% ( I

| 1 t l } @ https://ntrs.nasa.gov/search.jsp?R=19770025217 2020-03-22T08:21:18+00:00Z

NASA CR-135253
| PWA-5493 d

EXPERIMENTAL CLEAN COMBUSTOR PROGRAM
PHASE Il
FINAL REPORT

by

R. Roberts, A. Fiorentino, and W. Greene

UNITED TECHNOLOGIES CORPORATION |
PRATT & WHITNEY AIRCRAFT GROUP L
COMMERCIAL PRODUCTS DIVISION -

QOctober 1977

Prepared for

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION

NASA Lewis Research Center
Contract NAS3-19447

(HASA-CR—~1352%3) EXPERIMENTAL CLEAN N17-32161

COMBLSIOR EEOGRAM, FHASE 3 Final EReport

{(Pratt and shitney Aircrait) 123 1

Hoe ACE/ZMF AQ1 CsCcL Z1: Huclas
G301 H9100




1 Repart Mo 2 Govenunent Acression No 3 Hesspent’s Catabg Neo

NASA CR-135253

4 Tl and Subhitie

EXPERIMENTAL CLEAN COMBUSTOR PROGRAM, PHASE 111

5 Retnrr Date
. October 1977
G Peclorrmag Orgamesation Code

1 Perlwnung Gtigaruzation Repott Ne»

7 Aunthor(sl

R. Roberts, A, Fiorentino, and W. Greene | PWA.5493

e Waer Ut N -

9. Pertorming Qrganizatien Nanw and Addres

United Technologies Corporation
Pratt & Whitney Afreraft Group

11 tanttact o Goa-t Hae

Commercial Products Division __1‘_4A5319%477_ ]

+ 1 '_Cm“l_ggmul__g(ﬂoa . o _ : 13 [wges 0l Heport and Penod Covered
12 Sponsoring Agency Mome and Address i a

National Aeronautics and Space Administration __(qumautgf_l\fpoq_ D e -

Lewis Research Center 14 Spe vsurrwg Adetiey Code

21000 Brookpark Road, Cleveland, Ohio 4135

15 Supplementary Notes

Project Manager, F. O. Driscoll, NASA-Lewis Rescarch Center, Cleveland, Ohio

16 Abstra: t
A two-stage Vorbix (vortex burning and mixing) corsbustor and associated fuel system components
were successiully tested in an experimental JTYD engine at stead; state and transient operating condi-
tions, using ASTM Jet-A fuel. The combustor exceeded the program goals for all three emissions species,
witlt oxides of nitrogen 10 percent below the goal, carbon monoxide 26 percent below the goal, and
{otal unburned hydrocatbons 75 percent below the goal. Relative to the JTOD-7 combustor. the oxides
of nitrogen were reduced by 58 percent, carbon monoxide emissions were reduced by 69 percent, and
tot:) unburned hydrocarbons were reduced by 96 percent. Smioke emissions, however, did not mect the
goals and were in the visible runge. The combustor efficiency and exit temperature profiles were com
parable to those of the production combustor. Acceleration and starting characteristics were deficient
relative to the production engine. In addition, durability and coking probleus require additional develep-

ment.

e e b e e -,,_.‘,._._._..1

1H  Inanbuton SLiteinent

17 Key Words (Suggestrd te Authar (st
Main Buriter Emissions
‘I't N = ..
b ¢ ombustor Uneclassified - Unlimited
Emissions Standards L

CTOL Emissions

19 Secunty Classt {of s 1epert) A3 Browrddy Cled tot thes puinp

UI_!ChIVSSiﬁrL‘V(lV

| Unclassilied

Paeeale by e Hatensd Techne a5 felore dews Sesyaee Speaghe B Vit e 701

NASA-T - Irm By 671




it "Y‘:l“\‘\“ ~

A
_—

FOREWORD

This document describes the work conducted and completed by the Commercial Products,
Division, Pratt & Whitney Aircraft Group of United Technologies Corporation during Phase
111 of the Experimental Clean CombustorProgram. This final report was prepared for the
MNational Acronautics and Space Administraticn Lewis Research Center in compliance with
the requirements of Contract NAS3-19447.

The authors of this report wish to acknowledge the guidance and assistance of Mr. Richard
Niedzwiecki, NASA Project Manager of the Experimental Clean Combustor Program. Ap-
preciation is also expressed for the contributions made by Mr. G. U. Parks and his Engine
Test Group, Mr. J. R. Baker and Mr, D. A. Mickey of the Advanced Controls Group, and Mr,
S. J. Markowski who originally conceived the Vorbix concept at Pratt & Whitney Aircraft.
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SUMMARY

The Experimental Clean Combusior Propram was directed toward the development and ex-
perimental engine evaduation of (he technology requned 1o reduce pollutaul cimissions for
both cirrent and future gas turbine engine combustors, Fhe program wias conducted in three
phases. Phase |involved experimental rig sereening of combustor coneepts to identily the
best approaches for reducing emission levels, Phase 1 consisted of cvialuation and relinement
of the best two combustor coneepls identilicd in Phase 1. Emphasis was placed on docunmen-
tation of emission cliaracteristics over the full range of aperating conditions and development
ol sitislactory combustor performance. A fuel control design study was conducted (o estab-
lish Tuel management requirements for two-stige combustors, Phase L, which is the subject
ol this report, consisted of Tull-scale engine tests of the Vorbix combustor.

The Phase THE program pascous emission goals are the integrated BPA parameter 1979 stan-
dards. Compared with the current production I'19D-7A engine, attainment of the program
goals represented a significant reduction in pollutants, ranging from 53 19 93 percent.

The engine with the Varbix combustor installed demonsirated cmissions of oxides of nitro-
gen that were 10 percent betow the goal, emissions of carbon monoxide that were 26 per-
cent below the goal, and emissions ol total unburned hydrocarbons that were 75 percent
below the goal. Relative (o the current production JTOD-7A combustor, these cmissions
levels represent a reduction ol 58 percent for oxides of nitrogen, a reduction ol 69 percent
for carbon monoxide, and a reduction of 96 percent [y total unburned hydrocarbons, How-
ever, these reductions were accompanied by a considerable increase in smoke level which was
approximately 50 percent over the standard level.

The engine, with the vorbix combustor installed. performed satislactorily over the entire
operating range, including 100 percent takeofT thrust levels. Performance in several aspects,
was not as good as the production engine. The acceleration rate (rom flight idle met the ap-
plicable I'AA standard of five seconds, but exceeded the aceeleration time for the produc-
tion engine of approximately three seconds. In addition, the starting characteristics with the
Vorbix combustor were poorer, requiring approximately twice the fuel-air ratio of the pro-
duction combustor.

Combastor pressure toss was essentially the same as that for the produciion combustor. The
exit temperature pattern factor for the Vorbix combustor was also cssentially the same as

that for the production combustor, bul did not meet the program goal which was set iinproai-
mately 40 pereent lower, The Varbix combustor elticieney was better than the poal of 99 per-
cent ai ati operating conditions, providing tmproved efficiency at kile conditions and essen-
tially matching the efficiency of the production combustor at approach and high power con-
ditions.

The Yorbix combustor ¢xpericnced some durability problems, particwlarly on the main zone
outer liner downstream of the swirlers and on the pilot zone liner louver lips in the vicinity
of the throat. In addition, coking occurred on the main zone nozzle tips and fuel nozzle sup-
port internal passages. FFurther developnient of the deficient arcas and additional fucel syslem
design work will be required betore the Vorbis coneepd cin be considered Tor production en-
gine applications.
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In conjunction with the Phase 111 program, wark was perfortned on two addendums: Turbu-
lence Characteristics of Compressor Discharge Flows and Evaluation ot a Federal Aviation
Administration (FAA) Exhaust Sampling Probe. Results of these programs are discussed in
NASA Report NASA CR-135277 and NASA CR-152213/FAA-RD-77-115, respectively.




INTRODUCTION

This report describes the results of full-scale JT9D experimental engine tests conducted .n
Phase 111 of the NASA/Pratt & Whitney Aircraft Experimental Clean Combustor Program
(ECCP). The low pollution vorbix combustor, fuel system, and fuel control concepts were
derived from earlier Phase | and Phase I programs in which several combustor concepts were
evaluated, refined, and optimized in a component test rig.

The concern with air quality in the vicinity of airports has ied to the issuance of emission
standards by the U.S. Environmental Protection Agency for aircraft engines manufactured
after January, 1979 [Reference 1]. These standards limit the emission of carbon monoxide
(CQO), total unburned hydrocarbons (THCY), oxides of nitrogen (NOy ), and smoke at altitudes
under 914 meters (2998 ft.). Recently introduced gas turbine engines, such as the JTID
family, alrcady meet the requirement for producing no visible smoke. However, complignce
with the standards for the gascous pollutants will require substantial improvements relative
to current engine emission fevels.

The rudiments of poliution control are understood. However, when incorporating pollu-
tion reduction features, aircraft combustors ntust also accommodate a diversified range of
factors that greatly add to the development complexity of a practical low-cmission combus-
tor system. Physical constraints on fuel vapotization, turbulent mixing rate. dilution air
addition. and residence time impose absolute limits on the combustion process. Performance
requircments for uniforn exit temperature distribution, combustion stability, relight capa-
bility, durability, and operational safety must also be considered. Furthermore, it is desir-
able to maintain component weight, costs, and mechanical complexity at a minimum.

Specific combustor-engine designs had not demonstrated the required pollutant reductions
without compromising other performance parameters, indicating the need for additional
technology. In response to this need, the National Acronautics and Space Administration
{NASA) initiated the Experimental Clean Combustor Program in December, 1972, to be
conducted in three phases and culminating in demonstration testing of the single most
promising combustor coneept in tuil-scale I'T91 engine.

A summary of the program plan and goals of the Lxperimental Clean Combustor Progrim
is provided in Chapter L. Chapter 11 contains a description of the reference engine (JT9D-
7A) and combustor used as i basis for the program work: a description of the Vorbix Com-
bustor design, fuet system, and control tested in Phase H1;a deseription of the experimental
119D engine and test installation; and a description of the test ind analysis procedures.

‘The Phasc 111 program results are presented in Chapter B slong with a summary of the de-
velopment status. Concluding remarks are presented in Chapter IV, Additional informa-
tion conceming equipment and experimental procedures is contained in Appendix A, Lix-
perimental data are tabulated in Appendix B. References are provided in Appendix C.




CHAPTER |
EXPERIMENTAL CLEAN COMBUSTOR.PROGRAM DESCRIPTION

A. GENERAL DESCRIPTION OF OVERALL PROGRAM

The Experimental Clean Combustor Program was a multi-year effort that was initiated in

December, 1972 and completed in November, 1976, This major program was directed
towards two primary objectives:

1. The gencration of combustor system technology required to develop advanced com-
miercial aircraft engines with lower exhaust pollutant emissions than those of current
technology engines, and

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

The program was aimed at generating technology primarily applicable to conventional take-
off and landing (CTOL) tvpe aireraft engines with high cycle pressure ratios in the range of
20 to 35. While the technology generated should be applicable to all advanced engines in
the large thrust category, design and development efforts were dirccted toward the Pratt &
Whitney Aircraft JTOD-7 engine model. The technolugy will also provide the foundation
for developing turther refinements and for identifying other avenues for continued explora-
tion and experimental rescarch.

B. PROGRAM PLAN

The program was divided into three individually funded phases which provided a step-by-
step approach for developing the technology required for reducing ¢missions.

1. PHASE | PROGRAM

Phase T was directed toward identifying promising concepts, screening them, and establishing
the design trends in sufficient detail to provide a firm basis for refinement of the more pro-
mising concepts in Phasc 1L Three concepts were tested in a 90-degree sector component rig
at simulated engine idle and sea level takeoft operating conditions. These were a Swirl-Cin
combustor concept, a Staged Premix combustor coneept, and a Swirl Yorbix combustor con-
cept. Thirty-two configurations were evaluated.

Concurrent with Phase 1, additional efforts were carricd out in two addendums, an Advanced
Supersonic Technology (AST) Addendum and a Combustion Noise Addendum. The objec-
tive of the AST Addendum was to evolve combustor design technology for reducing the
NO, emission levels of AST engines at supersonic ¢ruise operating conditions. The purpose
of !hc Combustion Noise Addendum was to obtain experimental data on the acoustic char-
deteristics of tow pollution combustors,




Detailed deseriptions and results of Phase Land the AST Addendum are contained in Refer-
ence 2. Combustion Noise Addendum results are presented in Reference 3.

2. PHASE |l PROGRAM

The Phase L1 program involved refinement and optimization of the most promising concepts
identificd in Phase 1. The concepts selected 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 Fig
testing simulating the full range of engine operating conditions was conducted to fully doc-
ument pollutant emission characteristics, to identify previously undetected problem atreas,
and to assess combustor performance, Afterinitial testing, ihe 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 111 enginc demonstration tests. A
fuel control design study was also conducted to establish fuel management rcquirements
for two-stage combustors.

Concurrent with Phase 11, additional efforts are also carried out in two addendums, a Com-
bustion Noise Addendum and an Alternate Fucls Addendum. The purposc of the Noise Ad-
dendum was to obtain additional acoustic data, and to relate the acquired noise data to com-
bustor design and operating parameters. The objective of the Alternate Fuels Addendum
was to investigate the effect of degraded aviation fuel properties on the pollutant emission
and performance characteristics of low-cmission combustors.

A description and results of the Phase I program are presented in Reference 4. Results of
the Alternate Fuels and Combustor Noise Addendum are contained in References 5 and 6.

3. PHASE !li PROGRAM

The Phase 111 program, just completed, consisted of a detailed evaluation of the Vorbix com-
bustor concept in a JTID engine. The objective was to demonstrate significant pollution re-
ductions with an advanced combustor which meets the performance, operational, and instal-
lation requirements of the engine. The test program included steady-state pollution and per-
formance evaluations, as well as transient acceleration and deceleration engine operation.
Details of the Phase 111 work are contained in the following chapters of this report.

In ennjunction with the Phase 111 program, additional efforts were also carried out in two
addendums: Turbulence Characteristics of Compressor Discharge Flows; and Evaluation of
a4 lederal Aviation Agency (1FAA) Exhaust Sampling Probe. The purpose of the Turbulence
Measurement Addendum was to determine turbulence intensity and scale in the compressor
discharge of the JTYD engine by means of hot wire/hiot film measurements, The objective of
the second addendum was the evzluation of a ¥ AA-supplicd emission sampling rake installed
in the tail pipe of the demonstrator I'T9D engine. Descriptions and results of the two add-
endums are presented in References 7 and 8, respectively.




C. PROGRAM SCHEDULE

The overall program schedule for the NASA/Pratt & Whitney Aireralt Ixperimental Clean
Combustor Program is presenfed in Fipguare 1

- e
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D. PROGRAM GOALS

Program goals were defined for botly pollutant cmissions and combustor acro-thermaody-
namic performance. The goals for aseous potlutants and smoke represent the primary pro-
gram focus. The performance goals were set to ensure that the reductions in pollutant cmis-
sions are not achieved at the expense of performamcee. All goals are predicited on the use of
commercial grade Jet-A aviation turbine fuet.

1. POLLUTION GOALS

The pollutant emission poals are summarized in Fable 10 The pascous pollatant emission
poals are expressed as inteprtted FPA parameter (EPAPY values, Fhe FPA patameter | Rel-
crence L is a throst-normudized mcasure of the totd mass of pollubant emitied ina pre-
seribed Tinding and takeolT evcle. In general, because of the characteristics of aircealt en-
gines andd their operational relationships to the kinding and takeolf eyvele effective emission
control must be primarily directed (coward reducing CO and THC at low power and N()\

at high power. As shown by a comparison of the poals with the current production F191-
TA engine, the attainment ol these voals invalves significant pollutant reductions by Lictors
of 2.2 o toman FI'AP basis,
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TABLE I
POLLUTION GOALS AND CURRENT JTOD-7A LEVELS I

Current V1T91D-TA

Pollubant Gioatl Lngine Status

EPA Parameter (bm. pollutant/ 1000 16, thrust-hr/landing takeolt cycle)

Oxides of Nitrogen - 3.0 0.5
(As NO»)

Carban Monoxide 4.3 10.4
Total Unburned Hydrocarbons 0.8 4.8
Maximum SAL Smoke Number 19 4

Notes: 1 Data represent averape emission levels for a JT9D-7A production engine incorporating contbus-
tor conliguration EC 289386. Ground idle data is without compressor air hleed.

2 Oxides of nitrogen data presented as nitrogen dioxide equivalent, corrected 0 6.3 ¢ 1H,0/kp
dry uir. i

The exhaust stoke goal is expressed s 4 maximum SAE smoke number which approximates
the threshold of visibility for engines in the JTH) thrust class, The maximum value typically
oceurs at the sea level takeofT power setting. The current IT9D engine Family meets this re-
guirement with margin.

2. PERFORMANCE GOALS

The key combustor performance goals are presented in Table 11 The goals do not represent
an appreciable departure from current JT9D-7 operating levels with the exception of the
pattern fuctor and the combustion elficiency at idle engine conditions. Implicitin the poal
for exit temperature patiern factor is the achievement of an average radial temperature pro-
file at the combustor exit that is substantially cquivalent to that produced by the current
production JT9D-7 combustor. 'Fhe goal Tor combustion clficivney of 99 percent or betler
at alt operating conditions ensures that the rediietion in the emission of oxides of nitrogen
is not achicved at the cost ol engine elliciency.
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TABLE H

EXPERIMENTAL CLEAN COMBUSTOR PROGRAM PERFORMANCE GOALS

Maximum Total Pressure Loss (%) 54

Exit Temperature Pattern Factor (.25 at takcoff

Combustor Efficicncy (%) 99 or better at all operating conditions
Lean Blowout Fuel/Air Ratio 0.004 £ 0.001

Altitude Relight Capability Altitude at 9144

Flight Mach Nummber of 0.5 to 0.8 (m)

An additional performance goal is the requirement that the combustor mechanical dura-
bility be consistent with long-term engine operation, equivalent to the current JT9D-7 com-
bustor. This goal encompasses structural integrity, liner coolant air level, liner pressure drop,
fuel-system metal temperature, cte.




CHAPTER li
EQUIPMENT AND EXPERIMENTAL PROCEDURES
A. REFERENCE ENGINE AND COMBUSTOR
1. REFERENCE ENGINE DESCRIPTION

The JTOD-7A engine wus selected as a reference for the NASA/Pratt & Whitney Aircralt
Experimental Clean Combustor program. This model is one of the current versions of the
JTOD engine which was designed and developed by Pratt & Whitney Aircraft. Since its intro-
duction into commercial service. this engine has acquired widespread acceptance as the power-
plant for modcls of the Bocing 747 and Douglas DC-10 wide bodied aircraft.

The JTOD-7A engine is an advanced high bypass dual spool axial tlow turbofan engine. The
mechanical configuration is shown in Figure 2. AN JTID engines employ a modular assembly
concept to facilitate maintenance and service, The five major modules are: (1) fan and low
pressure compressor, (2) high-pressure compressor, (3) diffuser and combustor, (4) high-pressure
turbine, and (53 low-pressure turbing,
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Figure 2 Cross-Seetional Schematic of the JTON-7A4 Reference Fngine
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The components making up the modules differ slightly for the several ST engine models,
The JTOD-TA arrungement is as follows: the low-pressure spoot consists of & single-stage fan

and it three-stage low-pressure Compressor driven by a fourstage Jlow-pressure turhine. The
high-pressure spool consists of an cleven-stage high-pressure compressor driven by a two-stage
high-pressure turbine. The accessory gearbox is driven by the high-pressure compressor through
21 tower shalt and right angle gearbox locited between the high and low-pressure compressor.
The gearbox is mounted at the bottom of the engine beneath the forward portion of the
diftuser/combustor modulc. In addition to providing power for various airframe requirements,
the gearbox contains the engine starter, fuel pump, fuel control, and main oil supply pumps.

Selected key specifications for the JTOD-7A engine are listed in Table UL
TABLE 11
JT9D-7A SPECIFICATION
Maximum Sea Level Thrust (Dry) — 2.05x 109 N (46.150 1bf)

Cruise Performance {Standard Day)

Mach No. 0.85
Altitude 10,668m (35,000 ft)
Thrust 4.63 x 10% N (10,400 ibM)
Specific Fuel Consumption 0.065 kg/hr/N (0.641 1bm/hr/1bf)
Weight 3,972kg (8,750 1bm)
Length 3.92m(154.16 in)

Maximum Diameter
{Cold, Room Temperature) 2.43m(95.56in)

Pressure Ratio

Compressor Discharge 2

Lngine Inlet

Total Engine Airflow (Dry) 680.3 kgfsee (1513 ibm/sec)

2. REFERENCE COMBUSTOR DESCRIPTION

The mechanical design of the JT9D-7A reference diffuser/combustor is shown in Figure 3.
The combustor is of an annular configuration consisting of two assemblies, the outer hiner
and head plate and the inner liner. The outer liner is positioned by ten radial pins extending
inward from the diffuser case to mount lugs integral with the combustor hewd. The inner
linet is supported at the rear as part of the assembly containing the turbine inlet guide vanes.
Slip joints are provided at the junction of the inner liner and head and at the aft end of the
outer liner to altow for thermal expansion,

10
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Figure 3 Cross-Sectional Schematic of the JT9D-74 Combustor

The primary diffuser incorporates an inner ramp and outer trip followed by a dump sectien.,
and a burner hood is used to provide a positive pressure feed to the combustor front end. The
hood is indented locally in ten places downstream of each diffuser case strut. A film-cooled
louver construction is used for the combustor liners. 1Fuel is introduced through twenty duplex
pressure-atomizing nozzles equally spaced around the engine circumfterenge at the diffuser

exit. The nozzle portions ol the fuel injectors are enclosed in twenty conical swirler modules,
which provide primary zone flime stabilization, Optional takeolT thrust augmentation js
provided by water injection through the fuel nozzle heatshiclds,

The overall Tength of the ditfuser combustor section (between the trailing edge ci th. com-
pressor exit guide vanes and the Teading edge of the first turbine inlet puide vane) is 0.58m
(23.0 in.). The burning length between the fuel nozzle Face and turhine inlet wuide vane
leading edge is 0.45m (17.6 in.). Minimum and maximum diameters are 0.6 (24.3 i)
and 1.07m (42.2 in.) respectively.

Key performance parameters o the FTOD-7 reference combuster are summarized in Fable 1V,
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TABLE 1V

KEY OPERATING PARAMETERS OF T
JTOD-TA REFERENCE COMBUSTOR

Compressor Exit Axial Mach Number 0.26
Compressor Discharge Temperature (K) 704
Combustor Temperature Rise (K) 783
Combustor Section Yressure Loss (%) 540

Outer Liner Pressure Drop (%) 1.71

lnner Liner Pressure Drop (%) 1.78
Combustor Lxit Temperature Pattern Factor 0.45
Average Combustor Exit Temperature (K) 1547

Note: All data for standard sea-level static takeoff conditions.

The values of combustor section pressure loss listed in Table IV are specified as percentages
of the high-pressure compressor discharge total pressure at sea level takeofT power. The over-
all section loss includes 0.8 percent attributed to the compressor exit guide vanes, The exit
average radial temperature profile is shown in Figure 4. The 1T9D-7 airstart requirement is
shown in Figure 5.
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3. REFERENCE ENGINE COMBUSTOR PO

Since the 1T9D engine and combustion system
garding gascous pollutants. the conbustor was
sions.
visible soke at any operating condition.

However, the combustor docs incorporate smoke reduction feature

LLUTION LEVELS

were designed prior to current concerns re-
not specifically intended to provide low emis-
s and produces no

Exhaust ciissions are periodically monitored during JT9D production acceptance tesls. and

typicat results for the idle. 30 pereent, 85 pere
engine power settings are shown in Table V
mental Protection Agency (EPA) specified sim

ent. and 100 pereent sea level static thrust

ulated ground idte, approach, climbout. and

. These power setlings correspond to the Environ-

tukeolT conditions which are used in the establishment of

aircralt ¢

nine emission standarnds.

The data presented in T

able V represent average ¢mission levels tor JT9D-

TA prodduction en-

gines incorporating the combustor conld

ipuration defined by ensineering change number

289380, This combustor conliguration has be
shipped since November 1975, The data have
and pressure and to an ambient humidity
for the tests. The corresponding vitues of the

en installed in JT9D-7A production engines
been corrected to standard day temperature

level ol 0.3 ¢ ||2()/|~;}1 dry air. Jet A el was used

IPA Parameter (EPAPY are also presented in

Table V. This parameter combines cmission rates at the engine idle, approach, climb., and

takeolf operating mode

s, integrated over a specilicd landing, takeolT cycle.

{Reference 1
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TABLE VY

_ REPRESENTATIVIS JT9D-7A PRODUCTION :NGINE EMISSION LEVELS !
N AND EXPERIMENTAL CLEAN COMBUSTOR PROGRAM GOALS

A, Emiission Indices -

- Total Unburned Oxides of 2
] Carbon Monoxide Iydrocarbons Nitrogen SAlL
L Operating Emissions Limissions Emissions Smoke
. Condition (g/kg fuel) (g/kg fucl) _(e/ky fueh i Number
- Ground Idle > 58.0 27.0 3.)
X Approach (30% Power) 33 0.6 7.4
- Climb (85% Power) 0.4 0.3 316 4
_ Seca Level Takeolr
5 (100% Power) 04 0.3 424 4
B. LPA Parameter (tb1: Pollutant/ 1000 jbf Thrust-br/Landing-Takeof Cycle)
- IT9D 7 10.4 4.8 5.5 4
{
—. ECCP Coals 4.3 0.8 3o <19

. ' 1979 EPA Standards

. | Notes: 1 Data represent average emission levels fo

£ a JTID-7A production engine incorporating combus-
tor configuration EC 289386,

2 Oxides of nitrogen data presented as nitrogen dioxide equivatent, corrected to 6.3 8 H,0fkp
( dry air,

3 Ground idle data is without compressor air bleed.




B. TEST COMBUSTOR
1. VORBIX COMBUSTOR DESCRIPTION

A cross seetion drawing ol the Phase 1 Vorbix (vortex Burning and mising) combistor is
showin Figure 6, A front view of the pilol foel systemarriangentent and the circumleren-
al location of the pilot and main el injectons is shown in Figure 7. Fipgares 8 and 9 pre-
sent photopraphs of the outer combustor liner and head assemibly, before and after instaila
tion of the hood. The inner combustar liner is shown in Figure 10 mounted on the instro-
mented first-stage furbine vime assembly, Figure 11 is an upstrea view of the outer liner
illustrating the installed positions ol the pilotand main fuel injectors,

The vorbix concept incorporales two hurning zones separited axiatly by a high velocity
throat section. “I'he pilot zone is a conventional swirl-stahilized, direct-injection combustor
employing thirty fuel injectors. s sized 1o provide the required heat release rate tor idle
operation at high efficiency. Emissions ol carbon monoxide and unburned hydrocarbons
are minimized at idle operating conditions primarily by maintaining a sulficiently high pilot
Zone equivalence ratio 1o allow complete burning of the fuel.
AL high power conditions. the pilot exhaust cquivalence ratio is reduced as low s 0.3 (in-
cluding pilot ditution airy to minimize formation of « xides of nitrogen. ‘The minimum equi-
valencee rittio for the pilot zone is determined by the overall lean blowoul limits, combustion
efficiency, and the need (o maintyin sufTicient pilot zone temperature to vaporize and ignite
the main zone fuel. Main zone fuel is introduced through fuel injectors ocated al the ouier
wall of the liner downstream ol the pilot zone discharge location, Sixty fuel injectors are
used. Main zone combustion and dilution air is introduced through sixty swirlers positioned
on cach side of the combustor, (120 total).

A common fuel injector support assembly was designed for both the pilot and main stages
Lo reduce fabrication cost. An exploded view ol the injector assembly is shown in Figure
12,

Minot adjustiments were made to the liner coating airllow distribution based on temperature
measurertients made during the final Phase 1 rig tests, Additionalty, total liner metering
arca was reduced slightly to increase liner pressurs loss. A close carrespondence between the
engine and rig hardware was felt to be necessary in order (o provide maximum assurance that
the extrapolated rig results could be achieved in the engine,

The combustor cooling louver construction. cooling air levels, and liner material are represen-
tative af current production engine technolopy, This cooting technology is projected (o pro-
vide adequate durability for the JT91D-7A cycle pressure ratio and combustor emperature
Fise.

Minor geometric chanpes were required in areas such as pilot swirter radial travel and to in-
corporate the J1T9D-7 production mounting and slip fotnt arrangement. Combustor liners,
hood panels, thrust cooling scoops, and Tuet tivctor supports were desipned o avoid low
ofrder, engine excited resonance. Where (he uniqueness of the Vorbis desipgn (requirving ex-
perimental structural development worky or constraints ol comland time prevented desirn-
ing to the program fife gouals, minimum criteria o’ 100 hours and 1000 cveles were chosen
lor satistying the requirements of the Phase 11 (est program,
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Figure 8 Phase IIl Vorbix Quaer-Combustor Liner Prior to Hood Installation

Figure 9 Phase TH Vorhix Outer Combustor After Hood nstallation
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Figure 10 Phase HI Vorhiv Inner Combustor Liner Mounted on Firse-Stage Turbine Vane Asseinbly
(XPN-59678)
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Figure 11 Fiew Looking Upstream of Phase 1 Varbix Combustor With Fuel Nozzles Installed
{ X PN-00089)

ORIGINAL PAGE 18 o
0F POUR QUALITY




T —

Tee TAgH I,
g

NOZAY BRITFE LDt

- B 5 O Sens

)
-
. '.Q..
' -
B L Lo W SR
Figure 12 Fuel Injector Assembly (K-2144%)

2. TEST CONFIGURATIONS

The initial Phase 11 configuration (designated $25E) was intended to duplicate the final

Phase 11 sector rig configuration (S25) as closely as possible. The engine configuration is
compared fo the rig configuration in Table V1.

TABLE VI
COMPARISON OF RiG AND ENGINE AIRFLOW METERING

Comparison of Engine Design (S25E)
With Rig Design (825)

Pilot Swirler Swine
Pilot 1D and OD Dilution Same
Main Zone Swirler 1D and OD Same
Main Zone Dilution Decreased 3 percent
Liner Cooling Increased 5 percent

Total Ay

Decreased 2 pereent

*Percent Change = A('D Cngine A(‘[) rig

A('D = Mecasured area x flow coetTicient

20

total A('I) chgine




Three vorbix combustor confligurations were tested in Phase HL The three configurations
were geometrically identical, with minor difTerances in airflow distribution. The configura-
tions tested are summarized in Table VL.

The bascline engine configuration was 8251, The first modification (8261} incorporated a
stmall reduction in 11 swirler airflow to provide additional cooling airflow for the outer com-
bustor liner at locations downstream of the main swirlers. The second modification (82711)
involved airflow redistribution in both the pilot and main zones. Pilot dilution airflow was
reduced slightly to shift the minimum CQ level at idle to the design idle fuel/air ratio. In the
main zone, aduitional 11D swirler airflow and & small amount of OD dilution airflow were
transferred to the aft cooling louvers on the outer liner in order to reduce the OD radial exit
temperature profile.

TABLE VI

AIRFLOW DISTRIBUTION IFOR VORBIX
COMBUSTOR CONFIGURATIONS

Percent Total

Aﬂ)* Combustor Flow
Description S231 §261: S27E S25E 826l 8271
Pilot Swirler 14.59 14.59 14.59 12.0 120 12.0
Pilot 11} Dilution 796 796 7.18 4.6 4.6 4.1
Pilot QD Dilution 11.82 11.82 10.76 1.7 7.3 7.0
Bulkhead 3.2R 38 128 o0 3.0 1.0
Main Swirler 1) 13.55 11.13 8.53 K 9.0 6.8
Main Swirler O 33.60 3300 33.00 .2 M2 a2
Main Dilution OD 1.50 1.50 1.11 1.} i1 0.8
Main Dilution OD 4.50 4,50 4,50 34 34 14
Main Dilution OD 9.00 9.00 4,00 0.7 0.7 0,7
Main Nossde t13 1,13 b1l 0.8 0.8 (0.8
1D Liner Cooling 1084 10.84 10.84 74 18 109
OD Liner Cooling 15,00 17.28 2218 () 13.0 174
Turbine Vaoe Platlomn RICL RN 340 ] 28 g

*A(‘I) = Measured ares x How coetivient
3. DIFFUSER CASE MODIFICATION

In order to adapt the two-stage Vorhix combustor to the JTOD engine., several internal de-

sign changes to the FIOD diftuser case were required. These changes include providing ad-

ditional mounting bosses for the pilot and main fuel injectors and the relocation of the ie-

niter bosses, DifTuser case mount Manges, combustor mount Manges and pins, diffuser case
inner and outer wall contotrs, atd sirat arrangements remain anchanged.




An exploded view of the modifications made to the standard production JTOD-7 diffuser
case is shown in Figure 13. The boss locations for the pilot and main fuel injectors were de-
fined by requirenents fo: servicing of fuel system components, minimization of structural
compromises, and relative case of reoperation of an existing part for use in the Phase 11 test
program. A used experimental JT9D-7 case was the base for the modifications.

INSTALL NEW SKIRT
FOR 60 MAIN NOZZLES

|pT ALL PADS
FGo W PILOT
NOZZLES

CUT 10 WINDOWS

HEMOVE HEAR SKIRT

Figure 13 Vorbix Diffuser Case Modification

‘Fhe rear outer skirt was removed and g new forged ring welded in its pliace Ten rectangudar
windows were cut between diffuser struts downstream of the production {uel injector bosses,
and forged pads were welded in place. The pilot fuel injector mount pads were clustered in
groups of three to reduce the amount of welding required and to climinate interference with
the diffuser case bleed bosses, Plasima are welding was used to minimize local shrinkage.

The diffuser cuse was supported with rigid fixtures during welding and machining operations
to reduce distortion to previouslty machined surfaces, An abbreviated stress relicf evele was
performed prior to fingl machining. A photograph of the reoperated cuse is shown in Figure 14,

Twenty probe bosses were installed at the compressor dischurge station for experimental in-
strumentation, An O filter duct was installed to reduce OD shroud passage heipht in the
vicinity of the combustor throat and switders, Flush plugs were used to Tl the twenty existing
JTOD-7 fuel injector parts,

Although the extensive welding and design compromises required to perimit use ol an existing
past drastically reduced the eyelic lite of the dittuser case, it was aceeplable for the expeni-
mental use intended. Achiovement of the ovelic Bl necessary production engine applications
would require fubrication of a complete new part and proper heat treatiment.
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Figure 14 Reoperated Diffuser Case for Phase 11 Engine Tests {XPN-39274)

C. FUEL SYSTEM

1. FUEL MANIFOLDS

The external fuel system design was unigue 1o the Phase H1 Vorbix combustor instaliation.

It included pilot and main zone manifolds. staging valves, jumper tubes, and mounting hard-
ware. The pilot and main zone manitolds with valve arrangements sre shown schematically

in Figures 15 and 16. Representative photogriaphs of the pitot and main zone fuck systems

and sssociated hardware are presented in Figures 17 and 18,

Thirty pilot fuel injectors are cqually spaced in clusters of three around the engine cireum-
ference. Ten of these are connected direetly 1o the pilot fuel manifold, Control of the fuet
flow to the remaining twenty fuel injcctors is provided by the pilot salenoid valves. 1 ach
valve controls the outer pair of injectons in cachl duster of three, The objective ol tiis valv-
ing arrangement was 1o provide flesibilits m partial pilot nnstagme, i1 pecessary . o improve
sturting or pilot-to-main staging,

The sixty main sone fuel injectors ae contiolled by sivteen solenoid valves artanged 1o pet-
it cireumterential zoning or sequetcity in stareered groups of toar iniectors. The main

sone solenoid valves perform the stagmg Tunction and e arranead te permil ssmmetine op
eration on cither thirty or sivty injectons, I order tomimmize the mnpact of manitold 1l
time on enpine aoccleration, the fuet junmper tube volurme downstieam of the st vaboes
wis Kept 1o a minimui consistent with mountine and senvecabaliy tequinenments. Stagine
lopic was programcd e the tucl controb cotmputer and vach solesond valbe atld e op

erated individually it desired,

A
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Figure 17 Typical View of Pilor Zone Freel Manifold, Solenoid Vatves, and Jumper Tubes  (X45713)
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I Figure 18 Typical View of Main Zone Duct Mantold, Sodenoid Valves, aid Jamper Tiehes X570
l
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The external Tuel system was intended strictly as experimental hardware for the Phase 11 en-
gine test program, Primary reasons for his approaeh were the additional flexibility de-

sitred and the requirement that all components be readily aceessible for repair or repigeenient.
Manifold and jumper tube volumes, valve operation, cle., were desipned to be Mhightwortly in
function but structurally adequate only for the extent of the engine test program,  Sinee

the experimental engine was to be ased without a flight-type nacelle and airframe plumbing,
the fue system compaonents were designed with minimum consideration given to extermil
hardware interferences. To ensure integrity of the engine mounted Tuel system, the Tuel
manifolds and valves were assembled on the diffuser case and evaluated for component re-
sonance in the engine operating range. Apparent high stress areas were strain-gaped and the
assembled hardware was subjected fo i range ol frequencies and amplitudes expected during
engine tests, The vibration test instaliation is shown in Figure 19. As a result of this testing.
a4 number of modifications were made to the mounting brackets and tube clips.

Figure Figure 19 Diffuser Case and External Freel Svstent Hardware Durcing Resonance Evaliation Prior to
Fugine Test (Y-45051]

2. FUEL CONTROL

A fuel control design study was conducted as part of Phase I Relerence 4 e identily control
systenn requirements added by the staped combustor coneepts developed in the T xperimen-

tal Clean Combustor Program. A nuniber of conceptual designs which satisty the functional
requirements were specificd.and the most promising convepts were selected on the bisis of
available technology and estitated Tite cvele cost A Breadboard control system design, in-
volving modification of the current J19D fuel control, was speciticd Tor the Phase HIE enpine
test progrim.

27




The twostape Vorbix combusior is chiracterized by two separale combustion zones ;i fwo
physically separate sets of fuel injectors and manifolding. Since each combnstor ZONC mst
he aperated within generally narrow limits for optinim emission formation and combustion
cfficiency, fuel distribution to cach zone nust be hased on engine fuclfair ratio rather than
total fuct flow, n addition, » number of micchanical constraints such as maximum fucl pump
pressure, minimum controltable Now rate, fuel nozzle tem-down stio, manifok head effeet,
ctesact to further imit the fuel control designer’s frecdon in varying pilot to main fuel djs-
tribution. Specification of the Mlot/main fuel split for the Vorbix combustor aperating al
sea level is shown in Figure 20, Minimum and maximin Hmits are imposed on the pilot zone
fuel/air ratio to prevent lean blowout and excessive thermal stresses in the pilot zane. These
limits were developed from the Phase 11 combustor rig {esting, and define the practical
aperiting envelope which can be used for pilot/main zone fuel schedule optimization in the
cngine.

An additional requirement jimposcd hy the staped Vorbix combustor is that passage through
the staging point (transition from pilot only to pilot plus main zone operation} must be ac-
complished in a rapid and continuous manner. This is required for reasons of Might safety,
and s specified by the FAA Airworthiness Standards [ Reference 91 in terms of a five-see-
ond maximum allowable elapsed time for engine aceeleration from flight idle to 95 pereent
thrust. The current production J19D-7 fuel system is fully staged at ground idle, thereby
eliminating “fill time® delays associated with the volume of the secondary fuel manifold, dis-
tributions tubes, and fucl nozzle supports. However, the Vorbix combustor musi stage
between the idle and approach operating conditions. Uncompensated manifold fill time dJe-
lays will seriously impact engine transient response. For this reason, the breadboard control
design provides continuous fuel recircutation through the main fuel manifold when operiting
the engine on pitot only,
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The breadhoard fuel control mud distribution system for the Phase T engine testimt s

shown schematically in Figure 24, Fhe main uel pump, main Tuel control, ind the fuel-oil
caoler are JTOD production components used without alteration. By leaving the enpine con-
trol intact, the engine fue! How versus thrust characteristic, and ie assorted trims and

biases, remain unchanped. Al other engine control functions, such s bleed operiation and
igh-pressure compressor vane anple schedualing, continue to be accomplished by the produe-
tion control. The Now distribution vatve (pereent sphit valve) is @ Hamillon Standard Division
component witl appropriate madifications to meet the Mow requirements ol the Vorbix
combustor. The percent split valve is controlled by a reprogrammable PHE 11/40 digitad
computer. Overall combustor fuelfair ratio. required s o principle control parameter, is sensed
by its proportionalily to total fuel flow divided by combustor inlet pressure, Al bread board
fuel system components not mounted on the engine were mounted on a portable skid, shown
in Figure 22, A view of the electronic fuel control computer console installed in the enpine
test cell contral room is shown in Figure 23,

The breadboard control system was divided into five funclional subdivisions:

4. A start return bypass to the main fuel pump to provide for fuel 1Tow metering and ad-
justment during starting;

b. A circulation system to keep the main manifold full when operating on pilot only:

[

A pereent split valve 1o provide metered Mow to the pilot and main nozzles:

Jd. A nitrogen gas purge system for purging the main fuel nozzles when unstaging to
minimize coking;

e, A pressurizing and dump valve used to provide a dump for the pilot nozzles when
shuiting down,

In addition, an emergencey Tuel shutolT valve wis included to ensure tuil-safe engine shutdown
itt the event of a component or logic failure,

The computer was proprammed to provide pilot-to-main burner fuel split as a function of
overall fuelfair ratio. This function was manually overriden during steady state operation 1o
permit variation of fuel flow split so as to permit determination of the effect of tuel split on
emisstons and exit temperature profile.

During initial testing, staging was done manually to attow investigation of the transient chari-
cleristios of the staging process. Staging was then autongted to veeur at a selected value of
fuel/air ratio, which, in turn, was determined from a correlation curve of steady stake values
of Tuel/air ratio versus combustor pressure, After staging. the pereent sphit valve was modul:-
ted to satisly o function of percent split versus fuelfair ratio which could be trimmed s re-
quired. Unstaging was done by a manual push hutton which sequentially turted on the itro-
gen purge Tor a petiod of thne and then tumed on the cireulation Now,

During engine testing, the reprogrsnmable computer proved e be valtable in that it was
possible to rapidly alter the pereent split versis overall fuelfair ratio schedule, the selection of
scheduling paramie ters, and propramimed constants to optimize transient performance.
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D. EXPERIMENTAL ENGINE X-686 DESCRIPTION

1. ENGINE CONFIGURATION

LExperimental JT9D-20 engine X-686 was the test vehicle for the Phase HI Experimentad

Clean Combustor Progrim, The JT9D-20 engine model is equivalent to the JTOD-T7A refer-
enee engine in gas generator configuration and performance. The major dilferences between
the two models are the locations of the mounting attachment points, aceessory gearbox and
other external components. Figures 24 and 25 compares the two configurations. The JT91-20
model is preferred for combustor development work because the gearbox is located forward
and away from the combustor case. The design of experimental fuel manifolds and instru-
mentation is considerably simplified by removal of the JT3D-7 envelope constraints, and the
external components are casily accessible for service. The engine was operated it JTOD-7A
combuster inlet parameters and thrust levels for the Phase 11 test program.

GEARBOX

Figure 24 JTOD 20 Engine External Configuration (Right Side

32
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Figure 25 JTOD-7 Engine Extemal Configuration (Right Side)

GFARBOX

Figures 26 and 27 show external views of engine X-686 prior to the start of Phase 1 testing,
The two-stage Vorbix external Fuel system is visible, as is the first-stege turbine inlet guide
vane ARTS (Automatic Recording Temperature System) instrumentation package.

2. PERFORMANCE INSTRUMENTATION

In order to compute overall performance characteristics, experimental engine X-086 was in-
strumented to measure the following engine operating parameters.,

Engine inlet temperature T
Low rotor speed N

High rotor speed Ny
Gearbox breather pressure P
Gearbox breather temperature I
Fogine thrust F

I'ngine intet total pressure Py

-

Fan discharge totil pressure Pl.’!..‘i
Engine exit total pressure 1 4

Uigh turbine dischirge temiperatare
Fngine exit totat temperature 14
Burner pressure Py

Total engine fuel flow ‘.\’l

i3
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Figure 26 Experimental JT9D-20 Engine X-686 With Vorbix Combustar and ARTS Instrumentation
Readyv for Initial Test (Right Side) [ON-37360)

el .?.:;_‘F:y TR It gl
; - . e . N 3 . iy

Pierere 27 Fxperimental JTOD- 2000 ngine X-o50 Wil Vorbix Comthiestor and YRS istnion ntation
Ready for hiitial Test 7lope Sided (N 2750,
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I addition. pressure sand temperature probes were added 1o the compressor discharpe station

to meastire combustion inlet conditions; ¢xtensive instrumentation (total and static pressure taps)
was added Lo the dilffuserfeombustor section (o establish airflow distribution into the com-
Bustor liners: thermocouples were installed at eritical locations on the combustor liner skin,

and gas samples were withdrawn through taps at the dowastream end ol the 11 and OD dif-

fuser shroud passages and passed through @ hydrocarbon analyzer to detect internal fuel leak-
age, fuel aspiration, or combustor damage should it oceur. The engine and combustor section
instrumentation is described in more detail in Appendix A.

Experimental engine X-686 was also fitted with first-stage turbine inlet guide vane therimo-
couple ARTS (Automatic Recording Temperature System) instrumentation for the initiad
testing sequences. This instrumentation permits determination of combustor exit tempera-
ture pattern under actual engine operating conditions. Figure 10 presents an overall view of
the assembled ARTS pack, connecting leads, cle., with the inner combustor liner in place.

A closc-up view of a portion of the ARTS instrumentation is shown in Figure 28. The ARTS
pack is comprised of 290 platinum/rhodium thermocouple elements wekded to the leading
edges of 58 first-turbine vanes. Four vanes are instrumented with total pressure sensors and
are located at approximately 90 degree intervals around the circumterence. An additional
four blank vanes serve as inner combustor liner instrumentation lead pass-throughs. Radia-
tion and conduction errors are minimized by the use of a radiation shicld around cach ther-
mocouple sensor and by ducting exhaust gas flow around the junction, Sequencing of the
thermocouple data acquisition is controlled by the Pratt & Whitney Aircraft 2104 Data Ac-
quisition System installed at the engine test stand. Fhe inclusion of ARTS inst rumenttion
imposes @ maximum limit off 1339K (2850°F) on local turbine inlet temperature, The ARTS
pack was replaced by a standard first-turbine vane assembly for the final test sequence.

3, EXHAUST GAS SAMPLING INSTRUMENTATION

Most ol the exhaust gas sampling was conducted with an eight-arm rake mounted in the core
engine exhaust stream 0.36 m (14 inches) downstream of the exhaust nozzle exil phine. The
unmounted rake shown in Figure 29 was designed for use with a JT9D experimental tailpipe
(eylindrical section). Twenty-four sampling ports are located on eight radial arms the cen-
ters of equal wreas. The sampling ports are manifolded such that by sumpling at different con-
nections, gas samples can be taken from cither four or ¢ight equally spaced ariis € 120r24
sample poris). The sampling rake was mounted on i traverse gear which permitted rotalion
over a 458 degree arc in live degree increments. Data were recorded using these alternate rake
configurations for comparison with the stationary vight-arm baseline conliguration.

An additional exhaust gas sampling system wtilized for comparison purposes in the Phase 1
Lest program was comprised ol the standard production engine exhaust fotal pressure probes,
(l'”). These were mtanitolded o deliver o single gas ssnple o the analysis cquipment. The
cireuntferential and radial positions of the sampling ports are shown in Figure 30.

A deseription of the exhaust take instablation and the gas analysis and conditioning cquip-
ment is presented it Appendin A

18
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Figure 28 Instrumented First-Stage Turbine Vane Assembly FXPN-00093)
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4, P-6 TEST STAND

All engine testing in the Phase T Experimentat Clean Combustor Program was conducted

at the Pratt & Whitney Adrcralt producticon test Tacility in Middletown, Connecticut. This
facility includes i series ol abient inlet. indoor test cells with sufficient celb volume and Now
capacity to test high airflow engines in the JT9D thrust class. The -6 test stand has been
equipped with the additional instramentation and data handling capability required Tor ARTS
and low-emission combustor development programs, A description of the test stand wnd data
acquisition systent is given in Appendix A,

E. TEST CONDITIONS AND PROCEDURES
1. STEADY-STATE TESTING

The Phase 11 engine tests were conducted in a manner similar to that of other F19D experi-
mental engines at Pratt & Whitney Aireralt. Test stand inlet conditions are not artificially
controted so that the engines are run during various ambient temperatare and barometric
conditions and rarchy on a “standard’ day. Engine performance parameters are normally cors-
rected to standard day conditions (Appendix A). Since the program was oriented to mea-
surement of emissions at specific power levels, the steady state emissions data were taken

for most points by establishing combustor inlet temperature Jevel, regardless of ambient con-
ditions. The Standard Day JT9D-7A Gas Generator Reference Conditions are tubulated in
Table VI for the four EPA-specified sea level static power settings. The cmission data were
corrected as deseribed in Section F1 from the observed combustor inlet conditions to the
corresponding standard day reference conditions for presentation in this report.

TABLI: VI
STANDARD DAY JTID-7A GAS GENERATOR
REFERENCE CONDITIONS

] Combustor Combustor

I-PA Inlet Inlet Combustor Inlet I uel-
z lingine Power Thrust Fuel low Temperature !’[,LLS&%L[L‘__#_______ Air
Model Level N I kg/hr [bm/he K 'l N/m- psia Ratio
JTOD-7A ldle 14,234 3,200 TR0 1,720 447 REN J.09y IUS 53 (.0105
Approach 61.585 13845 2100 4650 SRR SOR £OI0Y 129 00134
Climb (74,4904 920K 6010 13250 730 Kod [RTIKE SN 1()ﬁ 281 (L0200
Takeot! 205,284 46,150 7303 o100 ‘Tod D16 21_(1?\'.\](]5 323 00220
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The pround idle operating conditions defined in ‘Fable VI correspond 1o engine operation
without compressor service air hleed andd auxiliary gearbox-mounted components requived

(o drive airerafl systems (power extraction). ‘Tiis is consistent with current Pratt & Whitney

Aireralt experimental engine and production aceeptince test procedures, and conforms (o
the requirements ol the EPA airerafl engine emission standards (Reference 1)

A typical steady-state engine test program i shown in Table 1X. Additional test points were
added as required during the engine test run depending on emission data obtained, combusti
elliciency, or to set a specilic value of another engine parameter, such as corrected thrust.
Variation of the pilot/main fuel splitis a primary test varighle at the higher engine power
seltings. Following an approximalely live minute stabilization period at cach test point.
set ol engine performance data, combustor section pressure and temperature data, exit tem-
perature (ARTS) data. and exhaust gas emission data were simu!tancously recorded. 1dle
emissions data were obtained at the start and completion of cach engine run to determine

if the cold or hot engine condition had any significant effect on emission levels. For steady-
state testing with the ARTS instrumentation in place. operation was limited so as not o ex-
ceed 1839K (2850°1) gas temperature on the turbine inlet guide vanes or the redline limit
lor the engine Exit Gas Temperature (EGTY.

2. TRANSIENT TESTING
a. Acceleration/Deceleration

Engine acceleration/decelteration tests were conducted Tollowing completion of the steady-

o1t

state emissions and performance testing to determine transient characteristios of the two-stige

Vorbix combustor and fuel system. The ARTS instrumentation was not used in these tests.

The 1o ting consisted ol a series of progressively more rapid engine accelerations from an idle

setting (o 95 percent rated thrust and deceleration back to idle, Testing was conductud [fom
both ground idle (1F/A = 0.0105) and a simulated Might idle (F/A = 0.0115) power setlings.
The elapsed time to 95 pereent thrust s autnmatically recorded by the test stand APTDAC
system (See Appendix A). The “snap’ ateceleration test requires that the power lever be ad-
vanced From the seleeted idle position to the full power position in one second or less. Snap
aceeleration data are presented in the format shown in FFigure 31, Figure 31 also shows the
contract goal [Reference 91 and representative FIOD-7A production engine perforance.

Particular attention was paid fo passage threugh the pilot-to-main slaging point. and various

combinations of pitot/main Tuel schedule and (el control response paramelers were investigated,

Tests were conducted Tor hoth unstaged and staped Gnain zone fucledy idle operation, as
indicated in Figure 32, The breadboard Tuel control was desipned to penmit considerable

acdjustiment in fuel management around the staringe porml. Main zone unstaging undder deceleri-

tion was adjusted to prevent comhustor blowoud.

1




TABLI1X
PHASE HESTEADY-STATE TEST PROGRAM

limission

Engine Sample Type 1D Percent

Run 24Pt 12711, 24P St Engine : Pilot

Point  Fixed Lixed Traverse 7 Condition K)  CE) T Smoke(?) _

1,2 X X X X lle 447 345 100

3 X Sub ldle 439 330 100

4 X Rich Idle 514 405 100

5 X Lean Approach 550 530 50

6 X Approach Split 587 598 30 X

7 X Approach Split 587 598 40 X

89 X X X X Approach Split 587 598 50 X

10 X Approach Split 587 598 60 X

1 X Rich Approach 6014 645 40

12 X 50% Power Split 680 765 30

13 X 507 Power Split 080 765 40

14 X 50% Power Split 680 765 25

15 X 50% Power Split 6RO 765 20

16 X 50% Power Split 680 705 15

17 X Sub Climb Split 708 RIS 30

18 X Sub Climb Split 708 B15 20

19 X Sub Climb Split 108 815 10

20 X Climb Split 735 804 25 X

21,22 X X X X Climb Split 735 804 2 X

23 X Citmb Split 735 804 1S X

24 X Climb Split 735 864 10 X

25 X Sub SLTO 750 890 20

26 X SLTO Split 764 910 25 X

27,28 X X X X SLTO Split 764 Yl Y X

2 X SLTO Split 704 9l 15 X
- kit X SLTO Split 764 910 10 X

k]| X Idie 447 345 100

32 X ldle 455 360 100

RK] X Idle S11 460 100

(”Averugc Combustor Inlet Temperature

,
(gmoke Data obtained with 24 Pt rake anly
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Figure 31

PERCENTAGE PILOT-FUEL
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Finissions diti were nos taken during the enpine aceeleration tests due 1o the stabilization
requiremient for gas samples, Visual observations were imade ol the exhianst during cach
acceeleration for the presence of unburned Toel.

h. Sea Level Starting

A program was conducted (o deline the starting characteristics of the test engine with the
Vorbix combustor. Fngine starts were attempted at high rotor speeds of 1400 and 1800 rpm
and vaiious [uel Tow/combustor pressure ratios as shown in Figure 33, An engine start is
considered satisfactory if the engine successtully aceelerates to the ground idle condition.
dition.

F. DATA ANALYSIS PROCEDURES
1. EMISSION DATA REDUCTION PROCEDURE

The raw cmission data were transmitted directly fo an online computer for processing. The
voltage response of the gascous constituent analyzers was first converted to an emission con-
centration, based on the calibration curves of cach instrument, and then used to calculate
emission indices, carbon balance fuclfair ratio, and combustion efficiency. The emission in-
dex and carbon balance fuel/air ratio caleulations were performed in accordance with the
procedures established in SAE ARP 12506 [Reference 10].

Iy order to compare combustor development engine emission data between runs and to the
ITOD-7A production baseline, it is nevessary (o correct emission data to the standard condi-
tions listed in Table VIH. As discussed carlier, the basis for setting most 1est points was com-
bustor inlet temperature €T 1) All adjustment of observed emission data was made relative
Lo the observed value of combustor inlet femperature, thereby obviating the need 1o make
an inlet temperature correction. Curves of combustor intet pressure and fuelfair ratio versus
inlet temperature were generated for the reference JTID-TA engine operating at standard day
ambicnt conditions and are contained in Appendix A. The magnitude of inlet pressuce, ete.,
correction required was determined by comparing the observed and reference parameler
vahlues at the observed value of inlet temperature.

Comparison of observed and reference combustor operating conditions for the steady-stite
tests in experimental engine X-686 revealed that only islet pressure deviated significantly
from the reference engine characteristics, Deviations up to 15 pereent were recorded at high
powcer engine conditions, Deviations were less than 10 peceent at low power engine condi-
tiois. The fuelfair ratio was only slightly (0-2 percent) higher than the standard engine. In
view of the relative imprecision ol cucrently available fuelfair ratio correction factors, and
the demonstrated dependence on combustor contiiration, it was decided to correct the
gascous emission data only for deviation in combustor inlet pressure. In addition, the NO
data were corrected to o standard inlet air huenidity ol 6.3 gt a()/l\;. Jry air, The data .|d|u~t-
ment equations for the gascous emission species are as Tollows:
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Figure 33 Phase 111 Vorbix Combustor Starting Program

(Pt4 std.) 0.5

(1) NOy corr. = NO, meas. 0018 (Hmeas. 0.3)

(Pt4 meas.)

(I’M mcis.)
()Y COcorr. = CO meas, —————
(PM std.)

(l’t4 nicas.
{3 THC corr, = THC meas.

(l'l__l std))

where:
N()\ : Fiission index of oxides of nitrogen (p/hy Tuel)
O - Frission index ol carbon monoxide (gaky fuel)
THC = I'mission index of total hydrocarbons (g/kg fuel)
P : Combustor inlet total pressuie
i et specific humidity ¢ I RIOR SUFTTY
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and subscripts:

std = Relates to vzlue at standard condition
corr, = Reiutes to value at corrected or standard condition
meas, = Relates to value at measured condition.

Exhaust smoke data are presented on an as-recorded basis. Smoke corrections are belicved to
be very small, on the order of 3 percent for each parameter. Since the data were obtained at
slightly lower prossures and slightly higher fuel/air ratios than reference values, the correc-
tions tend to compensate each other.

2. EPAPARAMETER CALCULATION

The U. S. Environmental Protection Agency etnission standards for aircraft engines are ex-
pressed in terms of an integrated EPA parameter (EPAP). This parameter combines emission
rates at the engine idle, approach, climb, and takeoff operating modes, integrated over a

specified landing. takeolT cycle [ Reference 1]. The equation for this calculation is as follows:
[.

Zij )—é} ij Elij
(4) EPAD, = t (Ibm poilutant/1000 ibf thrust-hr/L.TO cycle)
b
Zj—— Iy
Y0 'Ni
where:
El = emission index (Ibm pollutant/1000 lbm fucl)
t = time at engine mode (min)
Fn = net thrust (10
Wi = fuel Mlow rate (tbm/hr)

and subscripts:

i = emission category (CO, THC, NO,)
j engine mode (idle, approach, climb, SLTO)

The net thrust and fuel flow engine data used to calculate the EPAP are presented in Table
X, and were obtained from the latest JT9D-7A performance table.
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TABLE X

FEOD-TA ENGINE DATA FOR EPAP CALCULATION

Time (t) Net Thrust (1)) Fuel Flow (Wp)
Lingine Mode _min,_ Lbf b /hr
ldle (unbled) 26.0 3200 1720
Approach 4.0 13845 4650
Climb 2.2 19228 13250
SLTO 0.7 46150 16100

Substituting the engine data from Table XI equation (4) becomes:

(5) EPAP, = 017481 g +0.072 Elypproqcy * 0114 Elggipp + 0.0441 Elsi o

The emission indices used in equation (5) are obtained from plots at the ITID-7A four values
of combustor inlet temperature corresponding to the EPA power points (Table VIII}.

3. COMBUSTOR PERFORMANCE CALCULATION PROCEDURE

Measured and calewlated combustor performance parameters are tisted in Table XI.

TABLIF X1

SUMMARY OF RI-PORTED COMBUSTOR PFERFORMANCE PARAMITTERS

Parameter Symbaol Units Measused Caleulated
Total Airflow W4 ke/fs X
Total Combustor Ajrllow Wab kpfs X
Pilot Fuel Flow Wy pilot hels X
Main Fuel Flow Wy main kpis X
tlet Fotal Tomperature T K X
ket Total Pressae *g atn X
Reterence Veloats Vet mis X
Pattern bBactor 't Y
lthet Arr Hhomidiiy i s A0 ket it hY
fucliAur Ratis faa X
Prossute §oss AP Iy Y
Combustion FHsoweney 1, \
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Definitions of those caleulated parameters which require further clarification are presented
below,

a. Total Combustor Airflow

‘The total combustor airflow is determined by subtracting the turbine cooling air and other
fixed bleed flows from the Station 7 measured flow,

b, Reference Velocity
The reference velocity (Vigp) is defined as that flow velocity that would result if the total
combustor airflow, at the compressor discharge temperature and static pressure, were passed

through the combustor liner at the maximum cross sectional arca. This area is 0.218m for
the Vorbix combustor tested in this program.

c. Pattern Factor —

The pattern factor (PF) at the combustor exit is defined by the expression below.

Tt5 max ~ TtS avg

(6) PF =
Tys avg Tt4
where:

Tt max. = Highest local temperature measurced at the combustor exit plane
(K}

Tt 4 = Mecasured combustor inlet temperature (K)

Tis avg. = Calculated from the measured combustor fuel/air ratio and inlet
conditions.

d. Fuel/Air Ratio

Both measured and carbon derived fuel/air ratios (ffa) have been caleulated and recorded for
all test points run in this program, The measured, or performance fuelfair ratio, is the ratio

of total fuel flow to total combustor airflow. ‘The pilot and main fuel/air ratios are defined

by multiplying the overall fuel/air ratio by the fractional pilot and main fuel split, respectively.
The carbon balance derived fuelfair ratio is determined by using gas sample data to detenuine
the carbon balance of the exhaust gases.
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e. Total Pressure Loss
The total pressure loss (Al’ill’l) is ealeulated from the following equation:
2 ]
AP Pys - Py

(7) =
P Pia

where:

Pig = Average combustor exit total pressure
Py Average compressor discharge total pressure

I

{. Combustion Efficiency

-
-

The combustion efficiency (n.) is calculated on a deficit basis using the measared concentra-
tions of carbon monoxide and total unburned hydrocarbons from the gas sample data. The
calculation is bused on the assumption that the total concentration of unbnred hydrocarbons

could be assigned the heating value of methane (CHy). The equation is:

/4343 X+ 21500Y

(8) ne = 100 -- 100
\ 18.4 (10)0
where:
X = measured carbon monoxide concentration in g/kg fuel
Y = measured total unburned hydrocarbon concentration in gCHg/ke fuel.
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CHAPTER 1ll
PHASE i1l RESULTS AND DISCUSSION
A. INTRODUCTION

This chapter contains the engine emissions and performance test results for the two-stage
Vorbix combustor and fucl system evaluated in the Phasc 11 program. The data have been
confined to that which substantiates the major accomplishments of the progrant, and con-
sist primarily of reduced and analyzed data for the final (S27E) combustor configuration.
A compilation of all data obtained during the program is presented in the appendices.

B. TEST PROGRAM SUMMARY

The Phase T program accumulated approximately 87 hours of engine testing, consisting of
8 hours of shakedown testing, 56 hours of steady state performance and cmissions data

acquisition, and 18 hours of acceleration and deceleration testing. A breakdown of the test

program running hours is shown in Table XII.

Testing of the first configuration, 825k, was limited to intermediate and lower power levels
by local liner overheating. The fwo subsequent configurations, however, were successfully
tested at power levels up through full sca level tukeoff combustor inlet temperatures and

fuel/air ratios.

C. EMISSION RESULTS

The primary emphasis of the emissions data analysis was the determination of the engine
emissions characteristics. Also determined were the effects of ambient operating conditions,
emission sampling technique and primary-to-main zene fuel split on both the levels of each
cmissions specie, and the possible trades among the species. These results were then analyzed

to caleulate the optimum LEPAPs and smoke number to relate the emissions performance to

the program goals. The EPAP results and smoke number results are presented in Section THUCT;

the detailed emissions results are presented in Section 111C2: and the procedure used for op-
timizing the pilot zone fuecl/air ratio is discussed in Scction 111C3.

nging the number of mitin zone fuel

The program included cvaluation of the effects of cha
Its of this parametric study are

injectors while maintaining the same total fuct flow. The tesu
presented in Section HIC4.

Results obtained with five different gas sampling techniques are discussed in Section 111CS5.

1. EPAP AND SMOKE RESULTS

The BPA parameters (EPADS) aned smoke numbers obtained for the final Vorbix combustor
configuration (827E) using the optimum fuel Mow split between the pilot and main zones
are shown in Table XTI together with the corresponding program goils and the values for
the current JTOD-TA.
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FABLE X1

TEST PROGRAM SUMMARY

Run Combustor
Number Conligucalion Lest Hours Test Activity
IA S251 3 Shakedown Testing
i 525k 9 Steady State Performance and Lmisstons
Data Acquitsition
2 Slol: 11 Steady State Performance and Emissions
Data Acquisition
3 8271 Steady State Performance and Emissions
Data Acquisition
36
4 S27E Steady State Performance ind Frvissions
Data Acquisition With 1irst-Stape Turbine
Vane ARTS Instrumentation Removed
5 $27E 18 Transient Testing and Sea Level Starting
Wit First-Stage Turbine Vane ARTS
Instrumentation Removed
Total 82
TABLE X1
EPAP AND SMOKE RESUL'TS
FFPAPR
Total Maximum
Oxiles Carbon Unburned Smoke
Nitrogen Monoxide Hydrocarbons Nutigher
LCCT Phase HI Goal 1.0 4.3 (+ % 14
Curgent JTOD-T7A 6§ 104 4.8 4
Phase [ Combustor 8271 27 R 0.l 10

Notes: FPAR values based on pilot Tuelfair ratio ol 0.0070 at approach. climb, and sea level
I

takeolf.

All emissions dala are corrected to standard JTHYD-7A engine conditions asd inlet
humidity of 6.3 g IOk dry air.

FTOD 7A data based on current production test resalts for engine with combantor

EC 289380,
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As shown, the Yorbix combustor met the goals tor gaseous emissions for all three species.
Oxides of nitrogen were 10 percent below the goal, carbon monoxide emissions were 26 per-
cent below the goal, and total unburned hydrocarbon emissions were 75 pescent helow the
goil. Relative to the JTOD-7 combustor, oxides of nitrogen were reduced by 58 pereent,
carbon monoxide emissions were reduced by 09 percent. and total unburned hydrocarhons
were reduced by 96 percent.,

The smoke cmission goa! was not achicved. Smoke levels were substantially above those for
the current JT9D-7A combustoi.

2. EMISSION INDEX RESULTS

The emissions data were analyzed to develop parametric curves refating the pilot zone fuel/air
ratio to the emissions of cach specic as a function of power setting, with the power setting
defined in terms of the observed combustor inlet temperature.

An interpolation procedure was devised which resuited in parametric curves of emissions
versus combustor inlet temperature for various pilot zone fuelfair ratios. The curves are shown
in Figure 34. The initial step inthe procedure consisted of segregating the emissions data
(corrected for pressurc and humidity) by observed inlet temperature, and then plotting the
data against the observed pilot zone fuet/air ratio. The emissions values corresponding to spe-
cific pilot zone fuelfair ratios could then be determined from the curves, thereby removing
variations in the observed pilot zone fuelfair resulting from variations in setting the test con-
ditions or from the effects ol ambient conditions,

The curves show that smoke number reaches @ maximum value at the sea-level takeoft power
setting and is insensitive to pilot zone fuelfair ratio at that condition. At fower power set-
tings, smoke namber exhibited a decrease with increasing pilot fuel/air ratio.

The emissions of oxides of nitrogen showed a reverse trend with the emissions increasing
with increasing pilot zone fucl/uir ratio, but the sensitivity was relatively small. Oxides of
nitrogen levels at all pilot zone fuelfair ratios were sufficiently low to permit achievement
ot the program EPAD goals.

Total unburned hydrocarbon emissions were extremely low at the higher power settings.,
with the lowest values being obtained at the higher pilot zone fuel/air ratios. Similar trends.
at a somewhat higher level, were obtained for carbon monoxide cmissions.

At approach and lower power settings. similar trends were observed with pilot rone fuclfair
ratio. {lowever, higher values of pitat fuelfair ratio were required (o achicve acceptable
levels of carbon monoxide and total unburned hydrocarbon emissions and the sensitivity of
the enmissions to pilot fuclfair ratio was somew hat greater. ‘
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3, SELECTION OF OPTIMUM FUEL FLOW SPLIT

On the basis of the smoke data contained in Figure 34, and analysis of the exit temperature
distribution data, a pilot zone fucifair ratio of 8.007 was sclected for the EPAP caleulation
for the high power portion of the power spectrum from approach through sea level takeofT,
Smoke fevels at climbout are lowest at 0.007.

A pilot zone fuelfair ratio of 0.0095 was sclected below approach down through the light
idle power setting. This upward shift in pilot fuelfair ratio produced a reduction in carbon
monoxide and total unburncd hydrocarbons emissions. Exhaust smoke is not a concern be-
low approach power. Below the flight idle power setting only the pilot zone is fucled.

These sclections result in two discontinuities in the pilot-to-main zone fuel split. The first

of these, occurring immediately below the flight idle power setting, represents staging of

the main zone. This discontinuity is unavoidable since a minimum step increase in fuel

flow is required to ignite the main zone because of physical fuel system constraints such as
minimum metered fuel fow and manifold gravity head. It is significant, however, that the
Vorbix combustor can be operated fully staged down to the flight idle power setting while
maintaining a combustion efficiency level (in terms of carbon monoxide and total unburned
hydrocarbon emissions) comparable to or better than that of the current production JT9D-7A
combustor. This capability eliminates the need for combustor staging and the associated sys-
tem lag within the flight regime, which is important from both an engine operational and a
flight safety standpoint.

The second discontinuity. ovcurring immediately below the approach power setting, reflects
the manner in which the parametric curves were prepared for analysis rather than a real en-
gine requirement. The control sysiem for the engine could provide a constantly varying pilot
zone fuel/zir ratio to eliminate the discontinuity.

The selected fuel splits provide large reductions in the gascous emissions of the Vorbix com-
bustor relative to the emissions of the JTOD-7A production combustor. As shown in Figure
35, large reductions were achieved for emissions of oxides of nitrogen at the high power
settings and emissions of total unburned hydrocarbons and carbon monoxide at low power
settings.
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4, PARAMETRIC VARIATION OF FUEL INJECTOR DENSITY

The effeet of reducing the number of main zone fuel injectors from 60 o 30 was investigo-
ted in Configuration $2715 by delivering fuel o only eveiy other fuel injector. The etfect of
this change is shown in Table X1V,

The most significant effect of the reduction wias a more than doubling of the smoke at ¢limb
conditions. This increase is believed to result from the locally fuel-rich mixture conditions
produced. This conclusion is supported by the observation that smoke increased when the
main zone fuel was increased (reduced pilot zone fuelfair ratio) at a fixed setting using 60
injectors.

Thirty main zone injectors also increased the emissions of carbon monoxide and total un-
burned hydrocarbons, particularly at ¢limb conditions, but the resulting levels still remained
very low. The effect on the emissinns of oxides of nitrogen was negligible.

5. GASSAMPLING TECHNIQUES

Five gas sampling techniques were used to obtain the cngine exhaust emissions data. An ad-
ditional technique using a rake of the “diamond™ design was also investigated in an adden-
dum effort. The diamond rake and results obtained with it are described in reference 8.

The techniques and their symbol designations are defined in Table XV. Detaited descriptions
of the rakes and the associated techniques are included in Chapter 11 and Appendix A. With
the exception of the Station 7 engine pressure probes, all are variations of the basic cight-
atm rake.

In comparing the results obtained with the various techniques, the 24-pori, stutionary 8-arm
rake (241 was used as the baseline since the majority of the experimental data were ac-
quired in this manner. The comparisons were made by plotting the corrected emissions data
obtained with cach technigue against the corrected emission value obtained with 24F at the
same engine operating conditions. The resulting plots are shown in Figures 36, 37 and 38.
As shown, the data obtained from the various rakes [or cimissions of oxides of nitrogen are
in excellent agreement. For carbon monoxide enissions, 2417 generally provided lower indi-
cations than the other rakes by approximately 10 pereent. The averse samples shiowed best
agreement with those obtained with 24F. The Station 7 probe (Rake ST7) produced the
largest consistent deviation, averaging indications that were approximately 11.5 pereent
sbove those of the bascline rake. The total unburned hydrocarbon emission data comparison
appear to indicate a large amount of data scatier. However, this scatter results in part from
inaccuracies associated with measurement of the very small concentrations of unburned hy-
drocarbons produced by the Vorbix combustor,

Smoke measurements made with the 12-and 24-point fixed rakes (Rakes 241 and 12F) were
nearly identical.

The conventional measure of gas sample validity is @ comparison of the metered fuclfair
ratio based on direct measurement of the engine fuel flow and core airflow with the caleula-
ted fuel/air ratio based on the carbon balance of the exhatst gas specie congentrations de-
tected by the sumpling probe. Data for this comparison is presented in Figure 39 and shows
that the gas sampling provided carbon babince Tuel/air ratios that were within § pereent o
those obtained by direet measurement. The probes generally provided values {hat were
slightly above those determined by direet fuel and air Now measurement. Rake ST7 provided
the greatest deviation.
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TABLE XV

GAS SAMPLING TECHNIQUE IDENT IFICATION

Descripion

4-orl, 8 Arm, Radial Array. Fixed

24-Port, 8-Arm, Radial Array, Traversed over 45 Degrees in S-Degree

Increments

| 2-Port, 4-Arm, Cruciform Oriented Vertical and orizontal, Fixed

132-Port, 4-Arm, Cruciform Oriented 45 Degrees from Vertical and

Horirontal, Fixed

T
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Figure 30

o-Station 7 Pressure Probes With 8 Radial Pressure Taps
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The effects of rake blockage was determined by analyzing the engine performance data
obtained with and without the rake installed. This analysis detected no measurable effect
on performance attributable to the rake installation used in the program.
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Figure 39 Comparison of Fuel/Air Rativs Detennined by Carbon Balance Mcthod From Various
Gas Sampling Probes and by Direct Measurement of Fuel Flow and Air Flow

D. PERFORMANCE RESULTS

1. ENGINE PERFORMANCE

The overall operationai specifications of the X-686 experimental engine was slightly deter-
iorated from the current production JT9D-7A engine. The deterioration is due to the cxperi-
mental nature of the engine as well as its usage in prior experimental and development pro-
grams, rather than any lack of performance demonstrated by the vorbix combustor. The cor-
rected thrust values for the test engine with a production first turbine vane assembly (Run
No. 4) were approximately 1 to 2 percent lower than the current production engine levels at
high power conditions. The key combustor operating conditions for both the test and pro-
t.uction engines, presented in Figure 40, indicate that the Vorbix combustor operated very
close to design at all engine operating conditions.

A review of the effects of the Experini *tar Clean Combustor Program 8-a;m emissions rake
on enpine performance indicates that the. hlockage caused by this rake had no measurable
effect on engine match (effective primary nozzIe area).
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Figure 40 Comparison of Key Conthustor Opcrating Conditions
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2, STEADY STATE COMBUSTOR PERFORMANCE

in addition to the contbustor emission measurements already discussed, performance para-
meters were recorded or calculated to determine system pressure loss, pattern factor, radial

exit temperature profile, and combustor efficiency. The key performance parameters recorded
for all the configurations tested are tabulated in the data Tables in Appendix B. Two other
areas of performance concern were documented: combusto

t liner durability, and coking
of both the combustor and fuel nozzles,

a.  Pressure Drop

As shown in the table, the curren
linerlosses were nearly duplicate

h.  Combustion Efficiency

The program goal of 99 percent was met by the Vorbix combustor at all levels. Combustion
efficiencies (n C) tabulated in Table X V]I were calculated from the measured concentrations
of carbon monoxide and total hydrocarbons described in Chapter II. Compared to the produc-

tion JT9D-7, idle ef ficiency was improved while approach and high power efficiencies were
approximately cqual.

TABLE XVI

SUMMARY OF PRESSURE LOSS FOR THE VORBIX
COMBUSTOR AT SLTO

Pressure Loss (7]

Configuration Overallt ) ID Liner OD Liner
Goal 5.4
4
Production JT91)-7 54 1.8 l.
S27E Piler Zone FuelfAir .
- )
Ratio 0.0051 5.0 3.0 :-q
0.0064 5.6 20 .7
0.0080 84 1.8 1.

(1) Includes 0.8 7 compressor exit guide viine loss

TABLLI xvi
SUMMARY OF COMBUSTION L FFICIENCY

Cambustion Hihicieney § )

Contipurition Iel]e Approach Cliinh ST
Ciovaf BLT 0y Ut 4 Wi e
Production 11907 9891 gy Ty Uty gy ULRFY
Varbis Combystion ') PURY 99 ) UU TN UUTY

thr Contpnration 820 Mot yone Tl ratio - O 8070 st approacd. imb, and 81 1O powey
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c. Exit Temperature Data

Circumferential exit temperature patterns for the Vorbix combustor configuration §273E at
sca level takeoff are presented in Figure 41 for several pilot fuel/air ratios. The patterns are
similar and do not appear to be influenced by synunetrical disturbances such as strut wakes
or nozzle locations. The high temperature zone that appears in ali three patterns near the 20
degree locarion could not be traced to any abnormalitics in combustor operation.

Pattern factors obtained at sea level takeoff for Configuration S27E are shown ir Tabic
XVIIL. Although pattern factors equal to or lower than current JT9D-7 production valucs
were obtained, the program goal of 0.25 was not achieved. At the pilot zone fuel/air ratio of
0.0070, selected as optimum for emissions and temperature distributions, the pattern factor
was approximately 0.4. A tendency toward lower pattern factors was observed as pilot fuel
air ratio was increased from 0.0051 to 0.0064.

Combustor exit radial average temperature profiles at sea level takeoff arc presented in
Figure 42 for vorbix configuration S27E at several pilot zone fuel/air ratios, vorbix configu-
ration S26F and for the JT9D-7A production combustor.

As shown in the figure, the average radial temperatures for S27E were lower at mid-span and
higher near the OD wall than those for the production engine. Increasing the pilot fuelfair
satio lowered the temperatures near the OD wall while increasing temperatures along the 1D
wall.

A comparison of radial proiiles for Configurations S26E and S27E indicates the benefit of
redistributing approximately four percent of the cembustor airflow to the last three rows of
the outer liner cooling holes. This modification was incorporated in S27E to lower tempera-
{ures near the outer wall. As shown, it resulted in an approximate 60 K reduction in tempera-
ture at the high pilot fuelfair ratio.

Reducing the number of main zone fuel injectors from 60 to 30 had a profound effect on
the radial profile. As shown in Figure 43, the peak in the radial profile at the climb out
shifted from the outer wall to the inner wall when the pumber of injectors was reduced,
showing the effect of a quadrupling in nozzle pressure drop without any modification to the
combustor airflow distribution.

d. Combustor Durability

The Vorbix engine combustor was a derivative of the Phase T rig program, where it expueri-
enced only minor durability problems consisting of localized hot spots on the combustor
liner. The cooling airflow level and the distribution were (urther refined for the engine de-
sign. Skin thermocouples were used to monitor those areas of the pilot and inner snd outer
burner liners found in the Phase 11 program to be potentially troublesome.
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TABLE XVIII

SUMMARY OF PATTERN FACTOR FOR VORBIX

COMBUSTOR AT SLTO
Pattern Factor
Configuration at SLTO
Goal 0.25
Production ITSD-7 0.45
$27E Pilot Fuel/Air
Ratio 0.0051 0.47
0.0064 0.41
0.0080 0.42

Based on ideal TTS average temperature calculated from the measured fuelfair ratio and

maximum measured local temperature.

1100 p=

COMBUSTOR EX1T TEMPERATURE ~ X

Figure 42 Fxit Radial Temperature 'rofiles for Vorbiv Comnator at SETC Conrlditions
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The first engine test was limited to approxijmately 50 percent power (680 K) '1‘14 by exces-
sive outer burner liner temperatures downstresin of the main airflow swirlers. Post test in-
spection revealed inner burner swirler skirt distress and overheated outer burner liners down-
stream of main airflow swirlers, with evidence of burning in several areas. The skirt section
of the inner swirlers was cut back flush with the liner to prevent flameholding and cooling
air was increased in the hot areas of the inner and outer burner liners. Following the incor-
poration of these durability ‘ixes, several engine runs were made 1o the SLTO power level
without exceeding limits set + ith burner skin thermocouples. Combustor inspections fol-
lowing each run revealed continued QD liner distress downstream of the swirlers as shown
in Figure 44 and 1D liner louver lip distortion in the pilot zone shown in Figure 45. The
outer liner distress was most severe in the areas in line with the diltuser struts where Jocal-
ized burning occurred in the first louver downstream of the swirlers. Moderate pilot zone in-

ner liner louver ip distortions were canmon and at some locations had nearly closed the
louvers,
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Figure 44 Final Configuration Showing O Liner Distress { 70-144-4048-A )

8. Carboning

Although a nitrogen puree system was provided 10 nrevent coke formation in the main zone
fuel system under hot shutdown conditions. carbon deposits proved to be a reoceurring prob-
lem on both main nozzle tips and fuel nosde supports. The most serious main nosze coke
build-up occurred during the first engine ran when the automatic purge failed to aperate
during several hot shutdowns due to control problems. Flow tests tade following this run
revealed that several main fuel noszles and one noszle support were completely plugged
while numerous other tuel nossles were partially restricted. On subsequent engine runs
where the purge was applicd manually follow ing every shutdown. coking was reduced but
still considered serious on the main nozzle tips and in Tuel nozsle supports. Coke deposits
on main nozzle tips and in some cases on the liner arcas in the vicinity of the noszles are
shown in Figure 46.

Less serious carbon bugld-ups were abserved on ihe pilat nozzle taces and on the inner hines
in line with the pedot tuel naszle location. probablv due 1o over penetration ol tuel spas .
Typical carboning ot this arca is visible in Figare 15,
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3. TRANSIENT PERFORMANCE

Acceleration/deceleration engine tests were conducted from ground idle and flight «lle
power settings to 95 percent rated takeoff thrust. Approximately 40 successful snap accel-
erations were made over a range of pilot-to-main zone fucl splits and staging points. Engine
and combustor operation was monitored d uring all trunsients to prevent turbine/combustor
overtemperature or compressor surge or stall. Acceleration and deceleration times from
ground and flight idle are listed in Appendix B and are discussed in this section.

-
a. Ground Idle Accelerations '

A series of ground idle acceleration tests were performed to isolate the effects of Tfuel staging
point and fuel schedule between the pilot and main zones. The accelerations were initiated |
with the main zone fuel nozzles unstaged and purged. Fuel was recirculated prior to initiat-

ing the acceleration to ensure 2 full main zone manifold.

The fuel staging point was varied from a fuel/air ratio just above ground idle (0.0105) 1o
0.0126 without any significant effect on acceleration times. This is not surprising since, as
shown in Figure 47, fuel/air ratio more than doubles and staging occurs instantancously
when the snap acceleration is initiated. This sudden increase in fuel flow is a typidal pro-
duction fuel control response to a snap acceleration.

The fuel split between the pilot and main zones was also found to have no significant effect
on acceleration times. As shown in Table XIX, varying the fuel split over the runge of fucl
splits that appear feasible from an emissions view point. produced only simatl random changes
in acceleration times.

o 0030
> ACCELERATION
< COMPLETED
- 0.020}= ACCELJERATION
o« INITIATED \
<
3 oo —
w
=
L.
0.00 _
—'-l l- | SEC
TIME
Figurc 47

Typical FuellAir Ratio Response During Snap Acceleration




TABLE XIX

COMPARISON OF ACCELERATION TIMES FROM GROUND IDLE
UNSTAGED TO 95 PERCENT THRUST FOR VARYING PILOT/MAIN
ZONE IFULL SCHEDULLS

W: Pilot
. e o
Fuel Split W): Total (%) Station 2 Aceeleration
Al Temperature Time

Idle SLTO (K) (See.)
100 32 185 7.6
100 32 285 6.3
100 22 285 6.4
100 22 285 6.3
100 27 285 7.0
100 27 285 6.2
100 27 285 6.2

b  Flight idle Acceleration Testing

Acceleration tests from flight id v with the main zone fuel nozzles both staged and unstaged
were investigated. As shown in Fisure 48, the FAA requirements of accelerating from flight
idle to 95 percent of rated takeoff thrust within 5.0 scconds was achieved with the main
zone fuel nozzles staged at the higher main zone fuel flows tested. At main zone fuel splits
less than 10 percent as well as for the unstaged conditions, acceleration times increased
above the 3.0 second level. This increase in acceleration time is attributed to the time re-
quired to fill the manifold jumper tubes and nozzle passages. The lag caused by the fill time
is best seen by comparing the Station 6 (high-pressure turbine discharge) thermocouple re-
sponscs during a snap acceleration for the unstaged and 35 percent staged main zone fuel
conditions presented in Figure 49. As shown in the figure, over one second is lost in filling
the jumper tubes and nozzles.

Typical acceleration times for the JT9D-7 production engine are alse included in Figure 48,
As shown, the best times for the Vorbix combustor were slower than the production engine
values by approximately 2.1 seconds. An investigation was conducted to determine the rea-
son for the slower Vorbix acceleration times.

The acceleration of the JTID is controlled by an acceleration schedule in the hydromechani-
cal control. A nortion of the acceleration schedule is @ function of the high power trim of
the control. Post test checkout indicated the control was trimmed to a setting lower than
that of production engines. The effect of the lower trim was analy tically estimated to in-
crease acceleration time by approximately 0.8 seconds leaving 1,3 secotuds unexplained.
Further testing of the engine using the same control setting as praduction engines would be
requited to estublish whether or not the slower acceleration times were totally due to the
control trim. It was concluded, however, that with the production trim setting the engine
woulld have demonstrated acceleration times which achieved the FAA five second level when
operating with main zone fuel splits above 0 pereent.

08
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Figure 48 Acecleration Times From Flight Idle to 95 Percent Rated Thrust for Various Initial Main
Zone Fuel Splits

¢.  Sea Level Start Tosting

Sca level starting characteristics of the JT91 engine with the Experimental Clean Combusior
Program Yorbix combustor were determined in an abbreviated start program. The clectronic
control start schedule was varied to provide different starting fucl/fair ratios lor the investiga-
tion. Pressurization or initiation of fuel flow to the manifold system was initiated at high
rotor speeds (N4) of 1400 and 1800 rpm.

The occurrence ol a light and the extent of flamie propagation was determined from tempera-
ture data recorded from five thermocouples which were located circumferentially at the dis-
charge of the high-pressure turbine. The therinocouples were located as follows: one near
the top, one near the hottom, and the remaining three equally spaced between these extre-
mes fo cover one half ol the epgine. The data Trom the Hve thermocouples were recorded on
a brush recorder.

(L4

)




_——

ACCELLITATION FIHOM S TAGED AB% MAIN ZONE FLIGHT I E

3)‘13(5[5:
© w C
@ C
E: L /—\
- e B
- C
<
B ow -~ |
s [ TIME (SEC) 1.0 SEC —] |
g, 1:..111111|1ulLll|1|||||1111111111111|1|u
|
I
(
|

ACCELERATION FROM UNSTAGED FLIGHT IDLE
1

1366
LAG FOR FILLING

JUMPER TUBES AND
NOZZLES \__H

ll
-+ 1.08EC
FEE D N N U 1 15 U N T A T PR N U 0 U O T O O I O |

STATION 6
TEMPERATURE ~ K
T6 ~K

TIrnrrrrini

TIME ~SEC

Figure 49 Typical Station 6 { High Pressure Turbine Discharge) Thermocouple Responses
for Snap Accelerations From Fi light Idle Unstaged and Staged

The fuel-flow to burner-pressure ratios required for ignition of the Vorbix combustor and

the current JT9D-7A combustor are shown in Figure 50 and indicate that the Vorbix com-
bustor required approximately 60 percent higher fuel flows for successful lighting and flame
propagation. An analysis of a successful start was conducted to determine why high fuel/air
ratios are required for starting the engine and why the enginc does not stall at the high ratios.
Figure 51 shows the five temperature traces from a successful start. It can be seen that a
light occurs approximately cight seconds after pressurization, compared to less than four
seconds for the Bill of Materials JTOD combustor. The slow propugation is probably the rea-
son for a stall-free start at the Migh fuel/air ratios. In the Bill of Materials JT9D engine, the
sudden light at the high fuelfair ratios causes the engine to stall.

The B/M JT9D duplex nozzle operates at a much higher fuel AP than the Yorbix simplex
pilot nozzle at starting fuel Mows. Attempts were made to improve the starting characteris-
tics by closing the pilot nozzle solenoids to restrict the fue! flow to only 10 of the 30 pilot
nozzles. This approach resulted in increased nozzle pressure drop resulting in an improvement
in fuel atomization .nd lighting. but the flame propagation rate remained stow because of
the increased spacing between the nozzles supplied with fuel. Correction of this deficiency
will require a higher pressure drop pilot fuel nozzle.
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E. DEVELOPMENT STATUS

1. COMBUSTOR EMISSIONS STATUS

The Experimentai Clean Combustor Program (ECCP) Vorbix combustor met the program
goals for CO, THC, and NO, but exceeded the smoke goat by approximately 50 percent.
These emissions were obtamui for an “optimum® value of pilot fuclfair ratio, selected to

minimize smoke at climbout and to provide the best exit femperature pattern factor/radial
profile.

Since the emissions at a given engine power level are dependent on pilot-main zone fuel split,
some variations of the computed EPAP values are possible by changing the sclected values of
pilot fuelfair ratio. Table XX presents other possible fucl/air ratio splits. Reducing pilot fuel/
air ratio at engine power levels above approach from 0.007 to 0.0046 results in negligible
changes to gaseous pollutant or smoke levels. Reducing pilot fuel/air ratio at approach from
0.007 to 0.0046, causes carbon monoxide to exceed the standard, increases total unburned
hydrocarbons to the standard value and reduces NO, slightly. It thus appears that further re-
ductions in gascous pollutants and smoke are not aclncvablc merely by varying fuel/fair ratio
eplit, but await more extensive vorbix combustor modification.
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2. COMBUSTOR PERFORMANCE STATUS

The performance status of the ECCP Vorbix combustor is summarized in Table XXIl. Five
categories have been identified as requiring normal development. This is taken to mean that
acceptable performance is judged to be within reach following suitable development. These
are discussed below:

e Pattern Factor and Radial Profile
Exit temperature pattern factor did not achieve the goal of 0.25. However, pattern fac-
tors equal to or better than the current production combustor were achieved. The aver-

age radial temperature profile is slightly too hot on the OD at the “optimum™ pilot
fuel/air ratio of 0.0070.

TABLE XXI1

EXPERIMENTAL CLEAN COMBUSTOR PROGRAM
VORBIX CONFIGURATION S27E PERFORMANCE STATUS

Currently Normal Extensive
Satisfies Development Development
Requirements . Required Required
Pressure Loss PN
Exit Temperature Pattern Factor X
Exit Temperature Radial Profile X
Idle Stability (Lean Blowout) X
Qea Level Starting X
Main Stage Ignition x
Altitude Relight (not evaluated)
Transicnt Acceleration X
Combustion Instability X
Carbon
Lincr Deposits A
Iuel Passage Coking N
Liner Dutability (Oveeacating) X
71




Transient Acceleration

While equalling the ECCP goal and satisfying the FAA Requirement when accelerated
tfrom a fully staged tlight idle condition, the Vorbix combustor/experimental engine
X-686 was deficient compared to current production JTID-7A engines. When accele-
rated from an unstaged (pilot only) fiight idle condition, acceleration time was increased
by over one second. Since the main zone manifold carried recirculating flow, this addi-
tional time is the time required to fill the fuel injector supports and jumper tubes down-
stream of the staging values. Additional development and possible fuel system redesign
will be required to reduce the acceleration time to the production engine levels.

Liner Carbon Deposits/Liner Durability

The Vorbix combustor exhibited localized carbon deposition in the vicinity of the
pilot and main fuel injectors, attributable to fuel entrainment in “dead” flow regions,
and on the downstream portion of the pilot zone liners, attributable to fuel spray im-
pingement. In addition. local liner overheating was obscrved at the 1D throat louver and
on the OD downstream of the main zone swirlers. With the exception of the fuel im-

pingement, problems of this type are treated by localized re-distribution of liner cool-
ing/purge airflow,

Two categories have been identified where extensive additional development work is
required. In this context, extensive development may be synonymous with design
change.

Sea Level Starting

The starting problem is a consequence of meeting pilot zone maximum fucl flow re-
quirements with a simplex (single passage) pressure atomizing vozzie. lFuel pressure
drop at the nominal starting fucl flow is very low providing poor atomization quality,
When 20 of the 30 pilot injectors were turned off to raise hozzle pressure drop, a pro-
pagition problem took the place of the lighting problem. Correction of this deficiency
will require fuel system design changes such as replacing the simplex nozzles with a du-
plex design or increasing nozzle pressure drop at low flow conditions.

Fuel Passage Coking

Main zone fuel injector support and nozzle tip coking was observed due to overhicating
of residual fuel following shutdown of the main zone. Since the pilot and main 7one
injectors are axially separated, the main injectors do not benefit from the coolant ef-
fects of the continuous pilct fow. While the problem will be ameliorated somewhat by
running fully staged at all low-altitude flight conditions. it will still exist at high altitade
Aight idle descent where tow fuel flow will require that the main zone be shut down.
The solution will probably require external cooling of the main zone fmel support andfor
incorporation of an effective purge system.
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Neither altitude engine operation nor altitude relight characteristics were investigated during
the Phase 111 program. However, the difficultics encountered in sea-level starting and the
Phase 11 altitude relight rig test results (Reference 4) would suggest that there are problems
to solve in this arca. Altitude relight and stability test results from the Phase 11 rig program
suggest that modifications of the fuel nozzle toroidal deflectors could result in significant
improvement in stability.

In addition, no cyclic endurance testing has been conducted on the Phase IH combustor to
assess the hardware long term durability.

3. PRODUCTION ENGINE CONSIDERATIONS

In addition to the development work required to achieve acceptable smoke and combustor
performance, further design work will be required before the Vorbix combustor concept can
be used in a production engine application. While the combustor liner, fuel injectors and dif-
fuser/coinbustor case were designed to be of a flightworthy configuration, the external fuel
system was of a strictly experimental design. The external fuel manifolds. eleetric solenoid
valves and computer-controlled breadboard fucl management svstem were intended to pro-
vide maximum flexibitity, and case of modification and servicing (timely procurcment was
also a factor). While the Phase 11 test program has shown that simplification is possible, the
fuel system represents a very significant design and development requirement.

Translation of the external fuel system to a fightworthy design would require use of double-
witlled manifold construction for reasons of fire safety. Mecting this requirement is made
more difficult by the axial displacement of the two fuel manifolds and the relatively large
number of fuel sources. The clectric solenoid valves would probably be replaced by hydro-
mechanical staging valves in a flightworthy design, and would be reduced (o the minimum
number required to perform the staging function.

76




——— T

CHAPTER IV
CONCLUDING REMARKS

The results presented in this report, along with addendum reports, complete the NASA/
Pratt & Whitney Aircraft Experimental Clean Combustor Program. This major program has
proceeded in three phases from concept screening through rig development to successful
full-scale experimental engine tests of an advanced, low-emission combustor concept in the
Pratt & Whitney Aircraft JT9D-7 engine. While exhaust smoke level and several performance
items did not completely achieve the program goals, the CO, THC and NO, emission goals
were met and combustor performance was adequate for full-power engine demonstration
testing. Altitude performance and relight of the final Vorbix combustor configuration tested
in the engine were not evaluated.

Additional Vorbix combustor improvements in the areas of ¢xit temperature distribution,
transient acceleration, liner coke deposits, and liner overheating will be need to satisly pro-
duction engine requirements. These can probably be obtained through the normal develop-
ment effort conducted for production incorporation of uny new combustor.

Prablems with smoke emissions. sea level starting, and secondary fuel system coking will prob-
ably require more extensive developinent. Because solutions may require signivicant modifi-
cations to the Vorbix combustor design, they should be developed prior to the initiation of
the normal development effort for production incorporation.

The impact on gascous emissions of modifications to the Vorbix combustor which may he
reguired to resolve problems or to enhance its “practicality™ cannot be predicted. Although
future effort would strive to maintain the excellent gascous emissions demonstrated in this
Phase 11 Experimental Clean Combustor Program, it may be necessary to detine trade-offs
between emissions and other requirements such as performance, durability. cost. weight, ete.

The primary focus of the Experimental Clean Combustor Program was pollutant reduction
within the JTID-7A envelope and operating conditions, with a concept that would be accept-
able for eventual producition use. Weight, complexity, associatcd hardware cost. and aireraft
payload penalties were allowed to increase as necessary to achieve the primary goals. A bread-
board fuel control system was used. 11 the Vorbix concept is selected for further develop-
ment for i production application, attempts should be made (o simplify the desien, minimize
weight and cost impact, and improve maintainability while simultancously addressing the de-
ficient performance, smoke, and life miting arcas.
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= APPENDIX A
EQUIPMENT AND EXPERIMENTAL PROCEDURES

1. EXPERIMENTAL ENGINE PERFORMANCE INSTRUMENTATION

o
e A. PARAMETERS MEASURED

Table A-1 list the engine parameters measured and indicated measurement azcuracy using
fixed engine and test stand instrumentation.

TABLI: A-]

PARAMETERS MEASURID

g _Parameter Measurement Accuracy
Ty o - Engine Inlet Temperature + 056K (1°F)
= Gearbox Breather Pressure + 34.47 N/in” (0.005 psi)
Gearbox Breather Temperature + 1LIK (2°1)
Ny - Low Rotor Speed +0.1%
N4 - High Rotor Speed +0.1%
_ + 057 above 111,200 M (25,000 1)

by - Engine Thrust

+

1.5% helow 111,200 N (25.000 1)
137.90 N/m= (0.02 psi)

344.74 N/m* (0.05 psi)

137.90 N,’_m2 (0.02 psid

389K (7°F)

278K (5°F)

1034213 Nlm2 (1.5 psi)

[

P - Engine Inlet Total Pressure

154

P-pa g - FFun Discharge Total Pressure

14

PT-] - Eagine Extt Total Pressure

i+

Ty - High Turbine Discharge Temperature

I+

Ty - Engine Exit Total Temperature

I+

U ———F

» - ' | ey "
I 54 Burner Pressure

Wi - Total Engine Fuel Flow + (0,757

These data are used to compute overall engine performance haracteristivs. The pilot and
muain fuel flows and a redundant measurcment of total Tuel flow are obtained from the bread-
board electronic fuel control instrumentation. Redundant measurement ol other selected
engine parameters was also possible using the fuel control instrumentation. The key cornbus-
tor operating conditions for the JTOD-7A production engine are shown in Figure AL

3
3
-

B. ENGINE PERFORMANCE DATA CORRECTION

e observed engine pertorntnce data are corrected as follows:
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. ] Corrected Observed Thrust

FN OBS Observed Thrust

412 842
L Corrected Net Thiust

"'n _Fnoss AN

2 5t2 corr

Observed inlet pressure

- whete 61’ = -
- Standard day inlet pressure

= Correction from Figure A-2

. Corrected Fuel Flow

W [0 bserved

We . - : - .
feorr 5l1 + K (lemperature correction) x K|, (humity correction}

. . Corrected Thrust Specific Fuel Consumption

Corrected Yuel Flow
corrected —

TSIFC — -
Corrected Net Thrust
®  (Correeted Rotor Speed

Observed Rotor Speed

\/(?lq

Nmrn: cled

Observed inket temperature
where i~ =

Standard day tempersture
C. DIFFUSER/COMBUSTOR INSTRUMENTATION
Pressure wnd temperature instrisiientation installed on the Vorbax combuston liners and dif-

Fuser case passages is stinmarizced in Figure A-30 Typical total pressine and temperature
probes installed at the compressor discharge plane (Station .0y are shownom Figure A-4.
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2. GAS SAMPLING AND ANALYSIS EQUIPMENT

A. EXHAUST RAKE SYSTEM

The primary means of exhaust gas sample acquisition was a take assembly having cight radial
arms spaced at 45 degree intervals. This rake was designed for installation behind the cylin-
drical experimental (boiler plate) tailpipe to be used in the engine tests. Three sampting ports
focated at the centers of equal arcas, were provided on each radial arm. Th rake construc-
tion Tollowed that of carlier rakes designed at Pratt & Whitney Aircraflt. Construction details
of the eight-arm rake are shown in Figure A-5. The sample ports were connected in such a
way that all 24 ports could be manifolded together or in two sets of 12 cach. This latter
arrangement cimulated two 90 degree cruciform rakes positioned 45 degrees apart.

The cight-arm rake was mounted in a traverse stand which allowed rotation about the rake
axis in increments of five degrees for a total rotation of 45 degrees. Figure A-6 shows the
rake and traverse stand mounted in the P-6 engine test cell. The rake sample ports lic in a
planc 0.36 m (14 inches} downstream of the engine exhaust nozzle exit plane.

Commercially available, clectrically-heated Teflon gas smnple lines were used to connect the
discharge of the sampling rake to the inlet of the mobile gas analysis laboratory. Sample pas
temperature was maintained at 450 + 28K (350 + S0°F).

B. MOBILE GAS ANALYSIS LABORATORY

Fhe Pratt & Whitney Aircraft gas temperature and combustion e Ticieney (GT&CE) mobile
luboratory (Figure A-7) is a specially designed vehicle capable ol measuring gaseous con-
bustion exhaust products. Through the use of a telephone tink to the centralized Sigma 8
ditta reduction computer systent, measured constituent concentrations can be converied o
real time, on-ine computations of emission index, combustion efficiency, and combustion
exit temperature. The results of these computer calculations. together with the raw data.

the measurement uncertaintics. and data validity ehiecks are displayed on an interactive scope
in the GT&CE mobile laboratory. The GT&CE mobile luboratory is completely self-contained
with the exception of the data redaction computer. and incorporates the latest on-line gas
analysis instrument for the measurentent of carbon dioxide, carban monoxide, nitrogen, oxy-
gen, hydrogen, oxides of nitrogen, total unburned hydrocarbon, amd water vapor. An interior

view of the mobile van is shown in Figure A-8  Individ ual analyzer specifications are summarized

in Tabte A-11,
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Component

€O,

THC
(As Methane)

Hy0

TABLE A-ll

ANALYZER SPECIFICATIONS

Direction
Range Method
0-10% V Amperometric
025% V
0-90% Gas Chromatograph
0-1% Gas Chromatograph
0-5%
0-25% Gas Chromatograph
0-100 ppmv NDIR
0-500 ppmv
0-2500 ppmv
0-2500 ppmv
0-2% V NDIR
0-5% V
0-1 ppmiv FID

Through 0-50K ppmv

0-2.5,0-10-6.25, 0-100 CL
0-250 - 0 - 1000

0-2500
0-10000

.45°C . +60°C

O —
CL - Chemilumingscence
F11 - Flame lonization Delector

CMIY

NDIR - Nou-Dispersive Infrated

CMHY - Chilled Mirror Uygrometer

Minimuim

J_)etcci:nhm__

0.25%V

0.1%V
0.1%V

0.1%V

2 ppmv

0.04% V
0.25% VY
0.1 ppmv

0.1 pprav

0.067C

lrror

:A_'Full Scale

+1.0%

+2.0%
*1.0%
.0
+1.0%

1 1.0%
*1.0%

+5.0%
+1.0%

+0.5%

+0.4°C

NDUY - Non-Dispersive

Uliraviolet

KY




The GT&CE mobile laboratory utilizes a heated stainless steel mefal bellows sample pump
to draw a sample of the jet engine combustion products into he sample measurement train.
Another larger vacuum-type bypass pump is also incorporated into the sampling system to
minimize the residence time of the sample in the sample fine. The engine exhaunst gas sample
is distributed to the various instruments, with cach instrument having its own flow metering
system. The sampte handling system is shown schematically in Figure A9, The oulputs
from these instruments are recorded and monitored confinuousty on strip chart recorders.
The analyzer outputs are also digitized and, on command, are sent via a telephone line to a
Sigma 8 computer and/or recorded on a casselte-type magnetic tape recording system. The
magnetic tape is compatidle with the IBM-360 computer which is used for ofi-line special
data reduction and validation programs.

Each instrument is provided with “sample’ and “calibration™ operating modes. The GT&CE
mobile laboratory carries its own calibration, zero and span gases. 1 support of this mobile
laboratory, an in-house analytical faboratory develops calibration gases and maintains stan-
dard reference gases which, in most cases, are traceable to the National Bureau of Standards
{NBS).

C. SMOKE MEASUREMENT CONSOLE

Engine exhaust smoke measurements were obtained using a smoke measuring system that con-
forms to specifications of the Society of Automotive Engineers Acrospace Recommended
Practice 1179 and the Fovironmental Protection Agency | Reference 1.

The smoke measuring console, shown in Feure A-10,is a semiautomatic electromechanical
device which incorporates a number of features to permit the recording of smoke data with
precision and relative case of operation. The smoke console was installed in the engine test
cell control room for the duration of the test prograin. Dimensions of the filter holder and
aschematic of the sampling system are shown in Figure A-10. The filter holder has been
constructed with a 2.54 ¢m (1.0 inch) diameter spot size, a diffusion angle @ of 7,25 degrees
and a converging angle o of 27.5 degrees.

The unit is designed to minimize vitriahility resulting from operator to operator differences.
One of these features is a time controlled, solenoid activated main sampling valve (Valve A,
See Figure A-11) having “closed™, “sample™, and “hypass™ positions  This configuration per- |
mits close control of the sample size over relatively short sample tmes. Inawddition, this

timing system operates i by pass svstem around a positive disphicement valume measurement

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

ing the leak cheek mode, Other design fetures include automatic temperature controd for

the sample line and filter holder, and siticon rubber filter holders with support sereens for

cise of filter handling.

A Photovolt Model 670 rellection meter with g tvpe-Yosearch unit confonming to ASA '

2 17-1958 “Standard for Ditfuser Rellection Density ™ s used to determine the reflectance
of elein and stained filters, A set of Hunter Laborators reflectance plaques, traecable 1o

the National Burcau of Standards. is used to calibrate the reflectance meler. A camputer pra-
grantis wsed to caleulate the gas sample weight per unit filfer arca and smoke number.
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SAESPA Smaoke Meter (CN-47639)

Figre A-10
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3. P-6 TEST FACILITY
A. FACILITY DESCRIPTION

The P-6 test stand. one of ¢ight mmbient-indet indoor test celfs Jocated at the Pratt & Whitney
Aireraft production facility in Middlctown, Connecticut, has been fitted with the additional
instrumentation and data handling capability required for automatic lemperature recording
system (ARTS) and low-emission combustor development programs. the facility is cquipped
with 2 monorail engine handling system to facilitate movement of the engine into and out of
the test cell. A schematic view of the test cell fayout is shown in Figure A-12. Figure A-13
shows a front view of & FT913 engine with inlet beitmouth and sereen mounted in the test
cell. All engine controls, data logging, and computer face equipment are located in the (est
cell control room. A view of the control console is shown in Figure A-14. The breadboard
fuel contro} computer and peripherat cquipment were also installed in the test stand control
room. The mobile emissions laboratory was parked outside and 1o the rear of the (st cell
wlile testing was in propress.

A multiple quick disconnect Instrumentation Connection Assembly (1CA) has been incor-
porated into the facility to reduce the connection time when installing an engine into the

test cell. Half of the 1CA unitCstays in the cell and remains connected 1o the test stand data
acquisition and readout system. The other hall s installed on the engine mount frame and
instrument fines are connected (o the engine during the preparation operation in the marshal-
ling arca outside the cell,

A flight-type nacelle is not normally employed for cither experimental or production 11791
engine testing. A eylindrical core engine exhaust nozzle is used in place of the plug-ty pe flight
design. A pair of bifurcated fan ducts are used in place of the annular Tun duct. The fan

and core nozzle arcas are sized to provide acrodynamic characteristics equivalent o the Might
nacelles. The bifurcaied fan ducts facititate installation of special instrumentation and test
hardware. and are readily removed for aceess to the core engine.

Figure A-15 shows the X-0680 cngine being moved into the test cell on the monorai carrier
for a fuel system deak check prior to starting the Phase 1 Vorbis combustor test progran:.
The leak check s conducted at engine idle power with the fan ducts of . Details of the cngine
mounting frame, quick-disconnect instrumentation couplings, and cylindrical core engine

tailpipe are visible. The engine is shown with the hifurcated fan ducts installed in Figure A-10.

B. DATA ACQUISITION SYSTEMS

The P-6 engine test stand is equipped with two separate and complete Jata systems, All
basic engine performance patatieters are determined using the Automatic Production Test
Data Acquisition and Control System (APTDACY which is aviilable to all production test
cells. The 2104 Data Acguisition System (ADAPTS) was desizned 1o sapport ARTS com-
bustor development pragrams, and is available ondy in the P-o test stand at the Maddictown
Test Vacility.
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Figure A-13

Figure A-14
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Al aspects of performance evaluation - instrumentation hookup, calibration, data logging,
performance analysis, data Jdisplay. and control  have been streamlined by the APTDAC
System. APTDAC isan inlegrated system of sensors, signal conditioning equipment, engine
control consoles, digital computers, and cathode-ray tube display devices designed 1o per-
form all operating functions automatically. Fipure A-17 presents an overview of the system
funciions,

The APTDAC systen is capable of teating cight engines simultaneously  the facility has
lour computers and cach compuler cun handle two test cells. Each computer is linked to
sensing devices in the engine by way of automatic data equipment. Pneumatic and electric
transducers measure some 80 different engine operating parameters and relay gquanftitative
data to the conmpuler.

1

Whether measuring the operating conditions ol one or two cr.gines, the assigned APTDAC
system computer performs the following acquisition, analysis, and recording tasks:

. Converts the transducer oulput signals to cngineering units
L Correets the data to standard conditions

e  Compules the performance data teeded to determine compliance with engine
specitications

e  Compares sclected parameters against established limits and activates an alarm if
limits arce execeded

e Displays the data 1o the operator on i cathode-ray tube
L Provides print-out of the acquired and computed data, on command,

Figure A-18 depicts the flow of data in the system. The APTDAC system is able 1o scan
cach variable 10 times, average readings, compule complete engine performance. and print
out the results within 15 seconds.

Major features built into the computerized engine test systent include the capability Lo con-
duct tests in cither automatic or operator mode, a dynamic update syslem which allows
program chinges while running, i Jebug package. capability tor aborting an ¢ngine run while
in automatic mode when harmtul conditions are sensed, and an error message which indicates
possibly invalid data.

The 2104 ADAPTS system has the capacity to record up o 1000 millivolt inputs and 384
pressure inpuls on five 200 channel scanners and cight 48 port scanning valves. Up (o 400
Type B, SO0 Type S, and 00 Type K thermocouples, plus two engine speeds, two fues Tows.
and 360 pressure parameters can be recorded For any given engine. The remainder of the
inputs are used as confidence and reference channels (o monitor system aceuracy.
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The data system has been desipned with quick disconnect pressire fittings ansd electrical
connectors to enhance the quick mount capability ol the test stand, This provision allows
the engine to be installed and connected to the data system in less than two hours. Special
teatures of the data recording system include:

®  Channel delete capability

L Three wire guarded system

®  OHMS checking capability Tor thermocouple continuity
] Variable start and end point scan selection

. Manual chuannel monitoring

C. DATA REDUCTION AND LOGGING SYSTEM

The data reduction and logging fuction for the basic engine performance information is per-
formed by the APTDAC system. All other data, including ARTS thermocouple readings,
combustarfdifTuser pressure amd temperature measurements, and engine emissions dats are
processed by an on-line Sigma 8 computer located in Last Hartford, Connecticut. The data
acquisition units tramsmit the data by telephone line to the Sigma 8 computer. Approxi-
mittely 45 seconds after acquisition. processed information is displayed on an alphanumeric
character scope in the test stand control room. The user can select any one of several scope
picture {pages) displaying data in engineering units. In addition, the user can view caleulated
performancee parameters based oninput data including air flow, Mach numbers, and ideal
combustor exit temperature. This real time display of results allows precise matching of
test conditions to lest program parameters and immediate assessment of the quality of the
chata,

Editing of the data can be performed viaa derete system. Hard copies of all raw data and
pertormance parameters are available at the Sigma 8 computer roony in East Hartlord as the
test is conducted. I addition to hard copies and scope outpuat, the data is recorded and
available in other formals,

Raw datuis recorded on magnetic tape at the test stand and is available Tor input (o an off-
line data reduction computer program Tfor additional processing. Data can be acquired on
this magnetic tape unit with or withouat the Sipman 8 computer being on-line. At the option
of the user, raw data can be printed in tabular Forny on a payer bape printer in the dest stand
control room. The user can also produce punch cards at Fast Dartford. All raw dats received
by the Sigma 8 computer is redundantly recorded on magnetic tape at Fast Hartlord.

fnoorder o minimize the number of cntry ports to the Sigma 8 computer oceupicd by P-6

test stand, special cquipment has been imstalled at (e P-o test stand (o permit the 2104
ADAPTS in the test stand control roont and the data logging svstem in the Gas Femperatuse
and Combustion Fificieney (G & Chyinobile iboratory to time-skare the telephone link

to the Sipma 8. Priority Tor teansmission ol data renins with the 21040 ADAPLS. Upon
cotmmand from an operator in the 6 control room_ g special electionic switeh enables the
mobile Liboratory (o transmit data upon completion ol an 21048 ADAPTS tansmission. When
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the Sigma 8 receives the coded sipnal from the mobile lahoratory, it recduces the data and
nepforms the caleulations in accordance with instructions in the Mabile Laboratory for
Finission Anatysis (MOLLE) program. The results of the caleulations are transmitted back 10
an interactive scope in the mobile laboratory.

The mobile laboratory operator seleets one of three calewdation pages to be displayed: an
emission data reduction page, a data validation page. and an instrument calibration page.
The information displayed when the emission data reduction page is selected includes:
fixed identification data, emission concentration, emission index (1D for cach constituent,
measured 2 sigma variation of the emission data. carbon basis fucl/air ratio, measured fuel
flow, calculated air flow, and caleulated combustor exit temperature.
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APPENDIX B
EMISSIONS AND PERFORMANCE DATA

‘The lollowing tables present the detailed emissions and performance data obtained during
the program. Emissions data were obtained using five different gas sampling technigues ias
deseribed in Chapter 1 and Appendix A, The gas sampling rakes used and their symbol
desigrations used on the data tables are presented below:

Symbhol - Description
24 24-Port, 8-Arm, Radial Array, Fixed
24T 24-Port, 8-Arm. Radial Array, Traversed over 45 Degrees in S-Degree
Increments
125 1 2-Part, 4-Arm, Crucitorm Oriented Vertical and Horizontal. Fixed
121 12-Port. 4-Arm. Cruciform 45 Degrees from Vertical and

Horizontal, Fixed

S17 Station 7 Pressure Probe With 8 Radial Pressure Taps
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