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FOREWORD

The National Aeronautics and Space Administration is actively
involved in the quest for improved general aviation aircraft.
Programs exploring and demon-trating new technologies in general
aviation propulsion are being conducted at the Lewis Research
Center and by industrial contractors and university grantees.
These programs are the Quiet, Clean, General Aviation Turbofan
(QCGAT) program; the General Aviation Turbine Engine (GATE) study
program; the general aviation propeller technology program; and
the advanced rotary, diesel, and reciprocating engine programs. A
two-day conference was held in November of 1979 to provide
representatives from government, industry, and universities with
the latest findings of these programs. This publication contains
all the papers presented at that conference.

Gilbert K. Sievers
NASA Lewis Research Center
Conference chaimman
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OVERVIEW OF NASA QCGAT PROGRAM

Gilbert K. Sievers
National Aeronautics and Space Administration
Lewis Research Center

Today, the turbofan-powered general aviation fleet is growing at a greater
percentage rate than the rest of the general aviation fleet. Jet powered
general-aviation aircraft numbered over 2100 in 19738 with annual sales of about
250 1n 1978. Annual sales are expected to be over 400 by 1Y85.

Jet powered general-aviation aircraft utilize all of the approximately 400
commercial airports in the United States, plus a significant number of
general-aviation airports located in suburban areas. There are approximately
14 100 of these suburban airports, most of which are located in small commun-
ities with no industrial buffer zones and with pecple living nearby. Therefore,
general aviation has the potential for greater community reaction to noise and
pollution than commercial and large transport aircraft.

The QCGAT program seeks to improve the environmental characteristics of
civil aircraft in the vicinity of airports. In the past, NASA has concentrated
its efforts in engine research toward the commercial or large aircraft field.
Now with the QCGAT prcgram, NASA has applied this large engine technology to
smaill engines in the general-aviation or small-engine field.

PROGRAM OBJECTIVES

The program was conducted in two phases, a study phase and an experimental
phase. The objectives for the study phase were to examine the applicabilitv of
current large turbofan technology to small engines, to do a preliminary design
of the QCGAT engine, and to develop the requiremeants and a program plan for the
experimental phase.

The objective of the experimental phase was to demounstrate that the appli-
cation of large-turbofan-engine technology to small, gemeral-aviation turbofan
engines can result in less tolse, lower emissions, and acceptable fuel consump-
tion. While low emissions and acceptable fuel consumption are important, the
program was primarily directed toward low noise.

Figure 1 shows some of the NASA programs that have contributed to the cur-
rent status of large turbofan engine technology. These include the QCSEE pro-
gram, the Quiet Ekngine program, the Quiet Nacelle programs, the Refan program,
and the Clean Combustor program. -



PROGRAM APPROACH

As was mentioned previously, tne program was conducted in two phases. The
study pnase helped derine the experimental phase. It was started in Ap . of
1975 and lasted about 6 months. Three contractors were involved im the study
phase: Garrett AiResearch, Avco Lycoming, ana the General Electric Co.

The experimental phase was a competitive procurement. JITwo blas were re-
celved, and contracts were awarded to both biaders, AiResearch ana Avco
Lycoming. The experimental phase consisted of a demonstration program in which
each contractor was to design, fabricate, and test a QCGAT engine. Each engine
was then delivered to NASA Lewls ror further testing.

The technical approach for each contractor was to use an existing modern
gas generator Or englne core to save deveiopment time and monev. The engine was
to develop less than 3000 pounds of static thrust, and ail rotating parts were
to be flightworthy. A boilerplate rather than a flightworthy nacelle was ac-
ceptable. However, the 1nternal aerodynamic contours and the acoustic treatment
for the nacelle had to be of flight design.

Goals were set for nolse, emlssions, and fuel consumption. Tne emissions
goals selected were the now abandoned 1979 EPA emission goals for class Tl en-
gines. NASA generated its own nolse goals. Since existing gas generators were
being used, drastic reductions in fuel consumption could not be expected. How-
ever, fuel consumption should not suffer at the expense of reaucing noise and
pollutant emissions. Therefore, a fuel-consumption goal equal to or better than
existing engines was set.

Since the flight-noise calculations require a flight protfile, each con-
tractor was asked to synthesize an airrcraft for their engine. A twin-engine
aircraft was selected for consistancy in noise caiculations.

Finally, the engines were to be delivered to NASA Lewis for further experi-
mental testing.

PROGRAM GOALS

The NASA generated noise goals at the FAR-36 measuring stations are shown
in figures 2 to 4. Figure 2 is for takeoff. The goal and the FAR 36 require-
ments are expressed in EPNdB as a function of ailrcraft takeoff gross weight.

The noise certification levels for four twin-engine aircrait are also shown.
These aircraft are considered to be among the quietest turbofan-powered aircraft
in the fleet today. As can be seen, the NASA goal is 8 to 12 EPNdB below anv
general-aviation aircraft flying today. In the range of aircraft gross weight
used in the QCGAT program, the NASA goal 1s 16 to 19 EPNdB below the current
1977 FAA rule.

Figures 3 and 4 show the sideline and approach goals. The plots are simi-
lar to that shown for takeoff. Again, the NASA goals are well below existing
quiet general-aviation aircraft and the 1977 FAA rule.



These goals were set to insure the inclusion of existing low-noise technol=-
ogy in the QCGAT engine designs. Achievement of these goals will result in air-
craft noise levels that are perceived to be 45 to 35 percent less noisy than the
levels of the quietest current business jets.

Another way of illustrating the effect of achieving these goals is by using
noise footprint areas. A noise footprint is the ground area below the aircraft
which is subject to a noise level greater than a given level during takeoff and
landing. The footprint area for an aircraft using the QUGAT engines is pre-
dicted to be one-tenth that of the quietest current business jets. A comparison
of the footpriats is shown in figure 5. Similar reductions were achieved be-~
tween the Lear 35 and the AiResearch QCGAT powered airplane and between the
Citation and the Avco-Beech QCGAT powered airplanme. Also, little variation in
percent reduction of footprint area exists for levels between 70 and 90U EPNdB.

Achievement of the stringent QCGAT noise goals should eliminate noise as a
major constraint on the future growth of the turbofan-powered, generalaviation
fleet.

The QCGAT emissions goals are shown in table I. These goals were the 1979
EPA emission goals for class Tl engines. EPA has since abandoned these goals as
belng too stringent for this time frame. However, these goals were kept for the
QCGAT program.

The QCGAT performance goals are given iu tabie Il. The goals are based on
the results from the study phase and are considered to be achievable goals with
fuel consumption equal to or better than existing engines.

QCGAT ENGINES

Artists' versions of the QCGAT engines are siown in figures b and 7. De-
sign details of both engines, except those of the mixer nozzles, will be dis—
cussed in foliowing papers. The details of the mixer nozzles are under the NASA
Early Domestic Dissemiration or FEDD clause. Contractor reports on the mixers
have been distributed to U.S. companies.

The reasons that two engines rather than one were selected for the (YUGAT
program, are evident in table II. The AiResearch engine is a nigher thrust ma-
chine and is designed for an aircraft that cruises at high speed and altitude
and has a long range. The Avco engine is a iow-thrust machine designed for an
aircraft that cruises lower, slower, and has an intermediate range.

QCGAT AIRCRAFT

An artist's version of the aircraft synthesized by Beech Aircraft for the
Avco QCGAT engine is shown in figure 8. The AiRescarch synthesized aircraft is
a stretched version of the Learjet 35. A photograph of Learjet 35 is shown in
figure 9. The AiResearch QCGAT engine powered version appears to be very simi-



lar. The major changes to the outward appearance are Larger nacelles and a
longer fuselage.

A comparison of the QCGAT aircraft with similar existing aircraft is given
in table III. The Avco QCGAT powered a.rcraft performs a similar mission to
that of the Citation I, and, even through it is a much lighter aircraft, it nas
both a higher maximum payload capability and a lower fuel consumption at compar-
able cruise conditions. The AiResearch QCGAT aircraft ras a larger passenger or
pavload capability tnan the Learjet 35 and also has lower fuel consumption at
comparable cruise conditions.

Keeping 1n mind the lower noise and lower pollutant emissions of thne QCGAT
powered aircrait wnile making these comparisons, the QCGAT advantages are ap-
parent.

QCGAT SCHEDULE

A bar chart snowing the schnedule for the major items in the (CGAT experi-
mental phase are shown in figure 10. Tne experimental phase started about tne
end of 1976. The ergine design, fabrication, and testing were accomplished
within the time frames shown in the figure. The AiResearcn QCGAT engine was
delivered to Lewis in February 1979, and the Avco engine in QOctober 1979. Final
contractor reports covering the development of these engines will be availaible
and distributea 1n the near future.



TABLE 1. ~ QCGAT EMISSIONS GOALS - INSTALLED

Emission Contract goal
g/kN sec 1b/1000 1b thrust~hr/cycle

Carbon monoxide 0.266 9.4

Unburned hydrocarbons <045 1.6

Oxides of nitrogen «105 3.7

TABLE 11. - QCGAT PERFORMANCE GOALS
(Standard day; installed)

Avco

AiResearch

Sea level
takeoff

Design cruise
M=0.6
7600 w (25 000 ft)

Design cruise
M= 0.8
12 200 a (40 000 fr)

Thrust, N(1b)

SFC, kg/hr-N (1b/hr-1b)

Thruse, N (1lb)

SFC, kg/br-N (1b/hr-1b)

Thrust, N (1b)

SFC, kg/hr-N (1b/hr-lb)

7166 (1o0l1)
0.0370 (0.363)

2157 (485)
0.0610 (0.628)

|

17312 (3892)
0.0631 (0.423)

i 4017 (903)
| 0.0759 (0.744)

TABLE II11. - AIRCRAFT COMPARISON

Avco Citation I AiResearch Learjet 35
Takeoff gross weight, kg (1b) 3538 (7800) 5375 (11 850) 8674 (19 122) 7711 (17 000)
Number of seats 6 7 14 10
Maximum payload, kg {(1b) 1134 (2500) 816 (1800) 1231 (2714) 862 (1900)
Maximum range at maximum 1408 (769) 1732 (935) 3456 (1866) 3926 (2120)
pay..ad, km (omi)
Passenger ka/kg-fuel 13.8 (3.90) 1.56 (2.13) 16.4 (4.62) 14.0 (3.90)
(passenger miles/lb~fuel)
Maximum cruise speed, m/sec 185 (359) 183 (355) 236 (459) 239 (464)
(knots)
Maximum cruise mach number 0.6206 0. 607 0. 801 0. 810

Ceiling, m (ft)

12 340 (40 500)

12 500 (41 000) | 13 720 (45 000)

13 720 (45 000)
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AIRESEARCH QCGAT ENGINE, AIRPLANE, AND NACELLE DESIGN FEATURES

Roger W. Heldenbrand
AiResearch Manufacturing Company of Arizona
A Division of The Garrett Corporation

SUMMARY

The Quiet, Clean, General Aviation Turbofan (QCGAT) engine and
nacelle system was designed and tested by the AiResearch Manu-
facturing Company of Arizona under Contract to NASA Lewis Researca
Center. The engine utilized the core of the AiResearch
Model TFE731-. engine and incorporated several unique noise- and
emissions-reduction features. Major performance, emissions; and
noise goals were demonstrated, and the engine and nacelle were
delivered to NASA Lewis Research Ca2nter for additional testing.

INTRODUCTION

The design features of the QCGAT engine, airplane and nacelle
are described in this paper. Test programs and results of the
engine performance, emissions, and noise tests are discussed in
subsequent papers.

An isometric cutaway of the QCGAT engine in a flight-type
nacelle is shown in figure 1. The engine was designed around the
core of the AiResearch Model TFE731-3 turbofan engine. This engine
is a production unit used in several domestic and foreign business
jets. The engine consists of the TFE731-3 high-pressure (HP) spool
and low-pressure (LP) compressor, plus several unique and new com-
porents including a4 low-speed fan, a fan gearbox, associated ducts
and structure, a reduced-emissions combustion system, and an LP tur-
bine.

il



An airplane design, synthesized by Garrett in order to evaluate
the QCGAT Engine, was selected to be similar to business jets using
Model TFE731 Engines, but somewhat larger, thus taking advantage of
the higher thrust level.

Two nacelles were designed for the program:

o A production flight-weight nacelle featuring integral
acoustic treatment

o A ‘workhorse' nacelle, fabricated especially for this
test program and featuring replaceable inlets, acoustic
panels, and a special mixer compound nozzle.

An overall task schedule is shown in figure 2. The QCGAT
Phase II experimental program was divided into ten major tasks.
These culminated with delivery of an engine, associated test sup-
port equirment, and spares at the end of 25 months. As experienced
with most hardware-oriented programs, difficulties and delays were
experienced with design iterations and fabrication schedules. How-
ever, the test program was accelerated, and the engine was shipped
on schedule.

The technical goals for the program are listed in table 1.
Performance goals represented a TSFC improvement of approximately
9 percent over other turbofan engines. The noise goals were 10- to
15-EPNAB below the Federal Aviation Administration's FAR Part 36
requirements. The emissions goals were identical to the EPA 1979
standards for T-1 class engines. (The EPA subsequently determined
that general aviation was not a significant source ot air polution
and therefore did not impose these standards).

12



ENGINE DESIGN

The principal program objective was to demonstrate the appli-
cation of large turbofan noise- and emissions-reduction technology
to small general aviation turbofans. To do this, a number of
unique features were incorporated in the basic design of the QCGAT
engine in order to reduce the emissions and noise levels below
those of the already quiet TFE731 engine. This work was initiated
in 1975 during the QCGAT Phase I study. Twelve candidate engine
configurations were screened. Many parameters were considered,
ircluding:

Fan pressure ratios at takeoff and cruise
Thrust

TSFC

Lapse rate

Fan diameter

Installed weight

Noise

Nacelle drag

Acoustic shielding

Cost.

© 0 0 0O 00 0 0 ©0 O

The engine cycle selected for the program represented a practical
engine from the standpoints of cost, weight, airplane/nccelle
interference drag, and cruise propulsion efficiency. The engine
also exhibited high potential for reduction of turbomachinery and
jet noise, and reduction of chemical and visible exhaust emissions.
The design point for the engine (typical for most modern business
jets) and principal engine cycle parameters are listed in table 2.

Figure 3 1is a cross-section of the overall QCGAT engine
design. The QCGAT engine is based on the core of TFE731-3, but

13



incorporates a fan used in the AiResearch Model ATF3 engine. The
fan is driven by a new low-pressure turbine via a newly designed
five star-gear gearbox. The low-pressure compressor is driven
directly by the low-pressure turbine. The HP spool consists of a
centrifugal compressor driven by a cooled axial turbine. The com-
bustor is an adaptation of a production TFE731 combustor that was
designed for low smoke. Accessories and the fuel control are
driven by the HP spool through a tower shaft. A finned heat
exchanger in the fan bypass duct cools the oil for the fan g>arbox
and engine lubrication system. The flange-to-flange length of the
engine is 143.15 cm (56.36 in.) and the fan diameter is 77.47 cm
{(30.5 in.). When fully instrumented and wet, the test engine
weighs approximately 426.38 kg, (940 1lb). Figure 4 shows the
engine in the test cell prior to initial calibration.

The major acoustic design features of the QCGAT engine and
nacelle system are shown in figure 5 and outlined below:

o No inlet guide vanes

o High inlet throat Mach nuaber

(o} Low tip speed, single-stage fan (36 blades)

o Phased inlet acoustic treatment

o Optimized fan blade-to-stator vane count
o 2.12 rotor-chord, fan-to-stator spacing
o} Phased fan bypass duct acoustic treatment
o Low fan jet velocity

14



o Reverse~flow annular combustor

o High-work, low-pressure turbine with low core-exhaust
velocity
o 12-lobe mixer compound nozzle.

With the possible exception of the reverse-flow combustor and
the mixer compound nozzle, each of these features above is based
on work done with large engines and is a direct application of that
technology.

COMPONENT DESIGNS

The QCGAT fan (fig. 6) is a 36-blade design derived from the
fan used on the AiResearch Model ATF3 Turbofan engine. The princi-
pal design features are given on table 3 with the design point at
12,192 m (40,000 ft), standard day at a flight Mach number of 0.8.
This fan is approximately 1l10-percent larger in diameter than the
TFE731 fan, and rotates at l7-percent slower speed. Thus, fan tur-
bomachinery component noise levels are lower. The fan-stage
flow path (fig. 7) was designed to minimize the core-flow Mach num-
ber and to prevent large accelerations in the strut regions. Abso-
lute local Mach numbers, and blade and vane counts are also shown.
The bypass stator location is slightly more than two rotor-chord
lengths downstream. The vane counts of both stators were selected
to minimize rotor and stator noise interaction. The bypass perfor-
mance map (fig. 8) shows the engine operating lines for co-
annular nozzle and mixer compound exhaust nozzle from idle through
takeoff. Slightly greater surge margin was achieved with the mixer
compound nozzle. A fan component rig test was not conducted. How-
ever, adequate data was available from the Model ATF3 fan rig tests,
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and actual QCGAT engine operation to define the QCGAT fan for the
engine performance model.

The fan gearbox (fig. 9) is similar to that of the TFE73l.
However, the overall gear ratio was changed from 0.5559 to 0.4634
to match lower fan speed. Resilient mounts were incorporated on
the star gears to maintain gear alignment during high-torque loads.
The star-gear shafts were precision ground to form the bearing
inner race, and the star gears were counterphased and nonfactored.
The gear reduction system traasmits in excess of the 2.74 MW
(3675 hp) requi for the QCGAT engine, and has been designed for
life greater thau 5000 hours at higher power.

The fan support structure (fig. 10) includes the fan support
housing, intermediate case, and the engine support housing (main
engine mount), as well as the fan gearbox and fan itself. These
components were designed to survive a 1.8-kg (4-1b) bird strike at
a velocity of 250 knots and the loss of two adjacent fan blades
(but not simultaneously). Finite-element stress analyses were per-
formed on the major structural pieces for the loads listed in
table 4. Stress 1isopleths and displacements are caown in fig-
ure 11.

The 1low-pressure compressor, high-pressure compressor, and
high-pressure turbine are standard components of the TFE731-3
engine and were used without design changes. The design-point
characteristics of these components are listed given on table 5.

The LP turbine, which drives the fan, and the low-pressure
compressor, is a 3-stage shrouded axial design. The QCGAT engine
design-point operating conditions are given in table 6. Several
critical constraints were imposed on the design of the turbine.
Since the QCGAT engine was based on the TFE731 core, the overriding
ground rule was to minimize changes to existing TFE731 hardware.

16



Because the QCGAT low-pressure turbine is larger in diameter and
axially longer than that of the TFE73l1, it was necessary to design
a gas flow path that would not cause disruption of airflow distri-
bution in the combustor plenum. Location of the TFE731 aft turbine
bearing was retained. The unusual shape of the third-stage disk
(fig. 12) was the result of this latter constraint. Since LP spool
speed is fixed by the TFE731 LP compressor, the larger turbine
represented a major design challenge from the standpoints of
stress, vibration, blade flutter, life, and materials. In addi-
tion, use of the 12-lobe compound mixer nozzle required low exit
swirl angles. Total-to-total efficiency goal was set at 90 per-
cent. As a result of these constraints, numerous compromises were
necessary during design. Although it is not feasible to include the
detailed results of all aerodynamic, thermodynamic, and mechanical
design analyses in this report, all constraints were satisfied,
including that of efficiency.

It was originally intended to use only a hydromechanical con-
trol system for the QCGAT engine. However, because the hydro-
mechanical unit is considered a backup system on the TFE731, it was
decided to use a production TFE731 electronic control system as
the primary control. The control (fig. 13) is a full-authority
system providing speed control, overtemperature, and overspeed
protection under all operating conditions. These include start,
transient, and steady state. A comparison of QCGAT engine char-
acteristics and the TFE731-3 was made to determine if modifications
were necessary to the existing computer. This comparison showed
that the basic logic was satisfactory, and the adjustment ranges
were adequate.

The QCGAT combustor (fig. l14) is a version of the TFE73l
burner in production at the initiation of the program. In-house
modifications for the TFE731 engine, which consisted of hole-
pattern variations for smoke reduction, were incorporated in the

17



QCGAT engine. During engine testing, emissions were controlled with
a system adapted from the NASA/AiResearch T1 Pollution Reduction
Technology Program. Air was supplied to the secondary fuel nozzles
at the taxi-idle power setting only. This aided the fuel atomiza-
tion process (see fig. 13). At all power settings except taxi-idle
condition, tht fuel was reconnected to the secondary fuel circuit.
An air-assist system was not used. (This system is discussed in a
subsequent paper.)

Accessories for engines like QCGAT and the TFE731 normally
consist of customer-furnished equipment. The accessory drive gear-
box, shown at the bottom of the engire in figure 16, provides mounting
pads and drives on the forward side of the gearbox for a hydraulic
pump or similar equipment. These items not normally required for
airplane service were not supplied with the QCGAT engine. A starter-
generator was furnished, and although not shown in figure 16, mounts
on the pad occupied by the laboratory air-turbine starter.

QCGAT AIRPLANE DESIGN

The airplane synthesized for the engine was based primarily on
the Learjet 35/36, although it also had minor features found on other
business airplane using TFE731 engines. The major differences
between the AiResearch QCGAT airplane (fig. 17) and the Learjet 35/36
are the elongated fuselage to increase payload (passenger)
capacity, a slightly higher wing loading, and the relocation of the
horizontal tail. The increased payload was possible because of the
higher~-thrust engines. The increased wing loading was the conse-
quence of the combined wing and flap configuration. The horizontal
tail was moved to avoid engine exhaust. The airplane definition
had two principal objectives: First, to provid2 an airplane that
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utilized the installed thrust of the QCGAT engine to produce take-
off and approach flight profiles for which noise estimates could be
computed for sideline, takeoff, and approach FAR Part 36 measure-
ment locations shown in figure 18. Without a well-defined airplane
configuration, it would not have been possible to make realistic
and consistent comparisons of in-flight noise levels. The second
objective was to represent a viable airplane with respect to its
ability to transport passengers and cargo with a fuel efficiency
comparable to current business-jet airplane. At maximum takeoff
gross weight of 8,674 kg ('9,122 1b), the 12-passenger AiResearch
QCGAT airplane takes full advantage of the higher thrust of the
QCGAT engine, yet meets the noise goals at all three FAR Part 3o
measurement locations.

Table 7 gives the principal airplane design parameters. As
listed in this table, the wing incorporates double-slotted flaps
for good low-speed performance. The relatively high wing loading
of 354.5 kg/m2 (72.6 1b/ft2) assures a smooth ride comparable to
commercial jets,

The takeoff profile presented in figure 19 shows lift-off after
a takeoff roll of 914 m (3000 ft) and, at 6.48 km (3.5 nmi) from
brake release, an altitude of more thar 1,067 m (3500 ft) with
thrust cutback and approximately 1158 m (3800 ft) with full
thrust. As indicated on the payload-range chart, (fig. 20), the
QCGAT airplane with a maximum payload of 1231 kg (2714 1b) has a
maximum range of 3445 km (1860 nmi). This would allow the air-
plane to fly non-stop from Phoenix to New York City at an altitude
of 1524 m (5000 ft) with more than 30 minutes reserve fuel.
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NACELLES

During preliminary design tasks, two nacelle designs were
selected; a flight nacelle and a workhorse nacelle. Only the work-
horse nacelle was carried through to detail design and fabricat’on.
The flight nacelle was used primarily to look at airplane installa-
tion characteristics and weight estimates.

The flight nacelle (fig. 21) incorporated integrally phased
acoustic treatment in the inlet barrel, the inner and ovter bypass
duct, and the aft fan duct. It al: incorporated the extra nozzle
mixing lenath for the core exhaust mixer. The workhorse nacelle
essentially duplicated the internal aerodynamic design and acou-
stical treatment of the flight nacelle except for a section in the
area immediately aft of the fan that had no acoustic treatment in
the flight nacelle. The weight of the flight nacelle was estimated
at 134 kg (295 1b). The total installed propulsion system weight
was estimated at 513 kg (1150 1b).

A cross section of the workhorse nacelle is shown with the
engine in figure 22. This nacelle was designed to provide maximum
test configuration versatility for the QCGAT engine. Figure 22
also shows the basic component arrangements. The principal compo-
nents include the 1inlet barrel, that accommodates a flight-
simulator lip, a conventionally shaped nacelle lip, the inner and
outer bypass ducts located opposite the engine hot sectioun, the aft
barrel, the core mixer, and the nozzle,

The inlet barrel (fig. 23) incorporates two ¢ s of inter-
changeable duct liners--onre set of acoustic-trestaent panels and
one set of hardwall panels, as well as the two different inlet
lips. The flight-simulator 1lip (fig. 23) is designed to control
and direct the inlet airflow, thus simulating actual flight condi-
tions. The conventional nacelle lip is installed on the engine as
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shown in figure 24. The inlet barrel was desianed for high-inlet
recovery at a relatively high-throat Mach number of 0.73 at cruise
(fig. 25). When the inlet barrel is removed, a reference bellmouth
assembly can be installed directly on the engine inlet flange.
Detailed performance tests were conducted with the bellrotth and
will be discussed later.

The inner and outer bypass duct section (fig. 26) also incor-
porated two sets of duct liners--acoustical-treatment and hardwall
panels. As in the inlet barrel, these replaceahle panels were in
i80-degrea sections and were radially adjustable so that the flow-
path continuity could be controlled. The outer bypass duct con-
tained a faired service strut that provided for extensive pressure
and temperature instrumentation, as well as support of the aft sec-
tion of the engine. The aft flange of the outer bypass duct was
common to two nozzle schemes--the mixer compound nozzle and the
coannular nozzle. Figure 27 shows half the outer bypass duct sec-
tion removed. The service strut is visible, and the core section
of the coannular nozzle is installed.

A 12-10be core mixer (fig. 28) was designed for the AiResearch
QCGAT engine to improve both performance and takeoff noise. With
the mixer compound noz:iie, a l-percent TSFC improvement in sea-
‘evel performance was denonstrated. A 3.2-percent TSFC improvement

t cruise was estimated based on mixer model and engine tests. A 3-
to 5-EPNdB reduction in takeoff noise from the coannular confi :.a-
tion was achieved with the mixer compound nozzle. As shown in
figure 29, smoke traces on the mixer centerbody indicated that the
mixer compound nozzle was performing as predicted. Similar smoke

traces were observed in the nozzle section downstream of the mixer.

The final sections of the workhorse nacelle assembly (fig. 30)
are the aft barrel, which has hardwall and accustic panels, and the
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nozzle. These sections are used only when the mixer is installed.
They are removed when the coannular nozzle system is used.

The complete workhorse nacelle assembly is shown in figures 31
and 32. These figures show the engine mounted on the test stand at
AiResearch's remote desert test facility in the San Tan mountains,
southeast of Phoenix.

CONCL.JISION

The following points suimmarize the design of the AjiResearch
QCGAT engine and nacelle <vstem:

o An existing turbofan engine core was utilized for an
experimental demonstrator engine. This was a requirement
of the original problem statement and was particularly
important with respect to minimizing costs and maximizing
reliability.

o Several unique components were successfully adapted to
this core: fan, gearbox, combustor, low-pressure tur-
bine, and associated structure. These components formed
the basis for meeting the main program objective demon-
strating the application of iarge turbofan engine design,
emissions, and noise technology in small general aviation
turbofans.

o A highly versatile workhorse nacelle incorporating
interchangeable acoustic and hardwall duct liners,
showed that large-engine attenuation technology could be
applied to small propulsion engines. The application of
the mixer compound nozzle demonstrated both performance
and noise advantages on the engine.
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The QCGAT program mrade several significant contributions to
general aviation propulsion:

o Application of exhaust-emissions reduction techniques.
1. Hydrocarbon and carbon monoxide goals were met.

2. Nitrogen oxides were areatly reduced.

o With the aid of NASA, improved small engine noise-
analysis techniques, including core noise and static-to-
flight correlations, were developed.

o Major noise reduction, beyond that of an already quiet

engine, was obtained. The AiResearch QCGAT engine is
significantly quieter than any other business jet engine.



TABLE 1. AIRESEARCH QCGAT ENGINE, TECHNICAL GOALS.

Thrust TSFC
N kg/N.h
A. Performance (1bf) {l1bm/hr/1bf)
Takeoff (SLS,ISa)
o Uninstalled 17,512 0.0426
(3,937) (0.418)
o Installed 17,312 0.0431
(3,892) (0.423)
Cruise
{12,192 m (40,000 £t), M = 0.8]
o Uninstalled 3,954 0.0775
(889) (0.760)
o Installed (with mixer nozzle) 4,017 0.0759
{903) (0.744)
B. Noise (FAR Part 36) EPNdGB
Takeoff 73.3
Sideline 82.3
Approach 87.3
C. Bmissions (EPA 1979 Standards T-1) EPAP
Hvdrocarbon (HC) 1.6
Carbon Monoxide (CO) 9.4
Oxides of Nitrogen (Nox) 3.7
Smoke Number 38.0
D. Weight E. Life
kg hr
{ibm) 10,000
377
(832)




TABLE 2.

QCGAT CYCLE PARAMETERS.

Design point . . . . . . .

Thrust . . . . . « ¢ « « =«

TSFC . . = ¢ o ¢ o« o « =« &

Bypass ratio . . . . . . .
Fan pressure ratio . . . .
Cycle pressure ratio . . .

Turbine inlet temperature

Corrected fan ai-flow . .

Corrected core airflow . .

-

12,192 m (40,000 ft),
M= 0.8, ISA

4,017 N (902 1bf)-
installed

0.0759 kg/N.h
(0.744 1lbm/hr,/1bf)

3.71
1.62
17.7

1,266K
(1,820°F)

77.8 kg/s
(171.6 1b/s~c;

11.5 kg/s
(25.4 1lb/sec)

TABLE 3.

OCGAT FAN DESIGN FEATURES.

At Design Point--12,192 m (40,000 ft, C.8M, ISA).

Diameter . . . . . . . -

Radius ratio . . . . . .
Inlet corrected airflow
Bypass ratio . . . . . -
Bypass pressure ratio .

Core pressure ratio . .

Inlet tip relative Mach No.

Inlet corrected tip speed

.

77.5 cm (30.5 in.)

0.46

77.8 kg/s (171.6 lbm/sec)
3.7

1.62

1.55

1.39

- 6.985 m/s (1375 ft/sec)




TABLE 4.

QCGAT DESIGN LOADS.

Bird
Strike
Radial Load | Moment Load  Fan Thrust Torqgue
K J 4 3
Item Description {ibf) {1bf-in,} {1bf) {1bf~in.}
Fan support 289,134 — 14,679 —
{65,000} i 13,3003 o
Intermediate case 289,134 832,473 14,679 454,19%
{€5,000) {614,000} {3,300} {335,000
Engine support 289,134 1,128,041 4,579 454,199
&ousx?q {pain engine {65,000} {832,000) £3,300) {335,000}
mount

TABLE 5.

MCDEL TFE731-3 ENCINE COMPONENTS,
DESIGN POINT CHARACTERISTICS.

Design Point

Low~Pressure

Bigh-Pressure

High-Pressure

Parapeters Compressor Compressor ? Turbine
Type Four~stage Single-stage Single-stage
axial centrifugal cooled axial
N/ 2,094 rad/s 2,295 rad/s 1,406 rad/s
{20,000 rpm} {21,917 ropm) {13,431 rpm)
B/P 4.27 2.57 1.B32
w o/ 11.11 kg/s 2.99 kg/s 2.129 kyg/s
{24.5 1lb/sec} {6.60 ib/sec) {4.693 1lb/ser;
o - - 1,329K
inlet (1,933°F)

%
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TABLE 6. QCGAT LOW-PRESSURE TURBINE.

Engine Operating Conditions at Design Point:
Cruise Mach No. 0.8 at 12,182 w (40,000 £13. 18A

Pressure ratioc
{total-to-total rating) - 5,707

Efficiency

{total-ro=total rating) - 90,2
Max flow rate 5.08% Ka/s
(31,2145 lbm/gec)

fad’s
{20,229 rpm!
8 /kg
1174.77 Bty ibem

TABLE 7. AIRESEARCH QCGAT AIRPLANE PARAMETERS.,

z

Wing area . . . .. . 24.49 22 (2638 ££5

Sea level static thrust
tInstalled-188 + 283,188 273 .15°¢ 16,845 N 13,787 1p8y

Flaps . .. . - Pouble-5lotted

Flap span /wing SpPan . . . o« .. aou SRLTeY
Sea level static thrust ‘takeoff Qross weight

1158 + 283.0%¢ (318t . ., L L L 0 4.39%

107.97 Ka/m° (72.55 1bm/£re

Takeoff gross weight with respect o wing area
Capacity ficrew * passengsrs! e odow a7

Operating weight empty . . . 4,808 K¢ (10,599 1bm

Takeoif yross weight
Maximun ramp weight.
Maximum fuel weight,
Maximum useable fuel

Maximum payioad. . .

<

*

-

Maximum landing wiehgt . . . , . ..

Zero fuel weight with maximun pavioad

Fuel weight with maximum payload . . .

Payload with masioum fuel . 0 . .

8,674 Ko
8,787
3,152
3140
Ledil

LB TIS

€.4021
2,786

B46 Kg 11

(19,322 1be)

L 4A%, A7 b

{6,948 lom)
£6,922 1bmi
12714 1bmy
14,936 1bm
113,273 1bm
{6,099 lbm
BEL 1w




Figure 1. AiResearch QCGAT Engine.

SYSTEM DEFINITION

ENGINE SYSTEM DESIGN

COMPONENT ANALYSIS, DESIGN, AND TEST
ENGINE SUBSYSTEM TESTS

ENGINE SYSTEM AND TSE ASSEMBLY
NACELLE DESIGN AND FABRICATION
ENGINE-NACELLE SYSTEM TESTS
ENGINE-NACELLE DELIVERY TO NASA
PROGRAM MANAGEMENT

AIRESEARCH PARTICIPATION

Figure 2. AiResearch QCGAT Schedule.
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NOTE: DIMENSIONS ARE IN CENTIMETERS WiTH
INCHES GIVEN IN PARENTHESES.

Figure 3. C(ross Section of AiResearch QCGAT Engine.

Figure 4. AiResearch QCGAT Engine.



FAN EXHAUST
DUCT ACOUSTICAL
121 BYPASS VANES TREATMENT {L/H = 5.4)

73 CORE VA“ES\ \ /ww FAN JET VELOCITY

LOW TIP SPEED /wwww"w
\g\ LOW PRIMARY

SINGLE-STAGE - Vo
FAN 36 BLADES .Z-& T T — T JET VELOCITY
z ;x :";“““ : J MIXER-
MONLET— =——— Y| > COMPOUND
GUIDE L e NOZZLE
iwwmmw k BT SN
VANES INLET THREE-STAGE
ACOUSTICAL \ LP TURBINE
TREATMENT REVERSE-FLOW
b -08) ANNULAR COMBUSTOR

2.12 ROTOR CHORDS SPACING

Figure 5. Major Acoustic Design Features
of the QCGAT Engine Nacelle.

Figure 6. QCGAT Fan Rotor.
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Figure 8. Estimated Performance of AiResearch
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Figure 9. OQCGAT Fan Gearbox.

_ STRUT (8 PLACES)

__ INTERMEDIATE CASE
—~" MATERIAL = K01-T7 CAST
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! |-
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MATERIAL = ENGINE SUPPORT HOUSING
17-4PH CRES MATERIAL = 6AI-4V TITANIUM

Figure 10. QCGAT Fan Support Structure.
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LOADS AND DISPLACEMENTS STRESSES
4-1B BIRD STRIKE 2 BLADES 0UT

Figure 1l. Fan Support Structure Stress and Loads.

AVERAGE
EXIT
SWIRL
ANGLE:
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SECOND THIRD

. 3

BLADE MATERIAL | MAR-M 247 | INCO 713LC |INCO 713LC
DISC MATERIAL | WASPALOY B| WASPALDY B| WASPALOY B

Figure 12. QCGAT Low-Pressure Turbine.




Electronic Fuel Control Computer.

Figure 13,

QCGAT Combtustor.

Figure 14,
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PRIMARY  SECONDARY
FUEL FLGW } | FUEL FLOW

QCGAT LOW-SMOKE ‘ AIR-ASSIST
COMBUSTION LINER ~. AIR SUPPLY

CHECK

Figure 15. QCGAT Combustor Air Assist System.

Figure 16. Front View of QCGAT Engine.
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LENGTYH 12.60 m {5275 FT)

WING SPAN 1295 m 425 FD)
HEIGHT 412 m (135 £}
WING AREA 2449 m? (2636 FT°

Max TOLW 80736 wg 119322 LB
MAX PAYLOAD 32310 kg 12714 LB

Figure 17. AiResearch QCGAT Airplane.

TAKEOFF
POINT

13 m 370 FT
ALTITUDE ‘3

AFPROACH
POINT V

87.3 \< ,««“”"

EPNGB - *SIDELINE NOISE LEVEL BASED ON MIGHESY LEVEL
OCCURING AT THE THREE SIDELINE POINTS,

Figure 18. OQCGAT Airplane Noise Goals.
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Figure 19. AiResearch QCGAT Airplane Takeoff Profile.
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Figure 21. Qcear Flight Nacelle.

Figure 22. QCGAT Workhorse Nacelle.
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Figure 25, QCGAT Inlet Recovery Characteristics.

Figure 26. Workhorse Nacelle Inner
and QOuter Bypass Duct.
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Figure 27. Workhorse Nacelle~-Service Strut.

Figure 28. QCGAT Mixer Nozzle,




Figure 29. OQCGAT Mixer Nozzle.

Figure 30. QCGAT Nacelle Aft Barrel and Nozzle.
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Figure 31. QCGAT Nacelle Assembly Fully
Installed in Test Stand
{Side View Looking Forward).

Figure 32. QCGAT Nacelle Assembly Fully
Installed in Test Stano

»

{Side View Looking Aft).
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AIRESEARCH QCGAT ENGINE PERFORMANCE AND EMISSIONS TESTS

William M. Norgren
AiResearch Manufacturing Company of Arizona
A Division of The Garrett Corporation

SUMMARY

A Quiet, Clean, General Aviation Turbofan (QCGAT) engine and
nacelle system was designed and tested by the AiResearch Manufac-
turing Company of Arizona under Contract to the NASA Lewis Research
Center. The engine utilized the core of AiResearch Model TFE731-3
engine and incorporated numerous noise and emissions reduction
features. Endurance, performance, and emissions tests were con-
ducted on the engine prior to the éc&ustic test sequence. Test
results proved that the engine met most of the design goals, and a
teardown inspection of the engine following the tests showed the
unit to be in excel.:nt condition.

INTRODUCTION

Per formance and emission tests were conducted on a specially
designed AiResearch QCGAT engine in the 17,793-N (4,000-1b) thrust
class. Testing included aerodynamic performance, emission testing,
and acoustic tests. This paper discusses the performance and emis-
sions tests and inspection results of those tests.

Due to the requirement to perform a complex series of acoustic
tests, as well as performance and emissions tests, two separate test
areas were used. Most of the fully instrumented performance test-
ing was conducted in the Phoenix development and qualification test
cells shown in figure 1. Another series of performance comparisons
were run at the AiResearch San Tan remote test site (fig. 2) to
establish a baseline for the subsequent acoustic tests.
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The test sequence was set up to ensure the structural integ-
rity of the engine and to obtain baseline performance in both
acoustic and hardwall installation configurations. By working
around the clock, the testing phase was compressed into six weeks.
The engine was subsequently refurbished, acceptance tested, and
delivered on schedule. Figure 3 outlines the AiResearch test
schedule. Scheduled dates were met with the cooperation of the
weather, but more significantly, with the excellent support and
response AiResearch received from the NASA engineering staff.

The first run of any new airplane engine is referred to as a
“green run®". A green run is a preliminary test to determine how
well the unit runs, and to determine potential problem areas. It
also establishes normal values for vibration, oil pressure, temper-
atures, etc. On completion of the QCGAT green run, the engine was
completely disassembled, inspected, reassembled, and cycled into a
40-hour endurance test prior to beginning performance and acoustic
testing.

The endurance cycle (table 1) was intended to duplicate the
conditions of a jet cycle while wearing in the engine. Approxi-
mately 40 hours were run to wear in the seals, bearings, etc. This
provided performance and engine conditions representative of a
typical engine.

TEST OBJECTIVES

The primary objectives of the QCGAT test program were to demon-
strate the engine capabilities required to meet the program goals,
to prove the structural integrity, and to measure engine perform-
ance, emission, and acoustic characteristics. The series of tests
included operation with various combinations of inlets, thrust

nozzles, and acoustic treatments. Table 2 lists the performance
goals for the QCGAT 2ngine.

46



The 1979 emission goals set by the EPA in 1973 for the class Tl
engines are listed in table 3. These standards have since been
dropped by the EPA, but were maintained as QCGAT program goAls.
The EPA parameter (EPAP) is determined from emissions measurements
made at four power settings and then added together. The time
weighing factor (table 4) used in this calculation is derived fiom
the time established by EPA as being the typical time spent in each
operating mode for an airplane with Tl Class engines.

The smoke standard is established as a function of rated
engine power and approximately represents the threshold for visible
smoke from an engine exhaust. The standard is expressed as Smoke
Number (SN), and is a function of the amount of light reflected
from a sample of particulate collected on a piece of filter paper
exposed to the engine exhaust. The higher the SN, the greater the
amount of particulates; hence, the greater the smoke visibility.
Smoke measurements were made at the same four pcwer settings as the
gaseous emission test. The highest SN of the four power settings
was considered the smoke number for the engine.

AERODYNAMIC PERFORMANCE

A fully instrumented engine was installed in the Phoenix
development and qualification test cell. Figure 4 shows the
engine without the inlet attact.ed. Figure 5 shows the engine with
a calibrated bellmouth. The first tests were run with a coannular
nozzle (fig. 6) to establish baseline performance against which the
mixer compound nozzle (fig. 7) could be compared. In total, seven per-
formance calibrations were made (table 5). As the test sequence pro-
gressed, the coannular nozzle was replaced with the mixer compound
nozzle. The subsequent combinations calibrated the flight simu-
lator lip and nacelle lip to the coannular nozzle and mixer com-
pound nozzles, respectively. Before final calibration, the engine
was removed from the test cell, and the hardwall fan duct was
replaced with the acoustic fan duct. Since the fan duct contains
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most of the accessories and plumbing, this became a relatively
major change. The engine was reinstalled and final performance
calibration was run.

Acoustic testing and final acceptance tests were then begun on
the engine. As measured, engine performance was found to be close
to what had been expected. With the exception of the fan, the new
components met or exceeded their estimated performance. As antici-
pated, the mixer compound nozzle provided a significant improvement
to the engine. Table 6 shows the results of four of the configura-
tions compared at a constant low-pressure rotor speed (Nl) of
1938 rad/s {18,510 rpm).

Performance Calibration 2 - Using the mixer compound nozzle,
this calibration resulted in a significant increase in airflow and
thrust at a constant Nl' The mixer compound nozzle has a bypass
stream area that is effectively much larger than the coannular
nozzle. This provided a rematch of the fan to a higher efficiency
and flow. The core stream area is effectively smaller than the
coannular nozzle and caused a greater low-pressure (LP) turbine
discharge pressure. The engine had a greater high-pressure (HP)
turbine discharge temperature because of the increased total
airflow, thus requiring more power from the LP turbine. This
increased power was supplied by increasing the turbine-inlet tem-
perature, resulting in a higher HP rotor speed (Nz) and compressor
discharge pressure (Pt3). The increased thrust resulted princi-
pally from the increased airflow.

Performance Calibration 5 - Using the nacelle-lip inlet with
the mixer compound nozzle, the engine performance (i.e., thrust,
TSFC, etc.) was similar to performance calibration 2, which also
used the mixer compound nozzle.

Performance Calibration 7 - Using the nacelle-lip inlet, the
mixer compound nozzle, and full acoustic treatment in the bypass
duct, the acoustic treatment had little effect on the performance
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of the engine as compared to calibration 5. Sim‘lar tests con-
firmed this conclusion.

Table 7 shows two engine configurations compared with the pre-
test analytical model. Thrust, airflow, and a high-rotor speed
approximated the model parameters; however, fuel flow, TSFC, and
turbine discharge temperature (Tt4.2) were discrepant. Analysis of
this and other data showed that at maximum sea level static thrust,
the fan was lower than predicted in efficiency and in airflow.
This characteristic is typical of most fans in this size class
wherein compromises in aerodynamic configurations imposed by design
for bird strike cause unfavorable airfoil loadings with consequent
decrease in efficiency and airflow capacity.

COMPARISON TO AERODYNAMIC GOALS

Table 8 is a comparison of the tested engine performance to
the QCGAT program goals. The largest difference occurred on the
uninstalled engine where the fan performance, as well as a one
percent lower than estimated thrust coefficient for the coannular
nozzle, resulted in a specific fuel consumption slightly over the
estimate.

When the nacelle was inst-lled, including the mixer nozzle,
the sea level static TSFZ is seen to be 1.4 percent over the goal.
In this case, a comparison of the engine tested performance versus
the analytical model showed that the mixer nozzle exceeded the
estimate, while the fan performance was below the estimate.

Extrapolation of the tested data to the altitude cruise condi-
tion shows that the cruise TSFC would be below the estimated level.
Since the majority of the mission fuel is consumed at cruise, it is
concluded that the program fuel consumption goals were achieved and
that QCGAT has demonstrated a significant advancement in engine
ecficiency.
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EMISSIONS TEST

Work on the combustion system c2sign of the AiResearch QCGAT
engine was conducted under separate contractt for the T-1 combustor,
initially selected for the program. Howevzr, schedule incompat-
ibilities prevented direct incorporation of the T-1 combustor in
the program and an interim design was used.

The combustor liner used in the QCGAT tests (fig. 8) was a
modification of the production TFE731 burner. These modifications
consisted cf several variations, and included punched versus
pierced holes. Different hole locations and sizes were incorpor-
ated for smoke number reduction. The actual burner used in the
test was an experimental interim design. As a result, the tempera-
ture pattern factor was higher than desired during early testing.
This condition was corrected on later burners.

Control of the gaseous emissions at idle was accomplished Ly
supplying air to the secondary atomizers of ‘ne fuel nozzles. This
air improved emissions two ways: It caused all of the fuel to pass
through the primary nozzle instead of allowing a small portion of
fuel to flow out of the secondaries. The air also improved the
vaporization of the fuel coming out of the primary atomizer.

Figure 9 depicts the combustor 2ir assist system. Air for the
assist system was provided frcom a laboratory system that approxi-
mated the characteristics of engine supply air. The air was pro-
vided at a pressure and temperature that simulated compressor bleed
air, and was cooled with a simple air-to-air heat exchanger in the
fan duct.

The air was supplied from a laboratory compressed-air source
with a supply pressure of 14.4 kPA (300 psig). After passing
through a 20-micron filter, the air was heated by an electric
heater to between 366K (200°F) and 422K (300°F). This simulated an
air assi . system where the discharge temperature from the heat of

50



compression for the assist air would be similar to air extracted
from the boost compressor. The air then passed through a flow
measuring section and was introduced to the secondary tuei line.
For this test, the line was disconnected from the flow divider and
the flow divider path capped. A schematic of this system is shown
in {igure 172.

Emissicas were collected for measurement with a 24-element
probe similar to the one shown in figure 1l1. Measurements were
taken only w:ith the coannular nozzle since there was no standard
technique of measuring established for the mixer compound nozzle.

The HC and CO goals were met by using an air assist inlet
pressure of 5.027 kPa (105 psid) and a temperature of 389K (240°F)
at taxi idle. The results are presented in table 9. This pressure
and temperature is relatively easy to obtain with a boost com-
pressor on an aircraft engine. Lower air-assist pressure would
have resulted in higher emission index values (i.e., g/kg fuel) for
both HC and CO. Sinrnce more than 90 percent of the HC and CO EPAP
values are contributed by the taxi-idle terms, small changes in HC
and CO emission index values at that power setting resulted in
significant changes in the overall EPAP values for the two
pollutants.

The CO and HC emissions met the goals and NO, was signifi-
cantly reduced, but slightly above goal. The smoke number was also
above goal. However, the engine showed no sign of visible smoke
while operating at the test point in several tests.

TEARDOWN INSPECTION

After completion of ail tests, the engine was completely dis-
assembled, inspected, and refurbished prior to shipment to NASA.
With almost 70 accumulated hours of testing including 70 starts,
the majority of parts were in excellent condition and only three

components showed any unusual signs of wear. A single sun-gear
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tooth had developed a small pit as shown by the arrow under mag-
nification in figure 12. This was later found to be the result of a
flaw in the basic material frox which the part was constructed.
The wear pattern was judged to be good and commensurate with the
time and load on the gear systena.

The second discrepancy was microscopic surface cracks radiat-
ing from a couple of the special instrumentation bosses (see arrow)
of the turbine plenum shown in figure 13. These were the results
of torch brazing the HP compressor discharge total-pressure probes
into the plenum after the part had completed the normal stress-
relieving process. This is a problem that is unique to the highly
instrumented test engine and wouid not appear on production-type
plenums.

The third problem noted was a crack in the surface of one HP
turbine cooled stator vane (figure 14). This crack resulted from a
single hot streak in the engine. This was the result of using the
experimental low-smoke combustion liner that had not been suffi-
ciently developed at the time this test was run. This character-
istic was subsequently corrected, and later production low-smoke
combustor liners did not exhibit a hot streak.

All three of the problems found during teardown inspection
were determined to be the result of outside factors and not the
result of design deficiency. The basic engine design fulfilled
design requirements. All AiResearch QCGAT engine discrepancies
were removed prior to shipment to NASA.

TECHNICAL ACCOMPLISHMENTS

The technical accomplishments demonstrated by the AiResearch
QCGAT test program are numerous. Most important is :he fact that
the engine met the design goals in almost every case (i.e., thrust,
TSFC, emissions., etc.). Performance was slightly better than pre-
dicted for the installed configuration with the mixer compound
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nozzle at the design point of 12,192 m (40,000 ft), 0.8 Mach
number .

Performance of the AiResearch QCGAT engine was excellent
throughout all testing. No serious mechanical malfunctions were
encountered, and no significant test time was lost due to engine-
related problems. Emissions were drastically reduced over similar
engines, and the engine exhibited good smoke performance.

The testing of the AiResearch QCGAT engine provided evidence
of the engine reliability and performance. After 82 hours and
77 starts the unit remained trouble-free. The few problems
encountered were mostly associated with laboratory or cell equip-
ment. Engine performance remained satisfactory with very little
degradation as the unit accumulated time.

Though the LP turbine did not have the benefit of rig testing, it
proved to meet design goals for the engine. Similarly, the full-
scale mixer compound noczzle was found to perform better than
anticipated.

CONCLUSION

As shown by the test program, the AiResearch QCGAT engine met
almost all of the program goals. This is graphic evidence that
the application of large engine acoustic technology to small
engines as well as the application of specialized small engine
technologies can result in low-noise, low-emissions, and reduced
fuel consumption general aviation turbofan engines.



TABLE 1. OQCGAT ENDURANCE TEST CYCLE.

Cycle Time
Condition (min.)
Start -
Idle S
Takeoff 5
Max. Continuous 10
Max. Cruise 45
Idle 5
75% Max. Cruise 5
Idle 5
Approach 5
I1dle 5
Shutdown 15
Total 1 hr 45 ain.
23 Cycles = total run time of 34.5 h:

TABLE 2. ENGINE PERFORMANCE GOALS.

Goals
Thrust TSFC
N kg/N-h
Condition (1bf) {l1bm/hr/1bf)
Takeoff, Sea Level Static,
Standard Day:
o0 Uninstalled 17,513 0.0426
(3,937) (0.418)
o With ground test 17,312 0.0431
nacelle and acoustic (3,892) (0.423)
treatment and mixer
compound nozzle
Design Cruise, 12,192-m
{40,000-ft) Altitude,
0.8 Mach Number:
© Uninstalled 3,954 0.0775
(889) (0.760)
0 With ground test 4,017 0.0759
nacelle and acoustic {903) (0.744)
treatment and mixer
compound nozzle
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TABLE 3.

EMISSIONS PROGRAM GOALS.

EPAPS Program _"Hal,
kg/4448 N-h/c; ‘e
Pollutant (1bm/1000 1lbf-hr/cycle)
Unburned Bydrocarbon (HC) 0.73 (1.6)
Carbon Monoxide (C0) 4.26 (9.4)
Oxides of Nitrogen (uox) 1.68 (3.7)
Smoke 38+

*EPA smoke number.

TABLE 4. EMISSIONS CYCLE.

Percent
Rated Time
Mode Power Minutes
Taxi-out Taxi-idle 19.0
Takeoff 100 .5
Climbout 90 2.5
Approach 30 4.5
Taxi-in Taxi-idle 7.0
Total 33.5
TABLE 5. PERFORMANCE CALIBRATIONS AND
ENGINE CONFIGURATIONS.
Calibration T
No. Description
2 Bell wmouth and Coannular Nozzle
2 Bell mouth and Mixer Caompound Nozzle
3 Flight-Simulator Lip and Coannular Nozzle
4 Nacelle Lip and Coannular Nozzle
5 Nacelle Lip and Mixer Compound Nozzle
6 Filght-Simulator Lip and Mixer Compound
Nozzle
7 Flight-Simulator Lip, Mixer Compound
Nozzle and Acoustically Treated Ducts
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an 6 L]

QCGAT TEST RESULTS.

Configuration/Result by Test Number
Parameter 1 2 S 7
Acoustic Treatment Hardwall uardwallpnarduall Acoustic
Panel
Inlet Configuration Bellmouth | Bellsouth| Nacelle | Simulator
Exhaust Configuration Coannular Mixer Mixer Mixer
Test Parameter
o0 Thrust, N{1lbf) 15,413 16,525 16,903 16,792
(3,4€5) (3,715) ] (3,800) (3.775)
o TSFC, kg/N.h 0.0457 0.0443 0.0437 0.04138
(1bm/hr/1bf) (0.448) (0.434) {(0.429) (0.430)
o High rotor speed 3,011 3,024 3,033 3,035
N,. rad/s (rpm) (28,760) (28,880) |{28,970)] (28,990)
©0 HP turbine discharge 1,105 1,119 1.125 1,119
temperature T,, 5. (1,530) (1,555) § (1,566) (1,554)
K(*F) °
o Total airflow, 60.87 63.55 - -
kg./s (lbm/sec) (134.2) (146.1)

TABLE 7. TEST RESULTS COMPARED TO ANALYTICAL MODEL.
Coannular Mixer Compound
Nozzles Nozzle
Parameter Model Test Model Test
i Thrust, N{1bf) 18,055 18,038 15,813 ¢ 16,503
‘ (4,059) (4.355) (3,555) | (3,710)
_TSFC, kg/Neh 0.C443 : 0.0457 0.0432 0.0443
{lom/hr/3bf) (0.43%) (0.448) (0.424) (0.434)
High Rotor Speed “2' 3,024 3,061 2,970 3,024
tad/s (rpm) (28,887) | (29,240) 129,364) (28,880) !
; !
Low Rotor Speed N, 2,042 2,042 1,937 1,937
rad/s (rpm) (19,500 | {19,500) (18,500) (18,500)
HP Disc Temperature | 1,123 | 1,141 1,083 1,119
Teq.2¢ K(°F) (1,562) | (1,594) (1,490) (1,554}
Fan Nozzle Inlet 327 | 330 322 324
Temperature T, i (129.6) | (135.0) (119.6) (124.0)
K{(°F) i ;
Fan Nozzle Total |  14.58 |  14.60 14.38 | 14.08 |
Pressure P )4, ; (21.15) | (21.18) (20.85) |  (20.42)
N/cm< (ps1) . i ; i
Engine Total Airflow! 65.6 | 65.3 62.3 63.5 |
(144.6) | (143.9) (137.4)
i

KAT' kg/s (lb/sec) i
i 1

(l‘O.l\i
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TABLE 8. QCGAT TEST RESULTS VERSUS PERFORMANCE GOALS.

THRUST, N TSFC, kg/N-h
(1bf) L} {lbm/hr/1bf) ]
Flight Condition Goal Test a Goal Test 8
Sea level, static, 17,513 17,513 0 0.0426 0.0459 +7.7
standard day, uninstalled (3,937) (3,937) (0.418) (0.450)
{Bellmouth and Coannular
Nozzle)
Sea level, static, standard | 17,312 17,312 0 0.0431 0.0437 +1.4
day, installed (nacelle lip | (3,892) (3,892) (0.423) {0.429)
and mixer compound nozzle)
Design cruise 5,016 4,016 0 0.0759 0.0756 -0.4
(extrapolated from static (903) {903) (0.744) (0.741)
data), Mach 0.8, 12,192m,
(40,020 ft), installed
(nacelle lip and mixer
compound nozzle)

TABLE 9. EMISSIONS TEST RESULTS VERSUS PROGRAM GOALS.

Pollutant

EPAPS, kg/4448

(1bm/1000 1bf-

N-h/cycle
hr/cycle)

Program Goal

Test Result

Unburned Hydrocarbon (HC)
Carbon Monoxide (C))
Oxides of Nitrogen (Nox)

Smoke

0.73 (1.6)
4.26 (9.4)
1.68 (3.7)

38*

0.73 (1.6)
3.63 (8.0)
2.09 (4.6)

q2*

*EPA Smoke number.
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Figure 1. Development and Qualification Test Area.

Figure 2. San Tan Test Center.
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Figure 3. QCGAT Engine Test Schedule.

Figure 4. Instrumented QCGAT Engine.




Figure 5.

Figure 6. Engine with Coannular Nozzle.




Figure 7. Engine with Mixer Compound Nozzle.

Figure 8. QCGAT Combustor.
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Figure 9. OQCGAT Combustor Air Assist System.
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