interstage pump location throug
the staged mode, the transfer valves will direct the metered flow

to the main zone fuel injectors.

Fleven solenoid valves are provided for the pilot zone fucl system. One of these initiates
fuel flow to ten fuel injectors arranged symmetrically around the engine. The remaining ten
solenoids permit control of the fuel flow to the remaining twenty fuel injectors in pairs.
The sixty main zone fucl injectors are controlled by sixteen solenoid valves arranged to per-
mit circumferential zoning or sequencing in staggered groups of four injectors.

Flexibility in scheduling the start fuel flow is provided by a system that overrides the start
flow schedule in the production JTOD fuel control. A start-flow augmentation solenoid
valve will provide additional flow to the flow distribution valve on demand. The excess fuel
not requirzd for starting will then be diverted to the pump inlet,

An important design objective was to provide flexibility beyond that required for a flight
engine control in order to permit optimization of the sequencing logic and scheduling during
test and to permit investigation of alternate fuel system atrangements. A nitrogen purge sys-
tem was provided to prevent coke formation in the main zone fuel system under hot shut-
down conditions. An emergency fuel shutoff valve was included to ensure fail-safe engine
shutdown in the event of a component of logic failure.
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CHAPTER V
CONCLUDING REMARKS

The Phase 1 program successfully documented the potential of the Hybrid and Vorbix com-
bustors and provided a firm basis for selection of the configuration for the Phase 11L.engine
test. Both concepts provided significant improvements in emissions relative to the current
production JTID-7 combustor, although neither fully met the program goals. The Vorbix
combustor was sclected for continuation to the Phasc 11 engine demonstration program
primarily on the basis of its greater potential for achicving the performance goals without
excessive compromise of the emission levels, The Hybrid combustor was deficient in both
idle stability and altitude relight capability, and required unstaged (pilot only) operation

at the approach power setting to achieve acceptable combustion efficiency.

When projecting the emissions reduction technology documented in Phase 11, it must be
borne in mind that the quoted emission levels have been ¢xtrapolated from data obtained
from a sector rig tested at a maximum inlet pressure of six atimospheres. Furthermore, a
number of performance items will require additional development before production engine
applications can be considered. These are summarized in Chapter I1. In particular, Vorbix
Configuration $25 is deficient in altitude relight capability. Earlier configurations showed
acceptable relight characterisitcs, but the corresponding emission levels were less favorable.
These performance deficiencies are considered to be correctable with additional develop-
ment, but the eventual impact on emissions has not been fully defined.

The objectives of the Phase 111 effort are to verify the pollutant reductions achieved in test
rigs in an engine environment and to demonstrate the suitability of the ECCP combustor
concept for engine applications. Of primary interest will be assessment of transient accel-
eration/deceleration operation, which cannot be adequately tcsted in a component rig, At
the present time, achievement of satisfactory transient operation appears to be a fuel con-
trol requirement due to the axially-staged arrangement of the Vorbix combustor. However,
engine testing is needed for proper evaluation. A potential problem area that cannot be as-
sessed from the Phase 11 rig testing is fuel decomposition and coking in the main zone fuel
system under conditions of hot unstaging (rapid engine deceleration). The Phase 11l engine
fuel control will be equipped with a nitrogen purge system to minimize this problem.

Although the Phasc 111 program will provide a realistic demonstration of technology, il is
recognized that this program will not provide & combustor configuration that is fully de-
veloped for commercial use. In particular, assessment of the long-term hardware durability
and detennination of the engine operating characteristics at altitude are beyond the scope
of the current effort. However, the results obtained from the engine testing will permit an
improved estimation of the pollution reduction technology achievable in practice, as well as
the magnitude of additional development still required.

The engine test program will be conducted using an experimental JTOD engine installed in a
sea-level static test cell. The first portion of the test programn will consist of a minimum of

30 hours of steady-state operation, with the objective of measuring emission levels and cha-
racterizing combustor performance, The test matrix is presented in Table XXXV, This test
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matrix is structured around the four power settings defined by the EPA for the caleulation

of the LPA Parameter. Additional points have been added to fully characterize the part-power
emissions characteristics. Variation of the pilot/main fuel split is u primary (est variable at the
higher engine power settings. The engine will be fitted with extensive first turbine vane ther-
mocouple instrumentation during the initial sleady-state testing to determine combustor exit
temperature distribution, Following determination of the temperature profile under actual
engine operating conditions, the thermocouple instrumentation will be removed to permit
testing to the maximum cngine thrust allowed by turbine durability limits,

TABLLE XXXV

STEADY STATE PERFORMANCE/EMISSION TEST POINTS

) i
Main Power Points Idle Approach Climb-out Take-off
Eugine Conditions (30% power) (85% power) (100% pawer)
Secondary Power Sub- Rich | Sub- Rich Sub- S_ubn
Lngine Conditiotis f| Idle Idle Approach Approach | Climb-out Take-ofl
Pilot/Main
Fuel S1zging Points (2X) (2X) (2X)
12-Point Fixed «
Poliution Sampling X X X
24-Point Fixed ]
Pollution Sampling | X X X X (3X) X X (23X} X (3X)
Traverse Sampling X X X X

Twenty hours of transient testing will be conducted following documentation of pollutant
emission levels and demonstration of satisfactory combustor performance under steady-state
conditions. This testing will consist of 4 series of progressively more rapid engine accelera-
tions {rom idle to maximum allowable thrust and deceleration back to idle. The objective
of this testing is to assess the transient operationat characteristics of the combustor and fuel
control concepts. Particular attention will be paid to passage through the pilot/main staging
point. The Phase [11 fuel control is designed to permit considerable adjustment in fucl
managentent at the staging point. No emissions data wili be acquired during the transient
portion of the engine test progiam.

Three exhaust gas sampling techniques will be investigated, as indicated in Table XXXYV.

The principal method will involve use of an exhaust planc rake having cight, equally spaced (45
degrees apart) radial arms, cach having three sampling ports located at centers of equal arcas.
This rake will provide a total of 24 manifolded tationary sampling ports located within the
core engine exhaust stream. Variations to be investigated include reduction to four radial
arms., spaced 90 degrees apart, for a total of 12 sampling ports and traverse of the cight arm
probe over a 45 degree sector, thus covering the engine exhaust plane at S-degree intervals,

A secondary objective of this portion of the program will be to assess sampling techniques

for representative gas sample acquisition,
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1112

13 14

COOLING HOLE PATTERN

8 910

6 7

15

16 17 18 19

INNER LINER OUTER LINER
DiA. AREA DIA. AREA
couvenr] mx 103] ¢ noues fm? x 107 JLouven | mx 1073) = HOLES e x 107

1 27 85 117 1 132 10 1.51

2 1.32 85 117 12 1.32 110 1.51

3 132 85 1.17 13 132 110 1.61

4 1.32 85 117 14 1.32 110 1.51

5 1.32 92 1,76 15 1.93 60 1.75

G 1.32 81 (AL 16 2.16 60 2,18

7 1.32 92 1.26 17 2,31 60 2,52

8 1,32 122 167 18 2.36 o 2.63

9 1.59 a5 1.68 19 1.50 110 217

10 1.59 85 1.68

AREA m? x 1077

PILOT BURNER FLAMEHOLDER 94 @ 0.80 X 10" 2m DIAMETER 47.26
PILOT BURNER FLAMEHULDER WEEP 250 @ 0.958 X 107 DIAMETER 1267

MAIN BURNER CUTER SWIRRLER

MAIN BURNER IWNER SWIRLER

BULKHEAD COOLING

DILUTION - LOUVER 2 {0,105 RAD. APART  0.052 ARAD.
OFF STRUT §

FINWALL - [INNER WALL)

FINWALL™ [OUTER WAIL)

SIDEWALL COOLING

TURBINE COOLING {INNERl WALL)

TURBINE COOLING {OUTER WALL)

PILOT BURNER N(3ZZLE  P/N

MAIN BURNEH NOZZLE - PIN

MODIFICATIONS

PHASE L HYBHID BASELINF REF.P/N L-104974

Fietre A-1
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11 LE,

HAND SWIRLERS

11 HIGHT HAND SWIRLEHS
170 % 0.254 X 10%m DIAMETER
140 1,913 X 10°%n LIAMETER

1.01% Wag IBURNER AIRELOW)
1.23% Wap BURNER AIRF LOW!
5.00°-Waq [TOTAL AIRFLOW  STATION 4}
7.6% Waq (TOTAL AIRFLOW  STATION 41
8.4% Wpa [TOTAL AIRFLOW  STATION 4}
OLN 27400 11, 10 LOCATIONS
LOW AP 11 LOCATIONS

Hybrid Combustor Configuration 111

43.01 Agp (EFFECTIVE AREA)
34.42 Agp (EFFECTIVE AREA)
8.61

40.23
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1 ? R 1 L] fi R 910

1M 12 13 14 15 16 17 18 19
COOLING HOLE PATTERN

INNER LINER OUTER LINER
DiA. AHEA DIA AREA
vouver] mx 103 ] = noLes [m? x 109 | Louver | mx 1073 = HOLES fin? x 1074

1 1.32 85 117 1 1.32 110 1.51

2 1.32 85 117 2 1.32 110 1.51

3 1.32 85 117 13 .17 110 151

4 1.32 a5 117 14 1.37 110 151

5 1.32 97 1.26 15 1.93 60 1.75

G 1.32 a1 .11 16 216 60 219

7 1.37 97 1.26 17 2.31 60 2.62

8 132 122 161 18 236 60 263

9 1.59 85 1.68 19 1.59 110 2.7

10 1.59 B85 168

AREA m2 x 1074

PILOT BURNER FI.AMEHOLDER 94 @ 0.80 X 10-2m DIAMETER 4726
PILOT BURNER FLAMEHOLDER WEEP
MAIN BURNER QUTER SWIRLER 142 Acp (EFFECTIVE AREA)
MAIN BURNER (NNER SWIR LET 11 LEFT HAND SWIRLERS 43.01 App EFFECTIVE AREA)
BULKHEAD COOLING 11 LEFT HAND SWIRLEHS 3646 Acp (EFFECTIVE AREA}
DILUTION - LOUVER 2 (0.105 RAD, APART - 0052 RAD, 170 0.204 X 10Zm DIAMETER 861

OFF STRUT G )

FINwALL® nnner waLL)
FInwALL® (ouTER waLL)
SIDEWALL COOLING

TURBINE COOLING {INNER WALL)
TURBINE COOLING (OUTER WALL)
PILOT BURNER NOZZLE PIN
MAIN BURNER NDZZLE - PIN

14.@ 1.993 X 10 %m DIAMETER 40,23

1.01% Wag (BURNER AIRFLOW)

1.23% Wap (BURNER AIRFLOW)

5.00% Wagq {TOTAL AIRFLOW -- STATION 4)
7.5% Waq ITOTAL AIRFLOW - STATION 4)
B.4%Waa (TOTAL AIRFLOW - STATION &)
DLN 27700-11, 10 LOCATIONS

LOW AP, 11 LOCATIONS

MOOIFICATIONS REFERENCE H1

REPLACE RIGHT HAND MAIN RURNER INNER SWIRLERS WITH LEFT HAND SWIRLERS
OPEN UP SPACING ON PILOT BURNER FLAMEHOLDER HOLES
REVISE PILOT RURNER FLAMEHOLDER ATTACHMENT AND WEEP AREA

Figure A-2

Hybrid Combustor Configuration {2
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S
11 12 12 14 15 16 17 18 19
COOI ING HOLE PATTERN
INRET LINLI OUTER LINER
OIA. AREA DIA, AREA
Louven) m x 10° ] = noces n? x 104 | LOUVER | m x 103] = noLesbin® x 1074
1 132 a5 1.7 1 137 10 151
2 137 85 117 12 1.32 10 1.51
3 1.32 85 117 13 1.32 110 151
4 1.32 a5 1.17 14 1.32 110 1.51
4 1.32 92 .76 1 1.93 50 1.75
& P22 81 T 16 216 60 219
) 1.32 92 1.26 12 a3 BU 252
8 1.32 172 1.67 18 2.35 60 2.63
9 1.59 a5 1.68 19 1.59 110 217
0 150 e 168
PILQT BURNER FLAMEHOLDER 94 ¢ 0.80 X 10°2 DIAMETER 47,26 —— m? x 107

PILOT BUKNER FLAMEHOLDER WEEP
PILOT BURNER FLAMEHOLDER COOLING [ON INNER WALL) 3822 0.254 X 102 DIAMETER

MAIN BUHNER INNER SWIRLER
BULKHEAIY COOLING

DILUTION - LOUVER 2 (6° APART - 3% OFF STRUT ¢ }
DILUTION - LOUVEIR 2 {0,105 RAD. APART - 0.0628 RAD.

OFF STRUT Q_}

DILUTION LOUVER 14 {IN LINE WITH MAIN BURNER
NOZZLE)

DILUTION LOUVER 1% (BETWEEN MAIN BURNER
NOZZLE)

FINWALL® INNER wALLY
FINWALLPOUTER waLL)
SIDEWALL COOLING

TUABINE COOLING (INNER WALL)
TURBINE COOLING (OUTER WAL L)

PILOT BURNER NOZZLE --P/N
MAIN BURNER NOZZLE P/N

11 RIGHT HAND SWIR{ ERS
170@ 0.254 X 10 %m DIAMETER
14 ¢ 1,913 X 10" 2m DIAMETER
11 SLOTS 1.624 X 0.627 X 1072

2

12 1,885 X 10%m DIAMETER

1.01% Wa g (BURNEH AIHF LOW)
1.23% WAy (BURNER AtHE LOW)

7.43 Agp (EFFECTIVE AREA)
1.92

2534 Agp IEFFECTIVE AHEA)
B8.51

40.23

57.63

33.52

5.00% Wag (TOTAL AIRFLON -- STATION 4)
15%Wpq ITOTAL AIRFLOW -- STATION 4)
8.4% Wag (TOTAL AIRFLOW — STATION 4!

2770011, 10 LOCATIONS
LOW AP, 11 LOCATIONS

MODIFICATIONS REF ENENCE H2

BLOCK MAIN BUMNER OUTEH SWIRLER
REDUCE MAIN BURNER INNER SWIRLER AREA
INSTALL CODLING HOLES ON INNER LINER TRAILING EDGE OF PILOT BURNER F LAMEHOLDER

ARG DILUTION HOLES TO OUTER LINER HOWS 14 AND 15

figure A-3
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A

1 o12 13 14 15 16 17 18 19
COOLING HOLE PATTERN
INNELR LINE# QUTER LINER
DiA. AREA DIA. AREA
couven] mx 102} - noLes fw? x 104 |Louven | mx 10| - HOLES m? x 104

1 .32 8 1.17 1 1.32 110 1.51
P) 1.32 a5 117 2 V.3 1o 1.51
3 V.37 g 117 13 1.37 110 1.61
a 1.37 86 1.47 14 1.37 10 1.51
5 1.32 92 126 15 1.93 60 1.75
G 1.32 81 111 106 216 60 219
7 1.32 92 1.26 t7 21 60 2.52
8 1.32 122 167 18 2.36 60 2.63
9 1.59 85 1.68 19 1.59 110 2.7
0 1.69 & 168

PILOT BURNER FLAMEHOLDER

PILOT BURNER FLAMEHOLDER WEEP

PILOT BURNER FLAMEHOLBER COOLING {ON INNER
MAIN BURNER FINNER SWIRLER WALL)
BULKHEAD COOLING

DILUTION ~ LOUVER 2 (6% APART - 30 OFF STRUT )

DILUTION . LOUVER 2 {0.105 RAD. APART - 0.062 RAD.

OFF STRUTQ_ § |

DILUTION - LOUVER 14 {IN LINE WITH MAIN BURNER
NOZZLEI

DILUTION -- LOUVER 15 (BETWEEN MAIN BURNER
NDZZLE)

rinwALLBUNNER WALL)
+NWALLDOUTER WALL)
SIDEWALL COOLING

TURBINE COOLING UINNER WALL)
TURBINE COOLING (OUTER WALL)
*PILOT BURNER NOZZLE - PIN
MAIN BURNER NOZZLE  PIN

94 @ £.80 X 10°2m DIAMETER

38 ® 0,254 X 10 2m DIAMET SR
11 MIGHT HAND SWIRLERS
170 @ 0.254 X 10'2m DIAMETER
14 @ 1.813 X 10 2m DIAMETER
11 SLOTS 1.524 X 3.627 X 102m

1262 1.885 X 10 Zm DIAMETER

1.01% Wapg (BURNER AIRFLOW)
1.23% Wa g (BURNER AIRFLOW)
B.00% Wa4 (TOTAL AIRF LOW . STATION 4)
75%Waa (TOTAL AIRFLOW - STATION 4)

8.4% Waq (TOTAL AIRFLOW  STATION 4)

DLN 34800 10 LOCATIONS {SOLID SPRAY CONE)

LOW aP 11 LOCATIONS

MODIFICATIONS REFERENCE H23

INSTALL SOLID SPRAY GONE NOZZLES IN PILOT

Figure A-4

Hybrid Combustor Configuration 114

AREA m2x 1074

41.26

7.43 Agp (EFFECTIVE AREA]
1.92

26,34 Acp IEFFECTIVE AREAI
8.61

40.23

57.63

33.52

8%
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112 13 14 15 16 17 18 18

COOLING HOLE PATTERN

INNER LINER OUTER LINER
DIA. AREA DIA. AREA
Louvenf mx 1031 - woLes m? x 104 |LouveR | m x 103] = HOLES m? x 107
1 1.32 85 117 1 1,32 110 1.51
2 132 85 117 12 132 10 1.51
3 1.32 85 1.17 13 1.32 110 1.51
4 1.32 85 1.17 14 1.32 10 1.51
5 1.32 a2 1.76 15 1.93 60 1.78
6 1.32 a1 1 16 216 GO 2.19
7 1.32 93 126 17 24 80 257
8 1.32 122 1.6} 18 2.36 60 263
i 1.69 85 1.68 19 1.59 110 217
10 1.59 85 1.68 2 a
AREA m“ X 10

PILOT BURNER FLAMEHOLDER

PILOT BURNER FLAMEHOLDER WEEP

MAIN BURNER QUTER SWIRLER

MAIN BURNER INNER SWIRLER

BULKHEAD COOLING

DILUTION - LOUVER 2 (6% APART - 3° OFF STRUT ¢
FLAMEHOLDER COOLING [ON INNER WALL)
FINwaALLBUNNER WALL)
FiNnwaALL@ouTER wALL)

StDEWALL COOLING

TURBINE COOLING (INMER WALL)

TURBINE COOLING (OUTER WALL)

PILOT BURNER NOZZLE - PIN

MAIN BURNER NOZZLE - P/N

75 @ 0.80 X 10” 2m DIAMETER 27.709
7.43 Ay (EFFECTIVE AREA)
62.31 A (EFEECTIVE AREA)

11 RIGHT HAND SWIRLERS 34.42 Ay (EFFECTIVE AREA)

17.0©0.254 X 10" °m DIAMETER 561

14 @ 1.913 X 10~ 2m DIAMETER 40.23

38 @ 0.254 X 10~ 2n DIAMETER 192

1.01% Wap (BURNER AIRFLOW)

1.23% Wag (BURNER AIRFLOW)

5.00% Waq {TOTAL AIRFLOW -- STATION 4}

75%Wa4 (TOTAL AIRFLOW - STATION 4)

8.4% Wag (TOTAL AIRFLOW -- STATION 4)

DLN 2770011 10 LOCATIONS

LOW aP11 LOCATIONS

11 LEFT HAND SWIRLERS

MODIFICATIONS REFERENCE H4

HEDUCE PILOT BUANER PRE-MIX PASSAGE AIRFLOW

INCREASE MAIN BURNER S\YIRLER AIRF LOW (REMOVE BLOCKAGE RING)
INSTALL HOLLOW SPRAY CONE PILOT BURNER NOZZLES

REMOVE QUTER LINER DILUTION HOLES

Figure A-5
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1M 12 13 14 15 16 17 18 19

COOLING HOLE PATTERN

INNER LINER OUTER LINER
DIA, AREA DIA. AREA
Louvenl m x 103 |- HoLes |2 x 10%] JLouven | mx 103]= HoLESIm? x 10
1 1.32 85 117 11 1.32 110 1.5t
2 1.32 85 1.17 12 1.32 110 1.51
3 1.32 85 1.17 13 1.32 110 1.61
! 4 1.32 85 117 14 1.32 110 +.51
‘ 5 1.32 02 1.%6 15 1.93 60 118
& 1.32 a1 1.1 16 2.16 60 2.19
- 7 1.32 97 1.26 12 ] 60 2.52
B8 1,32 122 1.67 18 2.36 60 2.63
9 1.59 85 1.68 19 1.59 110 2.17
10 1.59 85 168 AREA m2 x 10'4
PILOT BURNER FLAMEHQLDER 94 @ 0.80 x 10~2 DIAMETER 42.26 A (EFFECTIVE AREA)
PILOT BURNER FLAMEHOLDER WEEP

MAIN BURNER OUTER SWIRLER

MAIi BURNER INNER SWIRLER

BULKHCAD COOLING

FLAMEHOLDER COOLING (ON OUTER WALL)
FLAMEHDLOER COOLING [ON INNER WALLI
FinwALL® ivNER WALLI
einwALLPtouTER wALLY

SIDEWALL COOLING

TURBINE COOLING {INNER WALL)

TURBINE COOLING [DUTER WALL)

PILOT BURNER NOZZLE — B/N

MAIN BURNER NOZZLE - P/N

743 Appy (EFFECTIVE AREA)
11 LEFT HAND SWIRLERS 6231 AL {EFFECTIVE AREA)
11 RIGHT HAND SWIRLERS 3442 Apyy (EFFECTIVE AREA}

172 @ 0.411 X 10°%m DIAMETER 2287
30 @ 0,254 X 10 2m DIAMETER 197

38 © 0,254 X 102 in DIAMETER 192

1.01% Wag (BURNER AIRFLOW}

1.23% Wag BURNER AIRFLOW)

5.00% WA 4 (TOTAL AIRFLOW - STATION 4)

7.5% Wa4 (TOTAL AIRFLOW - STATION 4)

B.4% Was (TOTAL AIRFLOW — STATION 4)

DBLN 2770011 10 LOCATIONS

LOW 4P 11 LOCATIONS

———

MODIF ICATIONS REFERENCE H5
e ELIMINATE INNER LINER DILUTION COOLING
- ADD 35% CF DILUTION AIR TO BULKHEAD COOLING
AbBD 65% OF DILUTION AIR TO CUTER LINER FLAMEHOLDER COOLING
. PRIMARY FUEL INJECTORS EXTENDED ONE INCHE DOWNSTREAM
INCREASE PILOT BURNEH PREMIX PASSAGE AIRFLOW

Figure A-6  Hybri:d Combustor Configuration 16
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) M 12 13 14 a5 16 17
COOLING HOLE PATTERN
INNER LINER OUTER LINER
DIA. AREA DIA. AREA
Louven] mx 103 | < noLes fm? x 104 |LouveR | mx 103] < HOLES m? x 10°°
1 1.32 85 117 " 1.32 10 1.51
2 1.32 g5 117 12 1.32 110 1.5
3 1.32 85 117 13 132 10 1.61
4 132 85 117 14 1.32 110 1.51
5 1.32 92 1.26 15 1,93 60 1.75
6 1.32 &1 111 16 2.16 50 219
7 1.32 92 1.26 17 231 60 2.62
8 1.32 122 1.67 18 2.36 60 263
9 1.58 85 1.68 19 1.69 110 217
10 1.50 85 1.68
PILOT BUANER FLAMEHOLDER 94 @ 0.80 X 10 2m DIAMETER 47.26

PILOT BUANER FLAMEHOLDER WEEP

MAIN BURNER OUTER SWIRLER
MAIN BURNER INNER SWIRLER

BULKMEAD COOLING

FLAMEHOLDER COOLING [ON OUTER WALLI}
FLAMEHOLDER COOLING (ON INNER WALLI

FinwaLL@UNNER WALL)
FINWALL @ (OUTER WALL)
SIDEWALL COOLING

TURBINE CO7 LING [INNER WALL)
TURBINE COOLING (QUTER WALL)
PILOT BURNER NOZZLE -- PIN
MAIN BURNER NOZZLE - P/N

11 LEFT HAND SWIRLERS

11 RIGHT HAND SWIRLERS
172 @0.411 X 102m DIAMETER  22.87
30 ®0.264 X 102 DIAMETER
38 @0.254 X 107m DIAMETER
1.01% Wag (BURNER AIRFLOW!
1.23% Wa g (BURNER AIRFLOW)

5.00% Wa4 (TOTAL AIRFLOW - STATION 4)

18 19

AREA m? X 10°

o

4

743Acp [EFFECTIVE AREA}
82.31 ACD (EFFECTIVE AREA)
3442 A {EFFECTIVE AREA)

1.97
1.92

75%Wa4 (TOTAL AIRELOW - STATION 4)
B.4%Wag (TOTAL AIRFLOW — STATION 4]
DLN 3480t 10 LOCATIONS
LOW AP 11 LOCATIONS

MODIFICATIONS REFERENCE H&

INSTALL SOLID CONE PILOT BURNER FUEL NOZZLES

92

Figure A-7

Hybrid Combustor Configuration H7
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A

14 15 16 17 18 19

COOLING HOLE PATTERN -
INNER LINER OUTER LINER
DiA. AREA DIA. AREA
couver| mxio? | snotes| m2xio? |[wouver| mx16® [enoLes | mPx10®
1 1,79 85 2.1 12 1,79 10 2.73
2 1.79 85 211 13 1,79 110 2.73
3 1,79 110 2.73 14 1,79 130 a.23
a 2.08 1" .75 15 2.08 130 4.43
5 193 85 2.48 16 1.61 00 2.02
6 1,32 85 1.17 17 1.61 98 2.02
? 1,32 85 1.47 18 1,32 H8 1.62
8 1.32 a5 1,17 19 1.32 85 1.30
9 132 85 117 20 1.32 106 145
10 1.32 BS 1.17 2t 1.79 85 2.1
1 1.32 85 1.17 22 1,32 110 1.50
AREA m2x10°%
—
PILOT BURNER SWIRLER 7 LEFT HAND SWIRLERS 23.49 Agp, (EFFECTIVE AREA)
PILOT BURNER SWIRLER COOLING 224 ®0.140 X 10" 2m DIAM 343
MAIN BURNER SWIRLER 28 P/N L-104377 ALL RIGHT HAND 119.23 A, (EFFECTIVE AREA)
BULKHEAD COOLING 20 ®0.282 X 102m DIAMETER 558 ®0.102 X 10'2m DIAM 5.77

FINWALLBUNNER WALLY
FinwaLL®louter waLL)
FinwaLL®(cyLiNDERS)
SIDEWALL COOLING

TURBINE COOLING UINNER WALL)
TURBINE COOLING (OUTER WALL)
PILOT NOZZLE PIN

MAIN BURNEH NO2ZLE PIN

MODIFICATIONS

PHASE 11 VORBIX BASELINE — REF, P/N L-104B38

Figure A-8

1.08% Wag (BURNER AIRFLOW)

1.14% Wap (BURNER AIRFLOW)

2.76% Wap (BURNER AIRFLOW)

B.00% W, , (TOTAL AIRFLOW — STATION 4)
7.5% Wagq (TOTAL AIRFLOW -- STATION 4)
8.4% Wp 4 (TOTAL AIRFLOW - STATION 4)
DLN 27700-13 7 LOCATIONS

DLN 27700-41 13 LOCATIONS

Vorbix Combustor Configuration §11
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F 5 12 13 4 15 16 17 18 19

COOLING HOLE PATTERN
INNER LINER OUTER LINER
' DIA. AREA DIA. AREA
couver! mxod | =woLes| m?xi0? | lLouver mx10d |akoLES | m2x10¢
1 1.79 BS FAR 12 1.79 110 2.73
2 1.19 85 2.1 13 1.79 110 2.73
3 1.79 110 2.73 14 1.79 130 123
s 208 110 3.5 15 208 130 4.43
5 193 85 2.48 16 161 99 2.02
-] 1.32 85 1.17 17 1.61 99 2.02
7 1.32 85 1.17 18 1.32 118 1,62
8 132 85 117 19 1.32 9§ 1.30
9 1.2 85 117 20 132 106 145
[0 ] 132 8s 117 N 1.79 85 211
[T | 132 85 117 22 132 110 1,50
AREA m2 x 107
PILO BURNER SWIRLER 7 LEET HAND SWIRLERS 23.49 Ay, (EFFECTIVE AREA)
PILOT BURNER SWIRLER COOLING 224 @ 0.140 X 16°2m 343
MAIN BURNER SWIRLER 28 ALTERNATING SWIRL DIRECTION - DIAMETER 118.23 A (EFFECTIVE AREA)
PIN L-104377
BULKHEAD COOLING 20 @ 0.282 X 10°2m (HAMETER 568 @ 0,102 X 10°2m 579
DIAMETER 2.63
FINwALLEUNNER WALL) 1.06% Wap (BURNER AIRFLOW)
FiNnwALLBtouTER WALL)Y 1.14% Wap (BURNER AIRFLOW)
eINwALLP(CYLINDERS) 2.26% Wap (BURNER AIRFLOW)
SIDEWALL COOLING 5.00Wa4 (TOTAL AIRFLOW — STATION 4)
TURBINE COOLING [INNER WALL) 75%Wag4 (TOTAL AIRFLOW - STATION 4)
TURBINE COOULING (OUTER WALLI 8.4% Wag (TOTAL AIRFLOW - STATION 4}
PILOT BURNER NOZZLE PIN DLN 27700-13 7 LOCATIONS
MAIM BURNER NOZZLE PIN DLN 27700-11 13 LOCATIONS

MODIFICATIONS REFERENCE 11
INSTALL ALTERNATE ROTATING MAIN BURNER SWIRLERS
INSTALL MAIN BURNER NOZZLE COOLING

Figure A-9  Vorbix Combustor Configuration S12
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D S

% 17 B 19

20 2

22
COOLING HOLE PATTERN
INNER LINER OUTER LINER
DIA. AREA DIA. AREA
couver] mx10? | onores| m2xio? [louver| mxi103 |«wHOLES mix104
1 1.79 85 Z11 12 1.79 110 273
2 1.79 85 2.11 13 1.79 110 273
3 1.79 10 273 14 1.79 130 3.23
4 2.08 110 3.75 15 208 130 441
5 1.93 85 2.48 16 1.61 09 202
6 1.32 85 117 17 1.61 59 202
7 1.32 85 1.17 18 1.32 118 1.62
8 1.32 85 1.7 19 1.2 8s 1.30
9 1.32 85 117 0 1.22 106 1.45
10 132 85 117 27 1.79 85 2.11
1 1.32 a5 117 22 1.32 110 1.560

PILOT BURNER SWIRLER
PILOT BURNER SWIRLER COOLING

MAIN BURNER SWIRLER 28 ALTEANATING SWIRL DIRECTION —-
BULKHEAD COOLING 20 @ 0.282 X 10‘2m DIAMETER

MAIN BURNER NOZZLE COOLING AIR

FinwaLL®unnER waLL)
EinwaALLBiouTER WALL)
FINWALL®1CY LINDERS)
SIDEWALL COOLING

TURBINE COOLING { INNER WALL)
TURBINE COOLING (OUTER WALL)
PILOT BURNER NO2ZLE P/N

MAIN BURNFR NOZZLE P/N

NOZZLES AS SHOWN

224 ®0.140 X 10°°m DIAMETER
/N L-104377 558 ®0.102 X 10

7 LEFT HAND SWIRLERS

2
m DIAMETER 3,43

52 @ 0.254 X 10°2m DIAMETER

106% Wap (BURNER AIRFLOW) 277
1.14% Wapg (BURNER AIRFLOW) 263
2.26% Wag (BURNER AIRFLOW!

5.00% Wa4 (TOTAL AIRELOW - STATION 4)
75%Waq (TOTAL AIRELOW — STATION 4}
BA% WA4 (TOTAL AIRFLOW — STATION 41
OLN 27700-13 7 LOCATIONS

DLN 2770011 7 LOCATIONS

MODIFICATIONS REFERENCE 812

RUN 7 MAIN BURNER FUEL |mscmnO

O,

MAIN tNJECTCR

3P0
PILOT INJECTOR —-P@

< ©
O,

MAIN INJECTOR

..
oFe

INJECTOR

Figure A-10  Yorbix Combustor Configuration S13

AREA m? x 107

23.49 App [EFFECTIVE AREA)}

119.23 Anpy {EFFECTIVE AREA)
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COOLING HOLE PATTERN

16 17

18 12

INNER LINER OUTER LINER
DIA. AREA DIA. AREA ,

couver| mxio? | =voLes| mZxi? |lLouven wx103 |eroLes | mixi0? i

] 1.19 85 211 12 1.79 110 2.73

2 1.79 88 211 13 1.79 110 273

3 1.79 10 2.73 14 1.79 130 323 |
D 208 110 375 15 2.08 130 4.43

5 1.93 85 2.48 16 161 ) 202

6 1.32 85 1.17 17 1.63 89 2.02

7 1.32 85 117 18 1.32 T 162

B 132 85 117 19 1.32 05 1.30

) 1.32 85 1.17 20 1.32 106 148

10 1.32 85 117 21 1.79 85 2.11

1 1.32 85 117 22 1.32 1o 1.50 AREA m? x 109

PILOT BURNER SWIRLER

PILOT BURNER SWIRLER COOLING

MAIN BURNER SWIRLER 28 ALTERNATING SWIRL DIRECTION
BULKHEAD COOLING 20 ® 0,282 X 10°2m DIA PIN L-104377
MAIN BURNER NOZZLE COOLING AlR

FINwWALLEUNNER WALL)

FINWALLBHOUTER WALL)

einwaLL@icY LINDERS!

SIDEWALL CODLING

TURBINE COOLING { INNEH WALL)

TURBINE COOLING {OUTER WALL)

FILOT BURNER NOZZLE PIN

MAIN BURNER NOZZLE P/IN

7 LEFT HAND SWIRLERS

23.49 Ay {EFFECTIVE AREA)
224 @0.140 X 10°2m DIA

343
118.23 Ay, (EFFECTIVE AREA]

568 0,102 X 10 2m DIA 5.79

52 @0.254 X 10°2m DIA 263

1.06% Wa g (BURNER AIRFLOW)

1.14% Wap (BURNER ATRFLOW)

226% Way (BURNER AIRFLOW)

5.00% Wagq [TOTAL AIRFLOW - STATION 4)
75%Wag [TOTAL AIRFLOW — STATION &)
BA% WA4 (TOTAL AIRFLOW - STATION 4]

DLN 27700.13 7 LOCATIONS
DLN 27700-13 7 LOCATIONS

MODIFICATIONS REFERENCE 813

7 SECONDARY FUEL INJECTORS

2
wify/ AP~ 0.8046gm INs
PILOT INJECTOR —

MAIN INJECTOR

Figure A-11

@@@

PILOT
INJECTOR

MMN INJECTOR

Vorbix Combustor Configuration 814




16 17 18

COOLING HOLE PATTERN

INNEF LINER OUTER LINER
DIA. AREA | DIA. | AHEA
Louver| mxio? | =Hores] m2xio? ||Louver| mx10? lanores | m2xio?
] 1.79 85 2.1 12 1.79 10 2.73
2 1.79 85 2.1 13 1.78 110 2.73
B 1.79 10 2.3 14 1.79 130 3,23
4 208 10 375 15 2.08 130 4.43
5 1.03 85 2.48 16 1.61 89 2.02
G 1.32 865 1.17 17 1.61 99 2.02
7 1.32 85 117 18 1.32 118 1.62
a 132 85 147 19 1.32 95 1.30
9 1.32 85 117 20 t.32 106 1.45
10 1.32 85 1.7 H 1.79 85 211
1 1.32 85 117 72 1.32 110 1.50 AREA m?x 107

PILOT BURNER SWIRLER

PILOT BURNER SWIRLER CODLING

MAIN BURNER SWIRLER 78 ALTERNATING SWIPL DIRECTION —
2 PIN L-104377

BULKHEAD CODLING 20 @ 0,282 X 102 m

MAIN BURNER NOZZLE COOLING AIR

FinwaLL®UNNER WALL)

FINwALLBtouTER waALL)

FINwALLEICY LINDERS)

SIDEWALL CODLING

TURBINE COOLING [INNER WALL)

TUHBINE COOLING {OUTER WALL)

PILOT BURNER NOZZLE P/N

MAIN BUHNER NOZZLE PIN

T LEFT HAND SWIRLERS

224 ® 0,140 x 102 m

558 @0.102 x 102 m

52 ® DIAMETER 0.254 x 10"2m

1.06% WAB {BURNER AIRFLOW!
1.14% Wag (BURNER AIHFLOW
2.26% Wap (BURNER AIRELOW)

224 @ 0.140 X 10°2m DIAMETER
558 @ 0,102 X 10'%m DIAMETER
52 @ 0.254 X 10'2m DIAMETER

WA AL [EFFECTIVE AREA)}
343

M9.23 Anyy {EFFECTIVE AREA)
5.77
2,63

5.00% Waq (TOTAL AIRFLOW STATION 4)
75% Waq (TOTAL AIFFLOW - STATION 4)
BA% WA4 (TOTAL AIHFLOW - STATION 4)

DLN 27700-13 7 LOCATIONS
DLN 27700-13 13 LOCATIONS

MODAFICATIONS REFERENCE S14

RUN 13 SECONDARAY FUEL INJECTORS

Figure A-12  Vorbix Combustor Configuration §15

ORIGINAL PAGHE 1S
OF POOR QUALITY
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COOLING HOLE PATTERN

[ G ?

INNER AND OUTER LINER
DMLUTION HOLES
. HN LINEWITH

PILOT INJECTORS

16 17 18 19

INNER LINER OUTER LINER
i DiA. AREA BIA. AREA
— Louver| mx103 | =Hoces| mZxiw0? | [Louver mx103 [#noLes | m2xio?
1 1.79 85 2.1 12 1.79 110 2.73
2 1.79 86 2.1 13 1.70 10 2.73
3 1.79 110 2.3 14 1.79 120 3.23
s | 208 110 3.75 15 2.08 130 4.43
5 1.03 85 2.48 16 161 a9 2,02
8 1.32 85 1.17 17 1.61 29 2.02
7 1.32 8s 1.17 18 1.32 18 162
8 1.32 8 1.17 19 1.32 o5 1.30
9 1.3% 85 117 20 1.32 106 1.45
10 1.22 85 1.17 21 1.79 85 211
11 1.32 85 1.17 22 1.32 110 1.50 AREA W2 x 10

——a

#ILOT BURNER SWIRLER

PILOT BURNER SWIRLER COOLING

MAIN BURNER SWIRLER 28 ALTEHNATING SWIRL DIRECTION -
BULKHEAD COOLING 20 @0.282 X 10-2m Diam  P/N 1104377
MAIN BURNER NOZZLE COOLING AIR

FinwALLBINNER WAL L)

einwaLL®outenr waLL)

EinwaLL®iey LINDERS)

SIDEWALL COOLING

TURBINE COOLING ¢ INNER WALL)

TURBINE CODLING {OUTER WALL]

PRIMARY NOZZLE P/N

MAIN BURNER NDZZLE #/N

MAIN BURNER DILUTION (INNER WALL)

MAIN BURNER DILUTION (OUTER WALL)

7 LEFT HAMD SWIRLERS

3.20 Ay [EFFECTIVE AREA)
224 @ 0,140 X 10°2m DIAM

1M9.23 A, {EFFECTIVE AREA)

577
565 @ 0,102 X 10"2m DIAM 2.63
52 @ 0.100 DIAMETER 0.408

1.06% Wy (BURNER AIRFLOW)

1.14% Wag (BURNER AIRFLOW)

2.26% Wap [BURNER AIRFLOW)

B5.00% Wag ITOTAL AIRFLOW - STATION 4)
7.5% Wa4 (TOTAL AIRFLOW - STATION 4)
8.4% WAA (TOTAL AIRFLOW - STATION 4
DLN 2770013, 7 LOCATIONS

DLN 27700-11, 12 LOCATIONS

7 ® 1,684 X 30 2m DIAMETER

7 ® 1,664 X 102m DIAMETER

MODIFICATIONS REFERENCE 515
INSTALL ALL RIGHT HAND MAIN BURNER SWIRLERS
REDUCE PILOT BURNER SWIRLER AIRFLOW WITH BLOCKAGE RING
ADD INNEH AND QUTER LINER DILUTION AIR (ROWS 7 AND 18}

Figure A-13  Vorbix Combustor Configuration S16
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DILUTION HOLES
IN LINE WITH
PILOT INJECTORS

—
i

16 17

18 19

COOLING HOLE PATTERAN

INNER LINER QUTER LINER
DlA. AREAN DIA. AREA
couver] mxio? | svwores| m2xi0? |[Louver| mxi0? |#HoLEs | mPx10®
1 1.79 85 2.1 12 1,79 10 2.73
) 1.19 85 211 13 1.79 110 2.73
. a 1.79 110 273 14 1.79 130 3.23
4 2.08 1o 3.75 15 2.08 130 4.43
5 1.93 a5 2.48 16 1.61 9 2,02
6 1.32 85 117 17 1.61 89 2.02
| ? 1.32 86 117 18 1.32 118 1,62
: 8 1.32 85 1.17 19 1.32 85 1.30
9 1.32 85 117 20 1.32 106 1.45
10 1.32 85 117 21 1.19 85 2.4
A 1.32 85 1.17 22 1.32 110 1.50 AREA m2 x 104
PILOT BURNER SWIRLER 7 LEFT HAND SWIRLERS 3.20 Ay, (EFFECTIVE AREA}
PILOT BURNER $WIHLER COOLING 224 @ 0.140 X 10 2m DIAM 3.43
MAIN BURNER SWIRLER 2B ALTERANATING SWIRL DIRECTION - 118.23 ACD [EFFECTIVE AREA)
BULKHEAD COOLING 20©0.282 X t02mDiam PN L104377 o 60102 X 102m Di1AM 579
MAIN BURNER NOZZLE COOLING AIR 52 @ 0,264 X 10"°m DIAM 263
FINWALLPONNER WALL 1.06% Wap (BURNER AIHFLOW)
FINWALLBIOUTER waLL) 1.14% Wag (BURNER AIRFE LOW)
- einwal®icy LiNDEHS) 2.26% Way (DURNER AIRELOW)
: SIDEWALL COOLING 5.00% Waq (TOTAL AIRFLOW - STATION 4)
b TURBINE COOLING | INNER WALL) 7.5% Waq ITOTAL AIRFLOW - STATION 4)
TURRINE COOLING {OUTER WALL) 84%Waa [TOTAL AIHRFLOW  STATION 4}
] PILOT BURNER NOZZLE PIN EX 10970 7 LOCATIONS
MAIN BURNER NO2ZLE PIN DLN 27700-11 13 LOCATIONS
MAIN BURNER DILUTION (INNER WALL) 7 @ 1.664 X 10 2m DIAMETER 15,22
e MAIN BURNER DILUTION (OUTER WALL) 7@ 1,664 % 102m DIAMETER ‘15,22
i MOUIFICATIONS REFERENCE 518
- INSTALL LOW AP AERATING PILOT FUEL INJECTORS
2 Figure A-14  Vorbix Combustor Configuration 1 7
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I \LKL

INNER ANDOUTER & 4 jy L\\
LINER DILUTION e
INNER AND OUTER LINI’H

HOLES 1N LINE
WITH INJECTORS -

7 1

PILUTION HOL ES
IN LINE WITH

20 1 22

COOLING HOLE PATTERN.

17 14

_PILOT INJECTORS
-

INNER LINER OUTER LINER
DIA. AREA DIA, AREA

couver| mxio® | #Hotes | mZxi0? [|Louver| m x103 | #rotes | m2x10

1 163 84 1.74 14 2.34 84— a6t

2 1.63 B84 1.4 15 1.63 B84 1,74

3 1.63 84 1.74 16 1.63 84 1.74
4 163 B4 1.74 17 1.63 84 1.74

5 1.96 84 252 18 1.80 84 214

6 2.27 B84 3.45 19 2.08 120 443

7 1.93 1 2.49 20 1.63 99 2.05

] 1.32 85 117 21 1.63 -1:] 2.05

9 132 85 1.17 22 1.32 18 1.62

10 1.32 85 117 px] 1.32 13 1.30

1 1.2 85 1.17 24 1.32 108 145 |

12 1.32 85 117 26 1.79 BS 2.1 _‘

13 1.32 a6 117 26 1.32 110 1.51

PILOT BURNER SWIRLER

BULKHEAD COOLING

MAIN BURNER NOZZLE COOLING

PILOT BURNER DILUTION (INNER ¥ALL)
PILOT BUBRNER DILUTION [QUTER WALL)
MAIN BUHNER SWIRLERS

SIDEWALL COOLING

TURABINE COOLING (INNER WALL)
TURBINE COOLING (OUTER WALL)
PILOT BURNER NOZZLE

MAIN BURNER NO2ZLE

MAIN BUANER DILUTION {INNER WALL)
MaIN BURNER DILUTION {OUTER WALL)

INCAEASE PILOT VOLUME
ADD PILOT DILUTION AIR
MOUDIEY PILOT SWIRLER
MODIFY PILOT COOLING

Figure A-15

100

7 LEFT HAND SWIRLERS
147 ©0.226 X 10n DIAMETER
52 @ 0.254 X 10 ?m DIAMETER
7@ 1631 X 10°2m DIAMETER
7@ 1.631 X 10°2m DIAMETER
28 RIGHT HAND SWIRLERS
5% WA4 (TOTAL AIRFLOW — STATION 4)
1.56% Waq (TOTAL AIRFLOW — STATION 4}
B.4% Wa4 (TOTAL AIRFLOW - STATION 4
£X 10970 7 LOCATIONS
DLN 27700 - 11 13 LOCATIONS
7 @ 1,664 X 10" 2m DIAMETER
7@ 1.664 X 10 2m DIAMETER
MODIFICATIONS REFERENCE § 17

Vorbix Combustor Configuration 518

R e y——— - g -

2

—
AREA m? x 107

10.84 Aep
6.80

263

14,62
14.62
119.23 Appy (EFFECTIVE AREAI

{EFFECTIVE AREA)

361 Acg (EFFECTIVE AREA)

16.22
15.22




YA

10 1} 1213

INNER AND OUTER

LINER DILUTION

HOLES IN LINE
WITH INJECTORS .

INNER AND OUTER LINER
DILUTION HOLES
« IN LINEWITH

“w,, PILOT INJECTORS

COOLING HOLE PATTERN

. INNER LINER QUTER LINER
: DIA. AREA . DIA. AREA
couver| mxio? | #rotes| m2xio? |}louver| mxi0d | #nowes | m2xio?
1 163 g4 1.74 18 234 84 361
) 2 163 9 1.74 15 163 84 574
_ 3 163 84 1.74 16 1.63 8a 1.74
- 4 1.67 84 1.74 17 1.63 84 1.74
o 5 1.95 84 2.52 18 1.80 a4 2.15
s 227 84 3.45 19 2.08 130 443
- 7 103 8% 2.49 20 163 89 2.05
- 8 1.32 8 147 2 1.62 ) 2.05
) 1.32 85 7 22 132 118 162
10 1.32 85 11: 23 1.32 25 1.30
1 132 a5 117 24 1.32 106 1.45
B 12 132 a5 117 2% 1.79 86 2.41
- 13 1.32 85 R 1.32 110 151
AREA m? X 104
PILOT BURNER SWIRLER 7 LEFT HAND SWIRLERS W(EFFEGTWE AREA]
BULKHEAD COOLING 147 © 0.2:3 X 102m DIAMETER 580
MAIN BURNER NDZZLE CIOLING 52 @ 0.254 X 10'%m DIAMETER 283
PILOT BURNER OILUTION VINNER WALL 7@ 1.631 X 10%m DIAMETER 14.62
PILOT BURNER DILUTION (DUTER WALL) 7@ 1.641 X 102m DIAMETER 14.62
MAIN BURNER SWIRLERS 28 RIGHT HAND SWIRLERS 119.23 A, (EFFECTIVE AREA)
SIDEWALL COOLING 5% WA4 (TOTAL AIRFLOW — STATION 4)
TURBINE COOLING (INNER WALLJ 7.6% Wa4 (TOTAL AIRFLOW — STATION 41
- TURBINE COOLING (DUTEF WALL) B.4% Waa ITOTAL AIRFLOW — STATION 4)
PILOT BURANER NOZZLE OLN 27700-11, 7 LOCATIONS
. ) MAIN BURNER NOZZLE DLN 27700-11, 13 LOCATIONS
MAIN BURNER DILUTION (INNER WALL) 7 @ 1,664 X 102 DIAMETER 16.22
MAIN BURNER DILUTION (QUTER WALL) 7 @ 1.084 X 102 DIAMETER 16.22

MODIFICATIONS REFERENCE §18
USED PRESSURE ATOMIZING PILOT BURNER NOZZLE

Figure A-16  Vorbix Combustor Configuration 519

101

v




Y A

-

INNER AND OUTET

LINER DILUTION
M | HOLES IN LINE

WITH INJECTORE

INNER AND OUTER LINER
DILUTION HOLES
IN LINEWITH

PILOT INJECTORS

M (I
COOLING HOLE PATTERN
INNER LINER OQUTER LINER
BIA. AREA DIA, AREA
couven| mx103 | #noLes | m2x10? ||Louver| mxio? | #HoLes m2x10

1 1.63 84 1.74 14 2,34 84 3.61

2 163 B4 1.74 15 163 84 1.74

a 163 84 1.74 16 1.62 B4 1.74

4 163 a4 1.74 17 1.83 84 1.74

5 1.96 84 2.52 18 1.80 B4 216

6 2.27 84 3.46 19 2.08 130 443

7 183 8s 2.49 20 1.62 89 2.05

[] 1.32 85 117 21 1.63 89 2.05

9 1.32 85 117 22 1.32 18 1.62

10 132 B5 1.17 23 1.32 95 1.30

1 1.32 85 117 24 1.32 108 1.45

12 132 85 117 25 1.79 B85 FXY

12 1.32 85 147 % 1.32 110 1.51

AREA m

PILOT BUANER SWIRLER 7 LEFT HAND SWIRLERS 24.39 A
BULKHEAD COOLING 147 © 0.226 X 10°2m DIAMETER 5.90
MAIN BUHNER NOZZLE COOLING 52 @ 0,264 X 10 2m DIAMETER 263
PHLOT BURNER DILUTION (INNER WALL) 7 @ 1.631 X 10" 2m DIAMETER 14.62
PILOT BURNER DILUTION [QUTER WALL) 7 @ 1.631 X 10°2m DIAMETER 14,62

MAIN BURNER SWIRLERS

SIDEWALL COOLING

TURBINE CNOING (INNER WALL)
TURBINE COOLING {QUTER WALL}
PILOT BURNER NOZZLE

MAIN BURNER NOZZLE

MAIN BUHNER DILUTION {INNCR WALL)
MAIN SUHNER DILUTION (OUTER WALL)

28 RIGHT HAND SWIRLERAS

5% WAy (TOTAL AIRFLOW -- STATION 4)
7.5% Wagq {TOTAL AIRFLOW - STATION 4)
B.4% Way4 (TOTAL AIRFLOW — STATION 4}
DLN 2770011, 7 LOCATIONS

DUN 27700-11, 13 LOCATIONS

70 1.664 X 102m DIAMETER 16.22
7@ 1.664 X 102m DIAMETER 16.22

MOD!FICATIONS REFERENCE S 19

INCREASE PILOT BURNER SWIHLER AIR FLOW‘
DECREASE MAIN BURNER SWIRLER AR FLOW

Figure A-17
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Vorbix Combustor Configuration 820

X 10°

4

[EFFECTIVE AREA)

1.6 ACD (EFFECTIVE AREA}
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L}/ WITH INJECTORS

LINER DILUTION
HOLES IN LINE

INNER AND OUTER LINER
- DILUTION HOLES
IN-LINE WITH

.PILOT INJECTORS

Y, R

: A
14 16 |18
1 1 19 20 21 22 23 5
5 2
COOLING HOLE PATTERN
INNER LINER OUTER LINER
DIA. AREA Dia. AREA
Louver| mx107 | #notes | m?x10? ||Louver| mxi0? |#noes| mPxi0?
1 .63 84 1.74 14 234 84 161
2 1.63 B 1.24 15 1.63 B84 1.74
3 163 84 1.74 18 163 84 1.74
4 163 84 1.74 17 1.63 B4 1.74
5 1.96 84 2.52 18 1.80 84 216
6 227 B4 3.45 19 208 130 441
7 1.93 85 2.49 20 163 %9 2.06
8 1.32 6 117 PT 1.63 ) 2.05
9 1.32 85 117 22 1.32 T 162
10 1.32 85 117 2 1.32 95 1.30
1" 1.32 85 117 24 132 106 1.45
12 1.32 8S 117 26 1.79 85 AR
13 1.32 85 117 6 1.32 10 1.59
AREA m2X10'
PILOT BURNER SWIRLER 7 DUAL CO-ROTATING L H SWIRLERS 29,81 ACD {EFFECTIVE AREA)
BULKHEAD COOLING 147 @0.226 X 102m DIAMETER 5,90
MAIN BURNER NOZZLE COOLING 52 @ 0.254 X 10-2m DIAMETER 263
PILOT BURNER DILUTION {INNER WALLI 7@ 1.631 X 10'2m DIAMETER 14.62
PILOT BUANER DILUTION (OUTER WALL) 7@ 1.63 X 102m DIAMETER 1462

MAIN BURNER SWIRLERS

SIDEWALL COOLING

TURBINE COOLING {INNER WALL}
TURBINE COOULING {OUTEH WALL)
PILOT BURNER NOZZLE

MAIN BURNER NOZZLE

MAIN BURNER DILUTION {INNER WALL)
MAIN BURNER DILUTION (QUTER WALL)

28 RIGHT HAND SWIRLERS 94.21 Ay (EFFECTIVE AREA)
5% WA4 (TOTAL AIRFLOW - STATION 4} 11.52 Aoy, (EFFECTIVE AREA)
7.5% Wa4 (TOTAL AIRFLOW — STATION 4 1681 A (EFFECTIVE AREA)
8.4% Way ITOTAL AIRFLOW .- STATION 4 15.04 A {(EFFECTIVE AREA)
DLN 27700-11, 7 LOCATIONS

DLN 27700-11, 13 LOCATIONS

7 ® 1.664 X 102m DIAMETER 2.359

7 @ 1.664 X 10"2m DIAMETER 2.359

MODIFICATIONS REF MODIFICATIONS REF. S 20

INCREASE PILOT BURNER SWIRLER AIR FLOW THROUGH THE USE OF LARGER SWIRLER

- INCHEASE BLOCKAGE RINGS (TO 0.348 X 102m INCH WIDTH} ON QOUTER LINER MAIN BURNER SWIRLERS
. ADDED CARBURETOR TUBRES TO MAIN BURNER FUEL SYSTEM

ADDED TOROIDAL DEFLECTQOR TO PILOT BURNER SWIRLER

Iigure A-18  Yorbix Combustor Configuration 521
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CODLING HOLE PATTERN

]

19 20 22

INNER LINER OUTER LINER
DIA. AREA DIA. AREA
wuver| mx10? | #notes | mixio? ||wouven] mxio® | #rores| m2xi0?
1 163 84 1.74 14 2.34 B4 3.61
2 1.63 B4 1.74 15 1.63 84 1.4
3 1.63 84 1.4 16 1.63 B4 1.74
4 163 84 1.74 17 1.63 B4 1.74
5 1.96 o 2.57 18 1.80 84 218
5 2.27 B4 3.45 18 2.08 130 443
7 193 8 2.49 20 163 99 2.05
8 1.32 85 117 271 163 ) Z.05
3 1.37 85 117 22 1.32 118 162
0 132 85 117 23 1.32 95 1.30
T 1.32 T 117 2% 1.32 106 145
12 1.32 85 1.17 26 1.79 B85 211
13 1.32 85 117 ) 1.32 110 1.51

PILOT BURNER SWIRLER (INCLUDING SLOTS IN
CENTER TUBE OF SWIRLER)

BULKHEAD COOLING

MAIN BURNER NOZZLE COOLING

PILOT BURNER DILUTION (INNER WALL ROW 1)
PILOT BURNER DILUTION [QUTCR WALL ROW 14)
MAIN BURNER SWIRLERS

SIDEWALL CQOLING

TURBINE COOLING (INNER WALL)

TURBINE COOLING (OUTER WALL)

PILOT BURANEH NOZZLE

MAIN BURNER NOZ2ZLE

MAIN BURNER DILUTION OUTER WALI

MAIN BURNER DILUTION INNER WALL

AHEA m? x 104
7 LEFTHAND SWIRLERS

140 @ 0.234 X 10 2m DIAMETER 6.08
52 ® 0.254 X 10 2m DIAMETER 2.63
7@ 1.63 X 102 DIAMETER 14.62
7@ 1.63 X 102 DIAMETER 14.62

28 RIGHT HAND SWIRLERS
5% WA4 (TOTAL AIRFLOW -- STATION 4}
7.5% Waq [TOTAL AIRFLOW -- STATION 4)
8.4% Waq (TOTAL AIRFLOW —~ STATION 4)
DLN 27700-13, 7 LOCATIONS
DLN 27700-11, 13 LOCATIONS
15,22
15.22

MOODIFICATIONS REFERENCE $21

INSTALL ROOD

INSTALL NEW SWIRLER TORROIDAL DEFLECTOR WITH 3.3 X 10°Zm DIAMETER MOLE,

ADD QUTER LINER SCOOP

REVISE BULKHEAD WITH COOLING AIR ENTERING THROUGH RING CONCENTRIC WITH SWIFtLER.
ADD TEMPERATURE-SENSITIVE PAINT ON LINER (INSIDE AND OUT}

REMOVE PREMIXING TUBE FROM MAIN BURNER,

Figure A-19
104

Vorbix Combustor Configuration 822
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A

COOLING HOLE PATTERN

INNER LINER OUTER LINER
DIA. AREA DiA. AREA
Louverl mx10? | #nores| w0t ||iouver| mxio? | #uowes| mPxio?
1 163 84 1.74 14 2.34 84 3.61
2 163 ) 1.74 1% 1.63 84 1.74
3 162 8 1.74 18 163 84 174
4 163 84 1.74 17 163 84 1.74
5 1.96 I 252 18 1.80 84 2.15
8 2.27 8 145 18 2.08 130 4.43
7 1.93 85 2.48 20 163 ™ 205
8 1.2 ) 117 2 163 ) 2.05
g 1.32 85 117 22 1.32 18 162
10 \.az 88 117 23 1.32 95 1.30
T 1.2 85 117 2 1.32 106 145
12 1.32 85 117 25 1.19 86 21
12 1.32 85 117 % 1.32 10 1.6t
AREas? x 104
PILOT BURNER SWIRLER (INCLUDING SLOTS 7 LEFTHAND SWIRLERS 27.46 Acp IEFFECTIVE AREA)
IN CENTER TUBE OF SWIRLER)
BULKHEAD COOLING 140 @ 0.234 X 10°2m DIAMETER .09
MAIN BURNER NOZZLE COOLING 52 @ 0.25¢ X 10" 2m DIAMETER 2.63
PILOT BURNER DILUTION [INNER WALL ROW 11 7@ 1.63 X 10"2m DIAMETER 14,62
PILOT BURNER DILUTION (OUTER WALL ROW 14 1@ 1.63 X 10°2m DIAMETER 14.62
MAIN BURNER SWIRLERS 28 RIGHTHAND SWIRLERS #1.48 Acp (EFFECTIVE AREA]
SIDEWALL COOLING B% Waq (TOTAL AIRFLOW — STATION 4)
TURBINE COOLING INNER WALL) 7.5% Wa4 (TOTAL AIRFLOW ~ STATION &)
TURBINE COOLING {OUTER WALL) 8.4% Wa4 (TOTAL AIRFLOW — STATION 4)
PILOT BURNER NOZZLE DLN 27700-13, 7 LOCATIONS
MAIN BURNER NOZZLE DLN 27700-11, 13 LOCATIONS
MAIN BURNER DILUTION OUTER WALL LOUVER 22 15.22
MAIN BURNER DILUTION OUTER WALL LOUVER 21 7574

MODIFICATIONS REFERENCE 522

ADD 0.457 X 10'2m WIDE BLOCKAGE RING TO INNER LINER MAIN BURNER SWIRLER.
REMOVE INNER LINER MAIN BURNER DILUTION HOLES,

ADD A ROW OF DILUTION HOLES {1, 785 X 10‘2111 DIAMETER) BEHIND EACH MAIN BURNER FUEL NOZZLE {13) IN LOUVER NUMBER 22.

ADD A DILUTION HOLE (1.537 X 102m DIAMETER) SETWEEN EACH EXISTING HOLE IN LOUVER 23 AND CAPPED IT.

EXTENDED INNER LOUVER SCOOP (6.868 X 107 2 DIAMETER) AND OUTER LOUVER SCOOP {2.794 X 107 2m DVAMETER) UPSTREAM,
TRIP RAMP ADDED TO OUTER LOUVER,

Figure A-20  Vorbix Combusior Configuration 523
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14 ["5is 16 A7

COOLING HOLE PATTERN

9 10 11 12143

INNER LINER OUTER LINER
DIA. AREA DIA. AREA
Louver]| mxio? | #Hotes | mPxio? |[Louver| mxi0? | #HoLes mex 104

1 1.63 84 1.74 14 2.34 84 161
2 163 84 1.74 15 163 84 1.74
3 1.63 B84 1.74 16 163 84 1.74
4 163 84 1.74 17 1.63 84 1.74
5 1.96 84 252 18 1.80 84 2.15
P 227 ) 345 1a 2.08 130 243
7 1.03 85 249 20 1.63 99 205
8 1.32 g5 1.17 2 163 29 2.05
) 132 85 117 2 1.32 18 1.62
10 1.32 85 117 2 1.32 95 1.30
" 1.32 a5 117 24 1.32 108 1.45
12 1.32 86 117 il 1.79 85 2.1
13 1.32 85 147 26 1.32 110 151

PILOT BURNER SWIRLER [INCLUDING SLOTS
IN OUTER TUBE OF SWIRLER)

BULKHEAD COOLING

MAIN BURNER NOZZLE COOLING

PILOT BURNER DILUTION {INNER WALL ROW 1}
PILOT BUANER DILUTION (DUTER WALL ROW 14)
MAIN BURNER SWIRLERS

SIDEWALL COOLING

TURBINE COOLING {INNER WALL)

TURBINE COOLING (OUTER WALL}

PILOT BURNER NOZZLE

MAIN BURNER NOZZLE

MAIN BURNER DILUTION QUTER WALL

MAIN BURNER DILUTION OUTER WALL

AREA m? x 10°%

7 LEFTHAND SWIRLEHS 27.458 Acp (EFFECTIVE AREA)

140 @ 0.234 X 102m DIAMETER 5.897

52 @ 0,254 X 10" 2m DIAMETER 2,632
7@ 1.831 X 10 %m DIAMETER 14,619
7@ 1.631 X 102m DIAMETER 14.819

28 RIGHTHAND SWIRLERS

5% Waz (TOTAL AIRFLOW - STATION 4)
7.5% Waq (TOTAL AIRFLOW — STATION 4)
8.4% Wa4 (TOTAL AIRFLOW — STATION 4}
DLN 27700-13, 7 LOCATIONS

DUN 27700-11, 13 LOCATIONS

LOUVER 22 1.877
LOUVER 21 15.861

MODIFICATION REFERENCE 523

CAP EACH DILUTION HOLE IN LOUVER 22 BEHIND EACH PILOT BURNER NOZZLE AND OPEN ONE 1.588 X 10"2m DIAMETER

BEHIND EACH MAIN BURNER NOZZLE.

Figure A-21  Vorbix Combustor Configuration 524
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A

g 30 11 1213

2 19 0N 32 21 24

COOLING HOLE PATTERN

26
INNER LINER QUTER LINER
DIA. AHEA DIA. AREA
couver| mx103 | #nores | mixi0? |liouver| mxic? | #rores | m?xio?
1 163 84 1.74 14 2.34 B4 361
2 163 ) 1.4 15 162 84 .74
3 163 84 1.74 16 163 B4 1.74
4 163 84 1.74 17 1.63 B4 1.74
5 1.96 84 252 18 1.80 84 215
8 227 B 145 19 2.08 130 443
7 193 88 2.48 20 1.83 g9 2.05
8 132 85 117 21 163 89 2.05
-] 1.32 85 1.17 22 1.32 118 1.62
10 1.32 85 117 ) 1.32 @5 | 1.30
T 132 85 117 24 1.32 106 145
12 132 8 147 26 1.70 85 211
13 1.32 85 117 8 1.32 110 1.51
AREA m? X 1074
PILOT BURNER SWIRLER 7 LEFT HAND SWIRLERS 21.968 Agp (EFFECTIVE AREA)
BULKHEAD COOLING 140 @ 0,234 X 10-2m DIAMETER 6.08
MAIN BURNER NO2ZLE COOLING 62 @ 0.264 X 10-2m DIAMETER 263
PILOT BURNER DILUTION [INNER WALL ROW 11 7@ 1.63 X 10-2m DIAMETER 14,62
PILOT BURNER DILUTION (OUTER WALL HOW 14} 7@ 2.08 X 10-Zm DIAMETER 73.50

MAIN BURNER SWIRLERS

SIDEWALL COOLING

TURBINE COOLING [INNER WALLI
TURBINE COOLING (QUTER WALL)
PILOT BURNER NOZZLE

MAIN BURNER NOZZLE

MAIN BURNER DILUTION OUTER WALL
MAIN BURNER DILUTION OUTER WALL
MAIN BURNER DILUTION OUTER WALL

28 RIGHTHAND SWIRLERS

5% Wagq (TOTAL AIRFLOW — STATION 4}
7.5% Wag {TOTAL AIRFLOW — STATION 4)
B.4% Wagq (TOTAL AIRFLOW — STATION 4)
DLN 27700-11 7 LOCATIONS

DLN 27700-11, 13 LOCATIONS

LOUVER 22 7.36
LOUWVER 21 16.96
LOUVER 20 2,45

_MODIFICATIONS REFERENCE §24

AEDUCE PILOT BURNER SWIRLER AIRFLOW BY 20% {BLOCKAGE RING WIDTH 0.127 X 102m)

INCREASED OUTER LINER PILOT BURNER DILUTION TO MAINTAIN PILOT BURNER EQUIVALENCE RATIO

REDUCE INNER LINER MAIN BURNER SWIRLER EFFECTIVE AREA BY ONE THIRD.
ADD ONE 1.688 X 10"2m DIAMETER HOLE N LOUVER 20 BEHIND EACH STRUT (2},

Figure A-22  Vorbix Combustor Configuration 525
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APPENDIX B

EXPERIMENTAL TEST DATA

PRECEDING PAGE BLANK NOT FILMED
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APPENDIX C
FUEL CONTROL DESIGN STUDY

A..TECHNICAL DISCUSSION
1. FUEL CONTROL DESIGN MODIFIED FROM PRODUCTION CONTROL

a. Identification of Candidate Schemes ———
Utilization of the existing engine control (including fue! control), insofar as possible, will
minimize development cost and impact on the engine installation. This approach confines
changes to the addition of a new flow distribution control system to distribute fuel to the
pilot and main zone manifolds, The flow distribution control systen will replace the existing
pressurization and dump (P&D) valve, which now performs the fuel staging function based
on total fuel flow. The system is shown schematically in Figure 43. By leaving the engine
control intact, the engine fuel flow vs. thrust charactesistic, and the assorted trims and biases,
remain unchanged. All other engine control functions such as bleed operation and high-pres-
surc compressor vane angle scheduling continue to be accomplished by the production con-
trol.

EXISTING ENGINE CONTROL NEW HARDWARE

——— o e it

MAIN CONTROL SYSTEM ||\ oo op sy FLOW DISTRIBUTION PILOT

© SCHEDULES ENGINE | - 'e "o/ o CONTROL SYSTEM MANIFOLD FUEL FLOW
FUEL FLOW 2 PROPORTIONS i TO PILOT ZONE
IN RESPONSE TO — PILOT AND
POWER REQUEST MAIN FUEL
AND LIMITING FLOW
PARAMETERS ® FILLS AND TURNS

® CONTROLS VARIABLE ON MAIN ZONE MAIN FUEL FLOW
VANES AND BLELM] MANIFOLDS =] MANIFOLD " 10 MAIN ZONE

Nigure -1 Concept Modified From Production Control System
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Candidate schemes were proposed to provide fuel distribution and staging between the pilot
and main zones based on combustor fuel-air ratio, and to fill the main zone manifold prior to
staging. Fuel pump modifications were also evaluated since some schemes for meeting the
main zone manifold filling requirements and fuel distribution required additional fuel pump-
ing capability. The candidate schemes were defined by a matrix containing various approach-
es for fuel distribution, main-zone manifold filling and fucl pumping. This matrix is shown

in Table C-1, and the schematic diagramns for each of the schemnes are presented in Section B
of this Appendix. All conceptual designs are technically feasible and all are capable of provid-
ing the nominal pilot-main distribution schedule within an accuracy band of £2 percent.

TABLE (-1

MATRIX FOR CANDIDATL CONTROL SCHEMES
FOR MODIFIED CONTROL

Scheme Number
TTOD[ 1blic]td]te [ te]1g [ 1h[i] 2a U 200 2c J2d]3c | 2] 3a]3bj3c]3d | 3e] 3F

Flow Disttibution
Flow Disttibution Yalve X [X QX |X X | X1 X XX X XX
Two Metering Valves XIiX | X [X XX XX

Manifold Fill Technique
Fill Detector X X X X XX X
Circulation

From Interstage of Main Pump X X X
From Discharge of Main Pump X X X X
“rom Pilot Burner Fuel Line X X X X
‘rom High-Pressure Auxiliary Fump X
IFrom Low-Pressure Auxiliary Pump X

Pumps
One Pump X XXIXIX |XIX | XK
One Pus Single-Stroke Manifold Pump X
Two Pumps X [ XX X [X
Yariable Displacement Pump XXX | XX

Two methods of flow distribution were considered. In one, the total flow is passed through a
flow distribution valve which splits the flow in the proper proportions to the pilot and main
zones, Tn the sccond, the fuel flows to the pilot and main zones are separately metered
through two indenendent valves,

Two basic approaches were considered for filling the main zone manifold prior to staging.
One of these involves the use of & single-stroke fuel pump. When fuel is initially directed to
the main zone, the single-stroke fuel pump would be actnated by the main zone fuel pressure,
providing a burst of fuel equal to the manifold fill requirementz. The second approach for

filling the main manifold involved fuel circulation through the system. Several different con-
figurations were considered: systems that operated with a full-manifold detector to avoid the
need for continuous circulation: the use of continuous circulation systems operating between
cither the main pump discharge and interstage location or between the main pump intersioge
tocation and inlet; the use of continuous circulation systems using auxiliary pumps in either
the inlet or discharge circulation lines; and the use of continuou circulation bled from the
pilot zone fuel supply line,
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The various pump options resulted primarily from the options sclected for flow distribution
of main zone manifold filling. However, a variable displacement pump was also considered
independently to determine if the simplification achieved in the control logic would offsct
the increased cost of the variable displaccment pump.

In addition to Schemes 1b through 3f shown in Section B of this Appendix, a family of
schemes was studied to evaluate the possibility of adapting the existing JT9D-7 pressurizing
and dump valve to the distribution control system required fcr the Vorbix combustor. Pre-
liminary studies revealed, however, that this system could not meet the pilot-main distribu-
tion accuracy requirements and detailed evaluations of-these concepts were not pursued.

b. Concept Evaluation

The schemes were evaluated initially on the basis of lifz cycle cost and those schemes with
excessive cost were eliminated from further consideration. ‘The remaining schemes were then
evaluated on the basis of complexity of modifications required to the production JT9D-7 en-
gine control, the availability of the required technology, and potential operational problems.
Each scheme was evaluated in both an all-hydromechanical configuration and in a hybrid hy-
dromechanical and electronic configuration. The choice between these configurations was
made on the basis of life cycle cost.

Life cycle costs were estimated using the cquation:
LCC = [NHPH + NEPE] + [MHCH + MECE] + FlwWy + WE]
where:

LCC = FEstimated life cycle cost

N = Number of units required including spares

P = Cost of cach unit

M = Number of maintenance actions required during the life of the aircraft

C = Average cost of each maintenance action

F = Fuel cost to carry onc additional pound of weight during the life of the
aircraft

W = Control system weight

and the subscripts:
11 = Relates to hydromechanical elements

E = Relates to clectronic clements
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IFactors for the life cycle cost equation were determined by estimating production cost,
maintenance requirements, and weight for each of the candidate schemes. Where possible,
the actual costs, maintenance requirements, and weights of added items were used directly
in thc equation. When specific data were not available, correlations were used, as shown in
Figures C-2 and C-3.
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PERCENT RELATIVE REQUIRED
MAINTENANCE ACTIONS

PERCENT RELATIVE
REQUIRED WEIGHT

PERCENT RELATIVE

REGUIRED COST

100 -

-

0 -
| | [ 1 |
2 10 60 -] 100

FERCENT OF NUMBER OF INPUTS AND OUTPUTS

Hgure C-3  Correlations of Reliability, Weight, and Cost for Electronic Control Elements

The relative production costs, maisitenance cosis, and weights are summarized in Figures C4,
C-5 and C-6, respectively, The resulting life cycle cost comparison is shown in Figure C-7. Be-
fore proceeding Lo concept selection, the sensitivity of the life cycle cost estimates to errors

in the assumptions was determined by introducing 20-percent reductions into each of the fac-
tors in the life cycle cost equation for each of the schemes. The lowest life cycle cost esti-

mate achieved by reducing one factor in the cquation by 20 percent was then used with the
initial estimate to obtain life cycle cost estimate bands for cach scheme. In no case did this
cause a change in the overall life ¢ycle cost trends.
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¢.  Coneept Selection

Concept selection was based on estimated life eycle cost, impact on the existing engine con-
trol system, and critical technology items, as summarized in Figure C-8, The family of
schemes designated 3a through 3f were eliminated from further consideration on the basis of
the life cyele cost estimaies. These schemes all included the variable displacement pump, and
the high resulting lile cycle cost indicated that this approach did not provide sufficient reduc-
tion in the control logic requirements to offset the high procurement cost of the pump,

MORE THAN

T O [ O BT S Wy mor
NUMBER oF THE ML OF MATEHIAL TODWEAK 10 JIDGED TO CAUSE YSTEMS
SENSLTIVITY UAND svarEar JUSTIEY START PIOALEMS
. X WYBRID OH
ie A HYDRO
0] A vvBRID OF
HYBHO
" x
it x
19 x
n x
1i x
= X
™ X
* X
H X
n x
u X
e X
an X
3* x
3 X
) X
Y X I
|

*EQ DATE. NO METHOD HAS BFEN DISCOVERED WHICH AELIABLY
OETEHMINES THE QUANTITY AND DISTRIBUTION OF FUEL EXISTING
IN A MANIFOLD BETOILE THE MANITOLD 1S TURNED-ON,

Fgure C-8  Swmmary of Fuel Control Selection Process Results

The concepts requiring two metering valves (Schemes 1f through 1i) and the concepts requir-
ing two pumps (Schemes 2a through 2¢) were climinated on the basis of the number of
changes required to the current JT9D-7 engine control. Schemes 1b and 2f were then elimi-
nated because of their requirement for a full manifold detector, and it appears that consider-
able development may be required before a satisfactory detector can be obtained, Scheme
le uses a metered circulation system in which fuel for main zone manifold filling and circula-
tion is bled from the pilot zone fuck flow. Although this concept appears technically feasible,
it vould cause starting problems, and failure of the valve controlling the circulation flow
could starve the pilot zone of fuel. Since Schemes 1¢ and 1d provided all the benefits of
Scheme 1e without being subject to the potential problems of the metered circulation sys-
tem, Scheme Te was eliminated and Schemes 1c and Td were identified as the most promis-
ing systems,
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The final step in the evaluation was to determine the merits of the hybrid hydromechanical-
clectronic systems refative to the all hydromechanical systems for the two remaining candi-
date schemes, Figure C-7 indicates that the hybrid designs can be produced and operated for
lower life eycle cost. The significance of this result depends on the sensitivity of the life
cycle cost estimate to changes in the assumptions upon which the estimate was based, Fx-

amination of cach factor in the life cycle cost equation shows that the relative ranking is
most sensitive to procurement costs, Parity is reached if either the hydromechanical uhit be-
comes 30 percent cheaper or the hybrid unit becomes approximately 30 percent more ex-
pensive. All other factors require unrcasonably large changes (or cannot physically be
changed enough) to reverse the order of ranking,

In conclusion, both Schemes lc and 1d appear acceptable in their hybrid configurations, The
final decision between these two would require a detailed design analysis beyond the scope
of the current program, Both systems arc esscntially the same except for the pump connec-
tions. Scheme lc, shown in Figure C-9, was selected as the model for the breadboard design
of the Phase I11 engine fuel control.
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Hgure C-9 Schematic Diagram of Fuel Control Scheme Ie
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2, CONCEPTUAL DESIGN OF FUEL CONTRQL _USING 1985 TECHNOLOGY

a. el Control Design Requircments
The fucl contro! design study for the Vorbix combustor was conducted in a manner parallel -
to that discussed in Scction IV-B of the basic document. The design requirements were re-
viewed, relative to the anticipated 1985 technology. The scope of the control requirements
was increased to respond to all engine control requirements, including high-pressure compres-
sor vane angle scheduling and bleed valve control. No attempt was made to retain existing
control components in order to capitalize on thie economies of integration of the.various
control functions, The required control parameters are listed in Table C-II.

TABLE C-1I

CONTROIL SYSTEM REQUIREMENTS FOR CONTROL
USING 1985 TECHNOLOGY

Current Engine Requirements

Control fuc] flow on basis of high-pressure rotor speed, power lever angle, speed soet
bias, and acceleration and deceleration limits.

Caontrol the variable vane stagger angles,
Control fuel flow for thrust reversing, flight idle, and cold starting with enrichment,

Control one station 3 bleed valve, four station 3.5 bleed valves, and 2 fifteenth-stage
bleed valves.

Pravide compressor surge warnitg signal,
Fail in an opcrationally safe manner.
New Requirements
Distribute fuel between pilot and main zongs.
Provide clectronic systems failure warning signal.
Optional Capabilitics at Small Additical Cost
Control fuel flow with engir e pressure ratio limiting,

Provide engine degradation warning signal.
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b, ldeatification of Candidate Schemes

Candidate schemes were identificd through a matrix technique similar to that used for the
madified production control, The size of the matrix was reduced, to ciiminate those
schemes that were found to be noncompetitive in the study of the modified control. Both
the single-stroke pump used for main burner manifold filling and the variable displacement
pump were climinated. In addition, the metered circulation system was climinated, and
only onc auxiliary circulation pump scheme was inciuded since no important differences
were identified between the two schemes considered in the first study. All schemes con-
sidered use digital.electronics for all functions, since current technology growth trends inai-
cate that this approach will be substantially superior by 1985,

The resulting matrix included four schemes and is shown in Table C-III. Schematic diagrams
for the schemes arc presented in Section B of this Appendix.

TABLE C-lil

MATRIX FOR CANDIDATE CONTROL SCHEMES FOR
CONTROL SYSTEMS USING 1985 TECHNOLOGY

Scheme
A EC D

Flow Distribution

Flow Distribution Valve X X X

Two Mctering Valves X
Manifold Fill Technigue

Fill Detector X X

Circulation X X
Pumps

One Pump X X

Two Pumps X X

¢. Concept Evaluation and Selection

Since the selection of schemes had included an initial screcning process to eliminate con-
cepts determined to be unpromising from the previous study, the evaluation for the all-new
schemes consisted only of 4 life cycle cost estimate for cach scheme, The process was iden-
tical to that used previously, with individual estimates being made for production cost,
maintenance requircments, and weight,

Actual costs, maintenance history, and weighis were used where sufficient data were avail-
able, and correlation curves were used where direct information was not available. The cor-
relation factors for the hydromechanical components were the same as those used previ-
ously, as it was assummed that the 1975 hydromechanical technology has reached a level of
maturity where no significant improvements are anticipated. For the clectronic compo-
nents, however, the factors were adjusted to reflect technology growth, as shown in Figure
C-10.
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Hgure C-10  Correlations of Reliability, Weighs, and Cost for Electronic Control Elements Showing
Auticipared Effect of Technology Growth

The resulting components in the life eycle cost equation for Schemes A, B, C, and D are pre-
sented in Figure C-11 and are compared to the current JTYD production control system. The
relative life cycle costs caleulated from these factors are presented in Figure C-12. The com-
parison indicates that integrated all-clectronic control systems similar to these schemes will
show u potential reduction in life cycle cost of approximately 40 percent retative to the cur-
rent production system, when modified to control a {two-siage Vorbix combustor.

These results indicate that Scheme B provides the lowest life cycle cost. This concept incor-
porates one fucl pump, a flow distribution valve, and the use of cireulation Mow {o keep the
main fuel manifold full. Tt is important to note thae this scheme incorporates the same gen-

cral design features as the add-on modification Schemes 1e and 1d selected in the preceed-
ing study.
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B. STUDY SCHEMES

Schematic diagrams for the schemes presented in Table C-I are contained in Figures C-13
through C-26.

147 *




o ———

qr awaps jouo) €[ a4ndLg

o — — —

— —— — o —— e — — — — r— —— — —
— e —  E— — A — — — — — — —— ———

—— o i — — — — — — — ——

TOHLNGD

NOILNBIHLSIO

MO d

{—e— 503378

etf— JHNSS3Md 3dlc NIV

3HASSAL
L3091 INIDNI

|t—  IHNSS3HL HINHNG

sl —

et MOT4 3N TYLOL

et
al

gINENE

L0°d

SINOZ

AUNSSING YL13Q -4y

| IATVA svesa I
i HIASNYLL wansnaneen | o000,
[ rd | uanune niv
_ MOT4 1304 HINBNE NIYW | : g
- 15008
1 L. _ | IRV HAHIY O O
| ~ o T
MOT4 T304 ONLLYINDHID 4.4 |
¥0oL03130 | [ |
RRIE] — —
4 iy
§ 7 N
—J
== e O.L
» @
MOY4 13113 HINENE 1014 P O

TATYA NOLLOSIRLSIQ T3NS

M0HLNOD
a3nd
Nivn

dWind
a3ang
NI

148




dIngnag
10714

|

_

|

[

_

_
HINGNE
NivA

—— — o —— — o——

o awayag jouucy  pI-D N3

T e oA Ten i — e
AYNDIS IATYA H3ISNYHL

IATIVA
H33ISNVYHL

\

SSwdAB 73Nd

ol s —

—y

JATTA

MOTd 1304 HINENEG NiTN

=3 —

wLenal
TOHLNOD

NOLLABIELSIG

MO 4

|

ef— 503370

st JINESIHA Idid VWL

FUNSSIHL
L3NG INIONT

—ett—  HNSSIHY HANKHOE

i

——  AOTd 3NL TVLOL

~ A W
™~ NOILYINIHID
1314 JINHNEG NIYW

ITAYA

¢l

o
= =< nynLIE NILLYTINDBID N

_l
|
yanena v |
_
i
_
_
|

) -1

_._v.l

v
$ANOCZ

vl
B §

JYNSSIHd Y1130 <« dFF

w O

014 1304 HINHNG 2071d o O
AAYA A0oHLNDD ding
NOILNAIKLSIA 13N q3and REIF]
LY R [(ML-151

149

ORIGINAL 1oty
OF POOR QEALIT,



-

R sy

pl owayag jostu0)  § ) N3]

- — —_— e —

ﬂln _.| - = -_—— = —-— 503378
| = - = - - = (17.L191Q)
_ SIYNDIS DNIDY LS 10BINDD jrE— 3HNSSEHG Idic Tiv.
_— { _ 20&.39”_%%4“@ - 3uNSSIHd
_ _ e e — — =] L3N INIONS
_ f AYNDIS FATYA HIASNYHL wt—  3HNSS3EC HIANGNE
_ | _ _ [ > | t— 1073 730 TYLOL
_ ~ _ IATYA _ SS¥dAB 1304 _
| HAASNVEL HANENG NIYIR _ _
_ _ / IAtHA 13N
ﬂ _ _ _ _amzman Ny
- asne
a o HY ! _ < mo1a 1304 HINUNE NIvW _ _ =sooe (X0
_ — [~ -t JiwHdHIY
-
HINGNE LT | ™ NOILYTNOHID | _ _
Nl { 1303 H3INBNE NIYA
»——~} —t L -
o L/ Lt
anwea | -~  nuALIM 3LYINOHID _ #
i ol
a L ) (=== e .
HINLNE ERA O
L0714 S
I MO 3 \\.I A w
v i dy | 73N Y3ANLENE LOTK
SINGZ aunssasd v1130 « 4T INTYA 104102 diNNd
NOILAGIELSIO 13N 1and N3ng
NITN NI

150



4 At g

aF WdYoS [o4UODY G [-) NSty

AOLINGD
NOILNBILLSIO
MOTS

[ef— 503370

1| IHNSSIdd Idid IvL

< 3HNSS3Hd
L3N INIONS

eaf—  JHNSSIHL HINHNG

featlf—  MOT4 T3NS WLOL

P

$SvdAE 13N _

r
_
_
| wanuna Nivw | |
_ _ _ 2AIMA TN
HINENE NIV
| ! dwinid
15008
_ _ _ INVHIEIV OO
d3ansdng 3ATwA
Ntw [ i (|
ulllvrl_jﬂ X _ [
TATYA
_ m>._<>wwl J _ m
L]
8 av I&I Wee = J.hr UJL
AYA O
“loue .
/i MO 13N ~ O
v 1 Vv I HINBNE L0714
$INGZ
JHNSSTHA Y1130 =47 - 3ATYA TOHLNOD dnind
NOILNAIXLSIO T3N3 RELF] RELF]
Nivi NI

E— R

151



(]
1 awayag jouuod L1-0 unSul

- - - S-S
_ T 10YLNOD lat—— 3NS5 3did TiTL
_ Q- —_———— — T T ™  nounawiswo I

— - . mo4 1311 INIDNT
_ __.l et—  3UNSSIH4 LINEND
_ | _ _ll T MO 7304 TvL0L
| — ==
|

| | N
“_ "_ 15008 D

INTHIHIY

HINHNE IATvA __ r — —— ——
NIV _ _ _l _l lllll |ﬂ
3 v HoL3L3a L === |}
. 74 .J _ _
SATYA — _ — |
L AAAD— 2
HINENG AAvA FAIVA NITHD i O
10Md >
v —{v}— O
oz
s 34NSS3Hd Y1130 = 4F ._omwhww “_nn“
NiTiN NIYN

152



3[ awayog joquo)y Q[ NSy

M _:I||...||.l|||HH.H.|H”H e 503318

|
|
_ _ , _l — e e b —— — — —] TOHLNDGD [l — IHOSSILS Idid Tivd
_ . NOILLNBIYLSIT
_ _ _ . S MoT4 ' 3I4SSIHY
_ __|.. _—— = - J 3TN INIONT
_ _ _ f i . {==—  JuOSSIHY HINKNE
| _ IV = -
| anwva | | — ] M1 1304 T L0L
_ — HISSNVYHL — _ I  —
Lo \d L ===
| - _—__— - - u
a E » } =T ors T s I_ I i
H3INHNE IATYA I 013 1304 HINENG NIV I _ 15008 OO
NiTW _ I.../ - | | | | IRTHAHIY
—i — | NOLLYINIHID hd { m | m
2 Fivd | INS YINHNG NIvi
= —ok—
Lav - IR
T N P TE Thali-] o 0 S
WA_.J 32 LA
HINHNE FIAYA ~
10d “ %o O OJI
) =
Sz @)
NSS4 YLTI0 = dY
TOHLINDD AN
13Ind Aand
NiY NI

153

=

OF POOR QUALITY

'
[

ORIGINAL PAGE



yI awayas jouuc) 61D 24n8tf

B
r— . _—_—_ = . - - - - =T
_ _l L e D e e e — —— ] }ti— 503378
_ _ —I _l e e et — — . — — TOHENDD [— 3uNSSItd 3did VL
NOILLNBIRLSIO
— —— — — —3m s BNSSIHS
| _ _ll_.l lllll Mo LAINLINIONS
_ _ _ | L —  3HNS$AHC HINHNE
_ _ _ _ " ql.l.ll..l R lutt—  MOT3 730G TYLOL
_ IATYA | _ I L
| _ | HIASNVHL * __ - _—_ -
| s L ST
| _ i |
] _ - i IJ _ — AN
g E > 1 M3 T3N3 YUINENG NIVW _ | _ 1so0e OO
y3NHNG 2ATYA _ _ ll/ zoil. P U I — _ IRTHIHIY
1LY 1N2HID
N _ 13N4 YINHNGE NIVA _ _ |
2 47 X - L 1
AATYA _ -—— NHNLIY 3LYINDHID hd " | “
—1 = 1
-] Elvg k | b
danung IavA ' /_ O
10Td
L
«——=} O
53INOZ
IUNSSANd Y1130 =Y 0HLNOD dwind
RELT! ans
NIYN NN

~t
s

ol




If AURRS JoLUCD) g7y 4n3Ly

e e e e — e —— = — =
- ﬁll””“““”“”““””“ e 503374
" — "l _|-| e o s o ——— — — V0HINDD g — JHNSSIH Idid VL
NOILNGIMLSIO
(o _ ittt [ aweaows
| _ _ __l - JUNSSIT4 HINKNG
__ | _ — I " —l_.l.l.l..ll _ MO14 73N5 TYLOL
_ RN
S
b 1t .
. 1 | _ dnng
a m > 1 | ! l | 15008 QO
HINENS mwa | _ | _ L LY
NiwiK | | | L === ||“I_
o||-||vfl_|ﬂ X _ Rl lmgonytagiiey [
3ATYA
_ m>..<>MW' J | | | |
e vl VH_IIL _!.m — |
BINKNE = FIAYA - _ T o OJ
107Hd =
) O
|

-
SINOZ
IHNSSAHd w1130 = dYF OHLNDD dinTid
a3n4d Aand
NIYIN Nivi

155



93NENg
L1

v

oz owaag foazucy  [Z-D 4n3yy
_II.JI“HHHHHHHHHH“H
_| it nibuni i —— e~ $03316
_ i ] 105INGD i 301553054 3did VL
_ | j. NOILNEIHLSIO 3HNSSIH
_ _ r—— - - - = — Mo il 13N INIONE
_ _ _ _I.'u lesi— 3uNSS34d HAINUNG
__ _ “ _ i _Im MO14 7aNd Tvlos
| _ JATYA HIISNYHL mnq._>m._m:u__ L
_ _ _ \ BInNHNE z.q_z_ ,
_ _ MO 1304 BANHNE NIYW i | %
JNNd
; " ~ - —— Ll 15008 @0
L — INTHAHIY
m _ 1 =~ ao..u._w:uuz_._.:._:um.uf\l ~ _ (@]
: z
muﬂﬁwn _ | JAIHa 1304
3ATYA _ _ _mmzm:nz_sz
_ {

HANHNS
107%d

ATAYA

—th—

5

L=

LT

AT

il
I

SINOQT

INS53Hd Y133 =dVY

MO 1204 H3INdNA LOTId

*I

ANTYA
NOLNBIHLSIO 13Nd

10dHLNGD
a30n4
NI

dWNd
a0
wEwn

156



‘I ——— .
i
ﬂl.f
puld
e
qz awayos joquo)  ZZ) N3l

e

LTSS ZIZZ=ZZ=3 .

— _ —|I|| | 10HLINDD e J1NES 5 Adle UYL

—— T = NOILNGIBLSIO s

_ l _ _| _| 1 Mot 2 ._.m._mwmz.wnm

toy ] _ o e s omann

— — — _ SSvdAE 1304 — - lg—  ANOT4 73N4 TYLOL

[ | A | BANHME NIV _ r

I — HIISNYHL _ _ — —
| o - e —s
! HINGAE NITW = NEAL sixna
| et _mmzmaa iy i
a << [P} § - A o) s e O
IATTA _ -~ g O
|

FLAYA

‘ S PETETe— A

o

NHNLIY LY INIHID

L
|1

; = I_|_
m s —r} N ) {obun |(¢ -
i o FIAVA
i H3NZNE S
: Lo
; gy | MON413Nd ~~ O
i - | Laa HANHNG LOTHd
_ sanoz FHNSSIMd wLTE0 = 4 3ATVA TOHLNGD dnd
NOILNBIMLSIO 13N RELT a3na
NIV NIYIX

ORIGINAL PAGE IS
OF FYOOR QUALITY]



— \]...

I FUAYIS JOUUCD  £7-0) INBL]

— e— mm—— — o ——— —— — s —

[tf— SO5378

ot NS5 I 3did ViYL

34NSS3kd
43INEANIOND

—at—  JHNSS3H4 HAINLENG

.

| MOT4 1304 TYLOS

o
o
v — — — AL GE— i p—

—— e p— — Gemam o y—

mINGENE AN
h¥L- 5%

AATYA

(8]

o,
\/
A

f-——{ NHALIH ILYINDHID

= (

=
L

ERS S F1-1k

— s —_—— s —— — — —f
e 1041800
_|I - NOILNGILLSIO
— MO7d4
_ I
{ SSYdAB T3N3 _I.T
HINBOE NIV | | o —
WA * aawa |
HIISHYHL . #0714 130 | _ W[ns |
HINENE NIvW waNLNa
\\ - i _ NiT L
M~ Two 1 ||
13N DNILYINIYD HILIWMS
[ Jmnd
- 1 {)
L g S 11 O
L]

QT

EINENE 3AwA
1071

v _ad._

sanoz L

AHNSSIHd v.LI3C =4V

H3INGENE LONIG

MOTd 12ANd

—x

JAVA
NOILLNAIYLSIA 13Nd

T0HLNGQD
RELLE]
NIYIR

divnd
RELE
NITR

158




Pz o [oaruo)  pg-0 a4nSid

s ——— et e — —— — — — — — RS

TOHLNGD
ﬂl —_— NOLLNAILLSIT
— — — — iy Mo

jatfe— 503378

|

Eanam

159

ot~ IHNSSTHd Idid V1wl

IHNSSIHL

A3INL INIONS
JENSS3H4 HINHNE

lg—  M074 7304 TYLOL

dwnd
a o Y b Y
Y3NKNE IATWA
NIwN
5 [ o 1 |___|soLo3aL3a
l | T4
JATRA L )
. _.n_lﬂn- IATYA ADIHD | _
il wa g ¥
HINHNE NAYA Q
A — 1071d Lol | @)
v [ 4v }
$3INCZ
| A 10HLNOD dnd
HNSS3Hd V1130 =d
JuNSSIHE VL v 1303 a3
NIvN Nivi
| wna
]

R T T T

S m R 3 : fh




az awayas [oauc)  §ZT-D 24nSLL

— — — — o— — — — — — —

— — —— — — — ——— ——

A0ELNOD

NOILLNBIELS1O

MOod

i SO3378

S 2

|t 3HNSSABA Jeia VWL

IHNSSIAHA

137N anNiong
|—tt— L7553 HA HINHNE

MOTd 1204 TeL0L

diNd
| _|.|l1.||.l|.l_|_ 15008
_ _l _ JnYddde
B - —— === Y
Niw — — I— ( )
(1 "
IATTA IATYA . m “ A
— 11 — (@)
~b
o —k— |
IIAYA ~
CERN - —‘.‘l D
10714 — O
$380Z
IHMSSInd Y1130 - 47 Jomw__“m_w m__w_m“
NiviN NIV
avna
. [ rL ! . . . . . g . . i i e
N } T : .pﬂ.,, i
oL MTBRI (- 1 R e e et et i e

160




e e w——n —— — — — — A—

Jz awayos jonuod 97 24Ny

— —— — ———

S§SY4AB 13N —

TOHLINOD
NOILNS Y1810
MO4

eatif— 503378

ailem 3HNSSIHA 3did TIVL

FIHNSSIH

e
13IN1 INIONT

il 3 NS5 HINGNE

\Tl MO14 13N TYLCL

13INd 3NEN8 NIYIN

B0L23130

BRIF]

.

ORIGINAL

or p

3HNSSIHd YL13G - 4T

MOT4 13N
g3angnNa 10d

H3angna Z_.oqs_l'l_ m —I
_ | _ | 2n=a73n4
HANHOE NIYN
— — q-\ dikNd
| | _ w008 (O
— _ _ — FAY AT
_ — __n..l i b . Y
| 1= —= Iﬂ
il
1
ezl e ; @...
{ @)
7 @)
IATYA NOILLNGIHASIO 34 1OELNOD AN
204 “and
NIYY NI

161

il

PAGR 1§




g AuUYIS [OUUY L Z-D 24nBid

r——————e et
e e et . — —_———— — T T T T Luat— sa338
—— — w—— — — —— r— —— e ——— — —
~10HINGD esi— 3uNS53IHe 3did NTL
= —_—— — — — — T nounauisia ——
Mo onti—
- e e ——— ——— — L3 INIDNT
_ r | —  3HMSS2Hd HANKEOE
_ . _lll!l li—  FAD7d 1302 TVWLOL
_ _ IATYA SSY4AR 1304 _
_ HIJASNYEL HINENE NIYN _
| \ MO14 1304 _ _ aAa 1aNd
HANHNE NIVH | | uanuna neow .y
l - et _ | isoca (D)
- Jnvdddiv
L -V
Mo 1and _
HO153L30 m SNILYTNIHID
| a4 ﬂ _
) L
b .
|

~
MO14 13Nd ﬂl
HINHNE LOTId _
IATYA TOHLNOD dNNd
NOILLNaLS1I 13and RELE] REDER L
NN NETIHTA

162



- I
|
SR
Qf JUYIS [ONUOD  §7-) 24NTLT o
__
— -
_|| o p— —_ —_ ]  — 503378
_I —_—— —_— TOHLNGD |l 34HNSS2Hd 3did TITL
_ - - = T T wownsbLsia
HNSSaEd
MO et —— 3

13N INEONT
— [—ar—  IENSS3IHC HINHNE

Pl —  WMOTE 1304 TWLO0L

|

| .
_ AATYA _ 55vdA8 13N "l—l| T
_ *
_

|

|

|

HIISNYHL * HINHNEG NIV
N\ 3nI=0 Tand
Ma14 13N _ _mmz_“_:n NIV

HINENG Niv

- —

Elsag-E3-1h-

™ _—

Sy
/ MOTd b

3N DNILYINDHID

|

| {
H NiTWN —
. _ . — - NunL3g 3 vINoWD _
-

wINGNG AATVA

)

m
— X (== |
~ ERTATY M-
43NuNS —
LOTd
U S, MO14 73N \n/
kil 4v H3InNHNE LOMd
st IATVA ,
- TOHLNOD dwnd
3uNSSIMd TL1IA - dF oIS . 209 o onns
NN ATaTIHTA




1
o awayag jogue)  GZ-0 43y
—
_l _.Illll..|.||.||.llll|..||.||| Lt~ 503378
| — —l 1OHLNGD i JHNSS$IHd 3did TIVL
_——— T T T T T NO{LNBIKLSIO AHNSSAL
— | - _l MOT4 [ L3N INIONS
_ _ | _ | g—  JUNSSTHL HINYNE
_ i _ _ —l = | MO 130 TR0
| SSvdAd TN _.l
_ | AATYA | WINHNE NIYW —
| _ | zm“_mz.qE./ * | 3awaqans
[ _ MO13 7304 _ MINENE NIYW
_ i HINGNE NIV _ NN
| — 15008
a IHIK " _ ....\ _ | IRV HAHIY OO
HiNENE ELRL AN | ~ i d i1
NITN — A3nd SNILLYINJHID _
[y |
S L4 erem— =
AATYA _ -~ NEAL3YEILYINOHD _ _
= 3
2 —or} _..4 I LWA v ﬂl 1_ .u,.mr H—
LINung AYA . -
10T |—|J MOTd 3N ﬂ}
v 1 av I HANKNG 107 1
§3nOZ n_ IATYA dwnd
36NSS3Hd w113 - d NOLLABIYLSIC 13N ._n_mw.uww 3N NIYA
NN FIaVIHVA

-

164



. m

DE swaydg joquo) QLD 24n3tg

—

— — =] (—— 503378
— " _ “l _I..Inlu [ T0uLNGD f— JUNSSIH Idid UYL
NOLLNAIHLS1T ——
| _ _ Mo « hw..z._umz.uzm
_ _ f—  JUNSSIHJ HINLNE
— _ _ _ _I |.I.I..| | — MO 1304 WLOL
! ” | | 13
$SvdAg 1303
— _ | | BINHOB NIVI | _
_ _ _ ﬂ _ JAIHG T3N3
— l _ HINENY NIV dnd
=l I i 0P
gIngnd IATVA — ” |
NIy \% — _ .—
I_ _ 1
’ = AATVA __ I.— _ _
IAIvA | ——
«——7 ) -
YT | [otiugdl e —
waneng IIAVA -
— 10M4 '
MOTd 1304 ﬂl
v v yaNyng L0
sanoz IHNSSIHL Y113Q = dY ' AATVYA MOHLNGD dNNd
NOLLNGIELSIS 1304 3n4 1303 NIYW
NIYN TNV IHYA

I

1 IS
ORIGINAL PAG
OF POOR QuALITY

165



i
I AUIYIS 1ONUOT) NM.IU wkam
e
e
_||II||.I||I..|I|11||.||. i 503379
—l — — — — = TOHLNGD et JHNSSIkY Idid VL
r o _ Iil'. NOLLNBIULSO I IHNSSINe
. Mo 13IN1 INIONG
I e —— 2HNSSIHd HINGNE
I‘ Ll
_ _ ﬁl - , et — g.so._u 13n4 o lOL
— = —

w
|
_
!
_
_
_
_
— =k

H3INBNG IATVA | L e -
NI | L == === Iu_l_
u o T
11 _——— = I._ _
3ATA __ _ _ [ _
-tk L e
: i — i [T H
w3Nung ERGLL INTYA XI3HD m.*
107d =
v fov ]
$INOZ [
INNSSAYY Y1130 =dY ._om._._“mw .s.._u._nu
NIiYH NIvIN
I1avIHYA

-

166



Je swapg fonuey 7D aundly

——— —— — i — — i wmm v — — — — —— —

— — —— A p— — — — — — — ——— — —

" — — i m— — i m— — — — — —

— — e — — it — T— m— —

— s — — —

[=gf— 503378

fetli— ILNSSIHd Fdid NIVL

IHNSSIHd

e
L3I INIONT

el 3 1S53 4 HINENE

retf— QT4 73N TYL0L

— s — — —

JNrHIHIY

HIngng
1074d

e

v
$ANOZ

IHOSSHH VLI = d Y

dixnd
q3and
NITIN
ERE:L ALY

[
]



MGLI3430 7142
and L
SHOLYNAMILTY T
sUILOMaD L

SIATWA TNIDYLISOL

V awayas joauoyy A30jouydaf €861  ££-) aindLf

JAIEG ITDNY
AN A BOLYLS

-
ANINEYIA LIeHIOD ]

LERRUEL JE LT L
Q3318 5C —=—

aazmoc —~-—

PAINO 30
WINMOE Y

NG 1IN
f luﬂ.bﬂl@.——t

HILHIANDD DO TYNY

o1 vpoa

¥

—

-

01 B01vNY

et —

1IOHLNDDY

40 HIVE - 1T

HIIWIANGD 1¥L1DI0

et —

-

} 03345 mioma !

IWHOTS 33 345 INIDNI
BT ON HOLYNHILTY

IYNDIS QI8 INIONT
TLOON NOL NN ILTY

$03370 POVIT ST 0L ==

SATTIR FOWLEHISL OL

NOLIILIA VTN |.||—||l|

MO TS ]

ENIOYNGAR G330 =i
Aqoa
SHIWHTAK 1710NY wors

ANYA HOLWAS

MO NI
NANNOE NIV

MOTA YROA
HEANHOE L0

——

= INTvA uu?._.:rﬂy

oo

Tl

HILIAS 10

aimot

8
—- LEEL-])

ONINOILISO 3TDNY
INWA HOLVLS Tl.L
DNINGILVS04 130

B INGTE NiYN

DININOILISOE 1INY
winura 10w

Add0YS
o IO

Faszes swiomi

¢ $iwNaIS
DNIDVLS

ANTYA VT4

LETUT LW bk

b4t

FDOVLT MISE

cimy
ADWAS HLSL

a3a s
saaxre® T bse

4i3eac

B

IEQ IONY
INVA HOLYLE

FLILI-REDNEY
WM MY

i

f

HILWIANDD DOIYNY

1.0 VI
CELT 40 RURIFY

o1 1v11tHa

bt

]

IRERE

TOHANOD
ELT

}

OLICIVNY

st

WM IANDS TYLIDId

|t

et

o

TINNYHD LN LA HIulY

et 3N LY 30T 13I8 INITDRD

Pinv waRa sIve |

wIvE GFia
ATONY INTA WOLYLE

LRl L EEE
CELE L UL

M
Xd QIdd
HIMNOR LOTW

LwaI4NIL 11T INIONE

INASE IV LTIV INDNT

BASSI HINNOR
J

NOLOLIT T )
HILWAS HY IO DNIONT Y
HILINS BItHIATL

AN IEODIY LY
IMEE I INIONT

[LERRL R LT

HIATY NOUIONOD

1oNY HIADT BINOd

*vB 3T

FAONY INTA MDLVLS

WIve Oddd
CRUCL L]

IR I314
MINGNG LD

JunlvEiaNIL L3N
WOTE IR0 D WHH

AYNSEInd Tdld v

AWNSS I L DTN INIDNT

AMNSS e HING R L

ORIGINAL PAGE H
OF POOR QUALITY

168




- ;i

g awayog jonuo) Gojouaaf S861 €D N3y

ADVLSHILN e TLYHLINID
A L
SUGLIYNMILIY T
SUIINSEKE T

SINTYA DRIDWLS QL

SAIFW IDTLSSLOL =

03172 IOWLL HISIOL

-
p—t— ANIEA 430 LAHS
W4 YTy ——ap— - HILIAE 1703
SNINWRQAK B33 =] et aInaoc
ACOR
SHINVEGAH TTINY Lot DNINOILISOD 31Ny
ANYA HOLWLS ANVA HOLYLS T-ll..\
MOTS 130 ANMOILISOL 1IN
HINHNE NI WANMNG NN
MO14 1IN DNINOILISOd YINU
EINEOE LT HINHME hﬂd-&&

—
r ONINYYM LNI0D et — ITONVY WEAST B IMcd J
VR 0334
- lomem
QI FDVLS HLSE INONY INVA VOLYLS
»D or
oiuse ——E 3 g% [
G319 0T —a—r] m u w - A INE NN
s aa rE
] a= WJvaaaas
“zdﬂnh...hﬂn“ ]2 m - wINENE 2071
3 10UANGD =
3 anNIva I JUNLOUIMNEL LITHI INIDNY
AAING 130 “ M
sENENE MY [t aunssaud L3N NN
e 1303
L o f - crssIgs uakune |
§ ORias Inian
TWNDIS G345 INIONG
FT AN NOLYNHILIY
LS
IPNDIS OF 48 INDNI LEL =
T L UN HOLYNHILTY
*nuwa ANIONT ¥
-
fr_— SIS B 3T ONIONY T
e HILWS HISHIAIY
ANIWIWINOIN QLLY Y
AUNTE A INITND
ﬁ w“_u..,.-.....».“ o st $033IVE FAAMIS
=]
R [—— HIADT NORLIONOD
v ]
loat—  VINNTHI LOMI LAVHIGIY
DRINEYM LIN30)  =ealet
e VY 4§ IATT B3OS
cise
ADVIE HISL 10BINGD - IR OIS
»0 FITONT INYA MOLYLS
aszew za s b
FOVLS MISL m H WIYRQITY
Bﬂw._lﬂn.n "o HINENE v
—é® f
PN < m > Worva aids
938 SE —a— M ﬂ m MANUNE 1O
.I.., -
932W0T - T m (e sunavy N LI FuENa
<
u».gn owr | 3 | AEOLwHILNIL LI
INYA HOLVIS = WOTE LG D HOIM
»
xuu,n—hﬂh h_._u“.-_tu —— o IUNSEILd 414dT1Wd
= TUMSSILL L 3% JaDAD
AT 1304
HINMNE 10

AOEEIgyd YINEOR p

=

N}
TY

1
1

GINAL PAGE
POOR QUALI

QR
OR

169



-

- - ——
7 awsyog josno) A3opoundaL SR6I  GED N3l
e
( |
r ). ~
g FITNY HIADT I
DNINUYM LiENI0T —u—
FEL T EEE]
03178 JDVLT L1 = 10NV INVA HOLWLS
y »Q
cimesc iz 2 m m NIwR aids
- “ = MANST NIve
Gi1180L —— 2 X re
h A o o - ¥aaIzd §”
o
IMHO ININY m 2o~ UINENG LOTI
AR AT CRE LYW ANYA JOLYLS % 10MINOD =
i T 2 afNIVE I s zunuvaBawis 13761 INIDND
SEOLYSNELY 2 A0 TInE = o
Sudaramod 2 HINEna NIV T Fes—  JUNTEINM LI INIDNE
IAING Y34 . WNSSIde WINNNG L
ﬁ wINune 10ve
paatw NN
— YN O3 348 TON3
I ON HOLYNYALTY
ATNS
NDIS 03345 INGNI yiMod
Wi 0w HQAYNUEILTY
STAITA INIDWLECL —
Qaaas INONI
311 AOVLS ST OL 4
lewe  HOLWMS WYID DRAGNYT 4
SQI3TW ISWLE WISL 08 A _I.l HILMS WISHBAIY
I
— ANFNIMINDIY GILYY
I SWNDIS  —) ~ NS Iud INONT
anisvls e
|e— $03379 3I0AETS
™ FATTA 1IN =]
- [TSUEWPLENT L HEATNOILIGNOD
HOLIMS difd =]
MTUA N —— r——— HILMAS T4 o TINKYHD LTWN Lo WU DY
DN LIANIGD =] —
YRR W LIRS el t— 310NV YINTT IO
, LEERTE]
25 UTCHGAN BT r—— LTI R 1owsHISL T [— . Alvearvs
ACON M m el 31Ty INTA HOLVLS
. Qisvay £5
maveasn ionw | WO [ owsowsosavony b/ $ovig HiSL 3 WIvea3ds
I uDIRLS INVA HOLYIS 5% = HARHIE Nive
azne¥se —w-— 33 o»
RS PRIT DREXQILISC T3NS z -3 *wdQ3d4
e -
ingt NS T [ IO S ESTRRTRARLENE m nw WINUNR 4D
2 x
.t T3na ANINGLISN 13013 a1390f —=—2 D O == JWNLYHINIL L3N INIDNY
di%a"E 1CT HINMNG 1O b
- IAIuG 31D M JLYE J4WIL L3V
et r— )y jr_t—
ANTA HOLYLS .l... HOSS IEmNO D HDIH
n
SAIME AN it HNSFIMG I
HANNNE NIwK
—— FUOETILL LITNN MO
Intea vang
ﬁ BINEAR 10N INNESINg WINENG

e

-

170




—
—
ASojouyas [ S9EI 9£-D N3l p
(J WIS 1041U0D) QjouYyI3 | - A
.
i
|
[ g
r HOLIMS qnd =]
i 310NV WAAI WIM0d )
ONINUVM LIgX30) —~a—]
P TEET
VI IDVATHLGL —=b— - 31ONY INVA LGLYLE
B g
aInese e % 2 2z Kiva a3nd
! £z I HANGAR W
0331R0C —~—— 2 X rg
az 0= wivaqizs P A
g oew | S° - o HINEOE 20
IEINOZ MINOWHL WOLITLID 1y INWA HOLYAS < . H
TN T z § E]
SHOLYNE Ty anewg 130 m anudve 3 [ aenuvEIamIL 13N IMOND
. = 3
SHILONaNGS T HINUOR ML =—  3dnsTigd 23N Iwead ,
1810 a4 :
] —— d uIN. ;
. HINMNE LOVHW i IunsEId 43 ..:i.\ h
QI54E INEIND |
1¥NDIS Q2245 INIOND
VI OWHOLYNEILYY
ATadns
TwNDIE A3 345 ANDNT HImed
TL ON HOLYNSZITY
SINIWA ONIDYLS OL A
Joaaas sneons
y T ¥OLI21307M )
SR IOVIS ST AL
! ed—  MOAIMS Y ID DNIONYY
5 A :
50730 19WLS HESL OL . HOLINS BTSHInIY !
|
IMIKFYINDAN OlLve !
= ST Iba INIDNS o
= ~ P
~ siewnis —e] e— $Q137 INAUIS —
otiowis e <5
|t HIAT NOLLIANOD
-~ HOLIWS dNDd —een] ]
013213034 l—st= 1AYYA 430-LMS B L L UE FL Y R . T o
ONINMYIA LIHID) —e—] Ay U
IR |l|_ ret— HILIME anile e 19N WIN T ARG s
N aae =
h— -
TIHINYECAM QIXTE =] ——— IR O VLS MISL OuANDD - wivd 034
AQ0% zE 2ired 3IDNY INVA HOLYLS o2
0338 v 3 T .
EXTINWRGAn T1DNY IIL Nold .l-.lluz;E_h._uni 1INy VL A90 LS HISE 4 rive 0334 m
INwA MGLYLS YA HOLYLS 2z r—— aINGNG K
03a%se {85 . -G
L FRT LT ONINGILISOS 1303 . m E-3 m WIvR Q333 ~
LT T N [r—— HANEOE v sa3rm T ilsr - mw HINGNE L0 OI h.Ms
w04 1304 ONINDI LIS VIR amor —-— 5 S e suravi TanaL 138 BN
HINUAE LT _|l.|| winwna ot ) £
iaga sionw | I FUNLTWISRIL LI
INva MOLYIS N HOSSI0#N0T HDm
n
sagaans | - FUNTS Raiy Futg N1 )
WIMOU NwN g |
b IMNSSIUM 3TN INIONT |
niea 1309
——p
\ LELL L PR ja— INNSSIWG WINUNG y




e —

APPENDIX D

NOMENCLATURE

PRECEDING RAGE BLANK NOT FILMED
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A

El
F/A
H
LBO

Pr
AP

Vref
Wa
Wr

e
¢, ER

(3 e =
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NOMENCLATURE

Iimission Index ~ g pollutant/kg fuel
kg fuel/kg air ir

Specific Humidity ~ gH, Of kg dry air
Lean Blowout

Pressure ~ atm  ——

Pattern Factor

Pressure Loss ~ atm

Temperature ~ K

Velocity ~ m/s

Combustor Reference Velocity ~ m/fs
Airflow ~ kg/fs

Fuel Flow ~ kg/s

Flow Parameter ~ kg\/Iam2 atm s

Density ~ kg/m3
Combustion Efficiency
Equivalence Ratio

SUBSCRIPTS

Burtter

Static Conditions

Total Condition

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