NOTICE

THIS DOCUMENT HAS BEEN REPRODUCED FROM
MICROFICHE. ALTHOUGH IT IS RECOGNIZED THAT
CERTAIN PORTIONS ARE ILLEGIBLE, IT IS BEING RELEASED
IN THE INTEREST OF MAKING AVAILABLE AS MUCH
INFORMATION AS POSSIBLE



NASA CR- 169758
AIRESEARCH 21-3071

AIRESEARCH QCGAT PROGRAM
FINAL REPOR™

by R. . Heldenbrand, and W. M. Norgren

AIRESEARCH MANUFACTURING COMPANY OF ARIZONA
A DIVISION OF THE GARRETT CORPORATION
P. 0. BOX 5217
PHOENIX, ARIZONA 85010

1
({M:‘)A-f:ii-lf)i'7u&). ALKLSEALCH JCGAT FRGCGRAM Ve IR I\
h{xal heport (Al wsearch My, Co,, Phoenix, ) ;
Aricz.) 199 [ e AJ9/MF AD1 C5CL 21E
hucla s

G3/U7 4oy

Prepared for

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION

NASA Lewis Research Center
Cleveland, Ohio 44135

Contract NAS3-20585




FOREWORD

Design and analysis of the AiResearch QCGAT engine and
engine/nacelle system were conducted at the AiResearch Engineering
facilitiee at Phoenix, .irizona. Fabrication, testing, data reduc-
tion and analysis were also conducted at the AiResearch facili-
ties.

Testing was also performed on the 35-percent scale model
exhaust nozzles for th2 QCG:.7T program at the FluiDyne Engineering
Corporation's facilities at the FluiDyne Medicine Lake Aerodynamic
Laboratory, Minneapolis, Minnesota.

The authors wish to acknowledge the technical contribgtiop of
the following members of the Garrett-AiResearch organizations
without whose efforts the QCGAT program would not have been com-

pleted successfully:
W. M. Gipson and L. S. Kisner, Acoustics; F. Davis, Emict-
sions; Mark Steele and Pat Hale, Engine Performance;

Walt Blackmore, M. H. Willmore and G. Paden, Nacelle Design
and Fabrication; S. Huo, Turbine Aerodynamics.

This is, of necessity, only a partial list; space does not permit
including a complete list.
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SECTION I
SUMMARY

1.0 SUMMARY

l.1 Objectives

The objectives of the NASA QCGAT (Quiet Clean General Avia-
tion Turbofan) engine and the engine/nacelle system program were
to demonstrate the applicability of large turbofan engine technol-
ogy to small general aviation turbofan engines, and to obtain
significant reductions in noise and pollutant emissions while
reducing or maintaining fuel consumption levels.

1.2 Scope

An AiResearch Model TFE731-3 Engine was used as a base-line
engine for the QCGAT program. All new-technology designs for
rotating parts and all items in the engine and nacelle that con-
tributed to improvement of the acoustic and pollution character-
istics of the engine system were of flight design, weight, and
construction. These changes were limited to those that made the
engine quiet or clean or reduced fuel consumption.

1.3 Goals and Results

The QCGAT program goals and the test results are listed in
Table 1-1. As shown, the major noise, emissions and performance
goals were met. Noise levels, estimated for the three FAR Part 36
conditions, are 10 to 15 EPNdB below FAA requirements; emissions
values are considerably reduced below those of current technology
engines; and the engine performance represents a TSFC improvement
of approximately 9 percent over other turbofan engines.

T 2 . T R
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B . TABLE i-i. CGAT PRUGRAM GUALL AN RESUL.S.
Goas Feczalits
Condition nrust i T3FC Tnr.ct Tor
I {lo, i K3/ nr/s il nrfic; K iz, K3/ N fanonroln
_ i T ,
iaxeoff, sea-uevel Static : :
ctangarg vajy . :
{1, uninstaileu 27,313 {3937, L.043.0 G.418, 7,343 03957, L.045% l.42.
{2z, witn grouna test nacelie 17,313 {3892) C.043. (C.azsy 17,303 369z, G.u437 r2.423,
and acoudstic treatment
and mixer nozzie**
Design Cruise* 12z,1%2m
{40,000 ft; Altitude, U.Bm
(1) Uninstalliec** 3,955 (889, 5.3775 (5.7635; 3,353 TN 2.9797 L.TBZ;
(2) Wwitn grounc test nacelle 4,017 1953, . 3.37583 15.744; 4,0.7 ‘933, G.C7e2 TL.744,
- and acoustic treatment : ; i
ana mixer nozzlie*** ! {
Engine Dry weignt 377.4 xg {83z 1k} STl (RLY b
] (Estratei £or Frodlctior,
Noise
{1) Sideiline hoise at 8z.3 EPNdB 8G.3 EPNdAB
} 457.zm {1500 ft;
3
{z) Taxkeotr: (witnout 73.3 EPhdB 73.1 ERNGD
cutback}
:
F (3} &wpproacn 57.3 rPNdB g2.7 LPNdB
3 Emissions
. ; . . . L+ SN
(i) Carpon monoxide (C0; 4.26 xg/4,448 % thrust-hr/cycie 3.€3
3 {9.4 1c/1060 ib tnrust-hr/cycie) 8.5,
. Y N PR . L F _——
! {2; Unburnea pydrocaroons 0.726 kg/4,448 N thrust-hr/cycie _.72%
! (GHC) (1.6 1c/100C 1b tkrast-hr/cycile. (1.6}
. - f + - <
{3, Nitrogen (nox) 1.68 xg/4.448 N thrust-hr/cycle z.0%
(3.7 1b/1G00~1b tnrust/hr/cycle; 4.6)
{4, ©Smoke {(SAL Smokre Namberj 38 42
NuTe: Tne minimun design life goxl for {QCGAT develcopment components is 16,000 hours cf typical general aviatison

*pxtrapoiated from static cata

opesration.

**peference pelimoutn, nardwall bypass duct, reference coannaliar
**kwitn nacelle 1ip

Cycie conzists ot 33 1/z rminutes of idie, takecff, climbout and approach powe

3

1
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SECTION II

INTRODUCT ION

2.0 INTRODUCTION

2.1 Background

The turbojet- and turbofan-powered portion of the general
aviation fleet is increasing at a greater rate than the rest of
the general aviation fleet, Jet-powered general aviation aircraft
utilize small airports for a large portion of their flights.
These airports are generally located in suburban areas unprotected
by industrial or commercial buffer zones. Therefore, the use of
small aircraft has the potential to create a more widespread
adverse community reaction to the jet noise and pollution than do
the transport aircraft.

Engine~quieting and emission-reduction technology and recent
developments for improving fuel economy, have been directed prin-
cipally at large engines used in commercial carriers. It is,
therefore, important to determine the applicability of the large
engine technology to smaller turbine engine:s and to develop new
and more suitable technology where required.

The QCGAT program seeks to demonstrate that thecries, tech-
niques and concepts presently applicable to large turbotan engines
can be successfully applied to turbofan engines with sea-level
thrust levels below 22.241 kN (5000 pounds). The goals are to
improve the environmental characteristics of civil aircraft by
alleviating noise as well as pollution near airports, thereby
assisting in reducing current growth restraints to civil aviation,
and also providing engines with reduced fuel consumption.

2.2 Scope

In order to meet the goals of the QCGAT program, the fol-
lowing tasks were performed:

(1) The engine was defined and its characteristics deter-
mined for a quiet, clean, turbofan eigine applicable to
general aviation aircraft,

(2) New and modified parts were designed and fabricated to
be used with an existing gas generator core in the tur-
bofan engine.

(3) Evaluation tests were performed on critical components.
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(4) Evaluation tests were performed on the QCGAT engine.

(5) An acoustically treated nacelle was designed and fabri-
cated.

(6) Engine noise, pollution, and sea-level static overall
engine performance was measured to establish validity of
predictions prior to engine delivery to NASA.

(7) A quiet, clean turbofan engine, an acoustically treated

nacelle, and engine test support hardware vere delivered
to the Government.

2.2.1 Performance Goals

In performing the tasks identified above, the performance,
noise, and emissions goals for the engine and for the engine/
nacelle system were established and are listed in Table 2-1.

2.2.2 Noise Goals

woise goals for FAR Part 36 sideline, takeoff, and approach
lou~tions and operacing procedures are as follows for the twin-
engine aircraft also to be defined during the QCGAT program:

Sideline (457.2m) [1500 ft]: EPNL = 39.5 + 10 log W
Takeoff (without cutback): EPNL = 30.5 + 10 log W
Approach: EPNL = 44.5 + 10 log W

where W is the aircraft maximum takeoff gross weight in pounds.
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TABLE 2-1. ENGI... PERFORMANCE GOALS,
GOAL
THRUST TSFC
CONDITION N (1b) kg/hr/N (lb/hr/1b)
Takeoff, Sea-Level Static,
Standard Day
(1) Uninstalled* 17,513 (3937) 0.0426 (0.416)
(2) With Ground Test Nacelle
and Acoustic Treatment and
Mixer Nozzle*¥* 17,313 (3892) 0.0431 (0.423)
1
Design Cruise, 12,192 m (40,000
Ft.) Altitude, 0.8 Mn
(1) Uninstalled* 3,955 (889) 0.0775 (0.760)
(2) With Ground Test Nacelle
and Acoustic Treatment and
Mixer Nozzle** 4,017 (903) 0.0759 . (0.744)
Engine Dry Weight Goal 377 .4 kg (832 1b)

NOTE: The minimum design life goal for QCGAT developed components
10,000 hours »f typical general aviation operation.

*Reference bellmouth, hardwall bypass duct, reference
coannular nozzle.
**with nacelle lip.

2.2.3 Emissions Goals

The emissions goals for carbon monoxide (CO), unburned hydro-
carbons (UHC), Oxides of Nitrogen (Nox), and smoke were as
follows:




CO - 4.26 kg per 4,448 N Thrust-hr per cycle*
(9.4 1b per 1000 lb thrust-hr per cycle*)

UHC - 0.726 kg per 4,448 N Thrust-hr per cycle*
(1.6 1b per 1000 1lb thrust-hr per cycle*)

NOx - 1.68 kg per 4,448 N Thrust-hr per cycle*
(3.7 1b per 1000 1b thrust-hr per cycle*)

Smoke Number: Allowable SAE Smoke Number value (determined by the
procedures set forth by the United States Environmental Protection
Agency in the Federal Register Volume 38, No. 136, July 17, 1973,
incorporated herein vy reference and made a part hereof) was 38.

2.2.4 Hardaware Design

Rotating parts, all new technology designs demonstrated, and
all items in the engine and nacelle contributing to the acoustic
and pollution characteristics of the engine system are of flight
design, weiyht and construction. Stationary structural portions
of the engine and nacelle are flight weight except where nonflight
type construction resulted in appreciable cost savings with little
or no compromise of the technology objectives, All weight esti-
mates, however, are based on flight designs. All hardware is sui-
table for the testing required by the program and subsequent
ground testing by the Government.

Engine core modifications were limited to those changes that
made the engine quiet or clean or reduced fuel consumption. No
modifications were made to the engine core assemblies or compo-
nents unless they were shown to contribute directly and substan-
tially to the reduction of noise, pollutant emissions or fuel con-
sumption.

*Cycle consists of:

Time

Mode % Power (minutes)
Taxi-Idle Ground Idle 19.0
Takeoff 100 0.5
Climbout 90 2.5
Approach 30 4.5
Taxi-Idle Ground Idle 7.0

L"' 2 N




B

2.3 Purpose

This report covers the design effort, fabrication and test
results of the NASA QCGAT program and compares the analytical
techniques and predicted performance to the actual test results.

The test results are then used to predict the altitude per-
formance and the flyover acoustic signature of the engine and the
projected aircraft with the QCGAT engine/nacelle system.

The analytical techniques that were successfully employed in
the program include the use of a 3D-viscous computer program to
define LP turbine vanes, stators and duct contours. The contours
that provide the lowest losses and the most uniform radial loss
distribution were chosen and proved to be an excellent and effic-
ient design tool for this component.

The 3D-viscous method was also used for the mixer-compound
nozzle with significant time and cost savings. The design and
optimization was demonstrated on a model test rig and the full-
scale design was shown to closely demonstrate the predicted per-
formance and noise reduction due to the mixer-compound nozzle.

Acoustic design and prediction methods were also developed

that modified a number of established methods to provide an opti-
mum design for the performance/noise attenuation trade-offs.

7/8
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SECTION IT1

ENGINE AND NACELLE DESIGN

3.0 OQCGAT ENGINE AND NACELLE DESIGN APPROACH

3.1 Engine Cycle

The QCGAT Engine, as shown in cross section in Fiqure 3-1,
utilizes the core of the AiResearch production Model TFE731-3 Tur-
bofan Engine., A front view is shown in Figure 3-2. The QCGAT
flight enaine weight 1i8 estimated to be 379.6 kilograms
(837 pounds). The QCGAT engine is a geared front-fan, twin-spool
configuration with a bypass ratio of 3.714 at its design point of
12,192 meters (40,000 feet), and Mach 0.8. The low-pressure (LP)
spool consists of a single-stage fan and a four-stage axial LP
compressor driven by a three-stage axial LP turbine. The high-
pressure (HP) spool consists of a single-stage centrifugal com-
pressor driven by a single-stage axial turbine. The combustor is
a reverse-flow, annular design.

The primary changes to the Model TFE731, to improve its per-
formance for QCGAT, consist of replacement of the TFE731 fan with
a modified ATF3 fan, incorporation ¢f a new reduction gear, new LP
turbine design, and incorporation of a mixer-compound exhaust
system in nlace of the two-nozzle system of the TFE731. A low-
smoke combustor is also employed in conjunction with an air-
assisted fuel nozzle system for improved exhaust emissions. The
unique parts are shown as shaded areas in Figure 3-3.

The noise reduction technology utilized in the QCGAT Engine
design was applied to three major noise sources--fan, jet, and

core engine. Fan-noise research at AiResearch has produced
several major noise reduction techniques for small turbofan
engines, Noise reduction features incorporated in the QCGAT

Engine design include: elimination of inlet guide vanes, single-
stage fain with low fan-tip speed and low-pressure ratio, large
rotor-stator spacing, optimum number of vanes and blades, mixer-
compound nozzle and acoustical treatment.

3.2 Cycle Selection Criteria

In the aerodynamic cycle selected for the QCGAT Engine, the
jet velocity was made as low as possible consistent with the
engine design goals. This resulted in exhaust velocities sub-
stantially below those used in present medium-bypass-ratin small
turbofan engines. 1In acdition to lowering jet velocity, a mixer-
compound nozzle was installed because of its potential for thrust
coefficient improvement and an anticipated reduction in takeoff
and sideline flyover noise levels.
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'he dominant core engine noise source 1n small gas turbines
has been shown to be the combustor, The use ot large-diameter
annular revoerse~-tlow combustors has been very eftective 1in
reducing exhaust noise in AiResearch engines compared with
straignt-through-tlow annular or can configurations. Core noise
contricuted by the three-stage LP turbine occurs at bla.e passing
trequencies well beyond the practical range of concern at all FAR
Part 3o conditions, including approcch. AS a result, turbine
tones do not contribute to flvover noise levels,

3.3 Enqine Confiquration

I'he barcic CGAT kngine was designed with provisions for
both "hardw.ll" and acoustic treatments for a "workhorse" nacelle,
These variations allowed for a base~line calibration for compar-
ison purposes, and for evaluation of the effect of the various
acoustical treatments available on the basic engine.

A standard, calibrated bellmouth was designed to obtain basic
engine data., The tlight-simulator lip was designed to simulate
inlet conditions during static tests. A nacelle lip was also
designed, tabricated and tested as the final ftlight design
delivered with the engine. Hardwall and attenuated panels for the
+ . - section, tan duct, bypass duct, inner- and outer-aft ducts
we @ made interchangeable in order to compare the acoustical prop-
er i.? » the panels. A coannular and a mixer-compound exhaust
nozzle were also tested to provide a series of combinations of the
s1x basic contigurations.

3.3.1 Fan

‘'ne QCGAl Engine fan is derived from the fan used on the
AiResearch ATF3-6 Turbofan kEngine. The stator system has been
mouified to optimize the rotor-stator spacing and blade-vane
counts for minimum rotor-stator noise interaction. The position
of the splitter has been moditied to accommodate the higher bypass
ratio of the QCGAT Engine. The QCGAT fan flow path is shown in
Figure 3-4.

I'he basic fan design parameters of the QCGAT fan that cor-

respond to engine operation at the 12,192 m (40,000 ft.),
Mach 0.8, ISA cruise design point are listed in Table 3-1.

13
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Figure 3-4., Transition Duct and Fan Stage.

TABLE 3-1., FAN DESIGN PARAMETERS

* sm—

Parameters Fan pesign Point Engine Match Point
NASE 1057.67 rad/s 1083.33 rad/s
(10,100 rpm) (10,345 rpm)
WA/O o/a,,”"a (fan) 76.88 kg/s 77.83 kg/s
* = (169.5 lbm/sec {171.58 lbm/sec)
My rel, tip 1.40 1.43
fan inlet tip speed 408.7 m/s 418.8 m/s
(1341 ft/sec) 1374 ft/sec)
P/Pcore (stage) 1.593 1.57
P/Pbypass (stage) 1.628 1.62
\
!
i o Rotor hub-tip ratio = 0.46
: (o} Rotor tip diameter = 77.47 cm (30.5 inches)
o Part-:pan dampers on rotors
o Spiit stator configuration
o Bypass stator D-factor (mean) = 0.461
o) Core stator D-Factor (mean) = 0.532
14
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The Jo-blade tan s a mirror amage of o configuration devel-
oped an the ATFI engine program,. A seties of tull-sceale 11g tests
have been conducted in that program to optimize the acrvodynamice
characteristics ot the blade and the structural support ot the
midspan damper,  Core (hub) and bypass (tip) pertormance maps for
the QUGAT tan atre sshown 1n Figures 3-% and 3-b.

Fan blade vaibration trequencies are shown in Figure 3-7. The
tundamental mode is satistactorily well removed trom excitations
at 1 oand 2 times shatt speed,  The vibration modes shown will not
be oxelted at any speed above idle by passage of the core or
bypass stator vanoes,

The resonance diagram shown in Figure 3-8 indicates that the
tan 1otor will be tree of critical speced problems in the operating
rdange, The critical speed predicted for fan synchronous cexci-
tation is more than 3 times maximum operating speed. The margin
for LP spool excitation is much less, and experience with the
TFLE731 has shown that the squeeze tilm dampers are effective in
preventing this type of coupling.

3.3.2 Fan Gearbox

Figure 3-9 shows the preliminary star gearbox contiguration,
together with component materials. Table 3-2 presents gearbox
design data, including a comparisoa of calculated and allowable
soending and compressive stress.

Figure 3-10 summarizes the star carrier requirements for
dynamic  considerations. Critical speed calculations, (seco
Figure 3-10) show that the spring rate to be 1.428 x 100 kg/m
(80,000 1b/in.) or more to maintain the desired margin  of
25 percent, The actual spring rates that exist in the star car-
rier are many times this value.

The carrier 1is designed te constrain the star gears to an
angular misalignment of 0.0005 c¢cm/cm (0.0002 in./in.) or less.
The etfective spring rates at the planet gear bearings are approx-
imately equal in order to minimize misalignment, and to minimize
the helix correction requirements., Table 3-3 summarizes the fan
shatt and star bearing capabilities. These bearings are adequate.

3.3.3 LP Compressor

The LP compressor tor the QCGAT bngine is identical with the
production TFL731-3 LP compressor.

The compressor achieves cxccellent surge margin without vari-
able inlet guide vanes.
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TABLE 3-2. FANl GEAEBODY ANALYSIS

PARAMETER SUN STAR RING
Total Facewidth, cm~ {in.) 2.97 3.56 3.07
(1.17) (1.40) (1.21)
Rotational Speed (rad/s) 2105.6 3636.9 975.8
(rpm) (20,111) (34,737) 19320)
Tan. Tooth Load, N (1bf) 6200.8 6196.4
(1394) (1393)
Torque, Nm (1lbf-in.) 1,602.5 3457.9
(14,184) (30,607
Allowable Bending Stress
kN/cr™ (Kpsi) 54.19 46.53 42.13
(78.6) (67.3) (61.1)
Calculated Bending stress
fillet radius kN/cm® (Kpsi) 49.16 44.33 35.23
(71.3) (64.3) {51.1)
Allowable Compressive Stress
kN/cm® (Kpsi) 173.75 213.74 211.67 179.95
(252) (310) (307) {261)
CalculaEed Compressive Stress
kKN/cm® (Kpsi) 139,27 96.53
(202 {(140)
Specific Film Thickness, A 2.422 2.2799
Minimum Contact Ratio 1.7089 1.7763
Rirg/Sun Reduction 0.4634

HOTE: 1. 3375 kW at 2105.5 rad/s (4526 HP at 20,111 RPM) with a

2. 0.349 radian (20°) Pressure Ancgle, 14 pitch.

3. Tooth Count -- sun 57 ‘
Planet 33
Rinc 123

1.3 Dynamic Loag Factor.
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PYABLE 3-3. JCGAT BEARING SUMMARY
CONDITION ANALYSIS

BEARING

- -

fan Roller Bearing 1 Blade Out

2 Blades Out

142.34 kN (32,000 1lb) 1load.
99% probability of survival
based on roller fracture
stress.

284.69 kKN (64,000 1lb) load.
90% probability of survival
based on roller fracture
stress.

ran Ball Bearing

Duty Cycle Pro-
portioned from

TFE731 "Execu-

tive l'ype"

Maximum ‘Phrust

10,200 hours
Ll Life

770 Hours
Ll Life

star Roliler
Bearing

Takeott rpm
and Load

3,200 Hours

Ll Life




3.0.4  HP Compre:sor

The HP compressor ror the QCGAT kngine is identical with the
HP compressor on the TFE731 gngine, This compressor is a backward
curved single-stuge centritugul compressor with a single-vane
island dittuser row tollowed by a 90-degree benu to the axial
direction and a row of deswirl vanes.

J.3.5 cCombustor

r'he combustor system selected tor the QCGAT kngine consists
ot a moditied version ot the TFE7?31l production burner. The com-
bustor, i1dentified as PAP234342, had a row of 48 holes ot 0.459 cm
diameter (0.181 in.,) added to the dome tor the purpose of smoke
reauction. ‘‘'he tuel nozzles are standard production T¥E731-3 dual
oritice assemblies, Part No. 3071101-14, Air-assist was utilized
in tne secondary circuit ot these fuel nozzles at idle conditions
only. For the engine test, the fuel flow divider was capped and an
air line was connect:d directly to the secondary tuel manitold.
For the production engine configuration, the tuel 1line would
remain connected anua a cneck valve would be put in the air-assist
line., (See Figure 3-ll1 for a schematic of the air-assist nozzle
system).

'he air suppliea to the fuel nozzle tips is an aid in the
atomization process, '"The air supplied during ground test oper-
ations is trom a laboratory compressed air source with a supply

pressure of 200.8 Pa (300 psig) and heated to a temperature range
ot 36b to 462K (200 to 300°F) by an electric heat exchanger.

3.3.0 HP Turbine

1The HP turbine for the QCGAT Engine 1is identical to the
Tre731-3 HP turbine. The TFE731-3 HP turbine is a single-stage
axial design witn internally cooled vanes and blades.

Characteristics ot the QCGAT HP turbine at design conaition
are:

o W1 - 2.129 kgs/s (4.693 lbm/sec)
5
4.1

(o) P/P = 1,832
o N//94 | = 1400.2 rad/s (13,431 rpm)

o) Al = 39,797 kj/kg (17.1l1] Btu/lbm)
el
4.1
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Figure 3-11. Air Assist Nozzle System for 1DLE-Power wettings.
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Ty, Max < 1392.4 °K (1975°F)

0 Ty WCLAL max = 1329.1 °K (l933°F)
3.3.7 LP 'Murbine

'he LP turbine tor the QCGAT kngine is a new design, opti-
mized to maximize turbine performance at the QCGAT cruise design
point. +whis turbine retains the three~-stage configuration ot the
TreE731-3 LP turbine, but has blading optimized for the higher
overall pressure ratio required to drive the higner bypass ratio
ftan. This increased turbine pressure ratio reduces core nozzle
pressure ratio, tnereby, reducing core jet velocity and noise.

The design point turbine efficiency goal 1in excess of
90 percent requires the application of large turbine design tech-
nclogy demonstrated in recent NASA and AFAPL fan turbine programs.
Tnis tecnnology includes the application of non-free-vortex vector
udiagram concepts along with advanced profile design techniques to
proviue superior stage performance.

Figure 3-1? nrovides the vector diagram nomenclature for the

LP stages. Lo... ~haracteristics of the QCGAT LP turbine are
sinowit 1n wabit» - 3-5, and 3-6. The flow path tor the LP tur-
bine is snowl | e 3-13 with the predicted off-design LP tur-
bine maps are . . n Figures 3-14 anu 3-15.

2¢3.7.1 LP “u... . Mechanical Design

rive preliminary mechanical design of the LP turbine section
is summarized in Figures 3-16, 3-17, and 3-i8. Figure 3-16 lists
uesign reatures ana improvements to tne turbine rotor. Materials
ot tne major components are shown in Figure 3-17. Figure 3-18
1liustrates seconuary cooling anua leakage flows.

3.3.8 cngine Static Structure

e AiResearch QCGAT ©ngine design minimizes length and
neight. The main frame consists of two cylinders--the compressor
anu turbine plenums--joined by a conical transition structure.
This framework takes all inertia and thrust loads, and embodies a
"cool-skin" daesign wnerein the entire structure is enveloped by
fan and compressor discharge air. The conical compressor-turbine
transition structure also supports the accessory drive power shaft
and rignt-angle gearbox. The accessory drive is powered by the HP
spool tnrougn a bevel gedr set,

25




220

20,0 -

18.0

g1eo}

5 14.0
Q

T

RADIUS, IN.

<
x 120}

10.0 -

60 -

26

8.0

8.0

7.0

6.0

5.0

4.0

30

20

Figure 3-13.

W,

ROTOR EXIT

Figure 3-17,

1 Uy A
ROTOR INLET

LP Turbine Vector Diagram.

AXIAL DISTANCE, CM

QCGAT Low-Pressure Turbine Flow Path.

L o o BN

By
AH
' [BM 619 67.9 569
r— L I A ~ 7 % I
/:
. SKETCH OF SHROUDS C—
(NOT TO SCALE) e
HP TURBINE - S
L~ EXIT - o
-~ - g
: -l —_.______—.
- 1 ]
S o o
— / 11 ] I I
y - ) r
p— a0 et 390 B2 i o
.:Ib:ﬂDBEE RAND VANE AVERAGE AXIAL CRITICAL MACH NO. = 0.581
- : AVERAGE SWIRL ANGLE = -8.2°
l | | | | ] J
20 40 6.0 8.0 100 120 14.0
AXIAL DISTANCE, IN,
L 1 1 | 1 1 i J
0 5.0 10.0 15.0 20.0 25,0 30.0 35.0




27

[=]
w —f
£5 S
e s R it 1 [ — | " O~ e pa . . oy e 0. Fe
. M . . . 1 Q w M r ‘ : i M . H O
. . . N 'S N . c = . . 4 . Iy + i 2]
. . - . * ' . » OE . » - . . 4 N . I T
: : : . : ! : ;o w0g : : R ' ' . !
. e - * N:Ovm 4o v .,M..... fm—e o~ e e-4 a0 e b.\wn.¢.o. cedees s v"‘.cincv,Achl\.'oiv* w
. b . - - . - “ o - » (]
: 82983 8 ;. R 8 P8 L s oy o 8y 3
e s p et = ; e w B A L mr 2 H ; b t ; B S = o u
M . E N e v r M [P SMEN .. “edes .. PARERE ,,.&N R n/c —hu- M
..... e i EPCAESERE £Y FES SEROE SRS SRS SN L SN ¥ EFSS SE0EE SEDOENPPNEF SECLALLIN SIS SORE EOL-. L a >
: : (10 R S SR , 1 ~ AN ST P S S L)
» . h .. . . Fi - Fi N . o . b 4 N . - >
- . “ oy s we ¥ ’ . i PR . Ce - e <
. — v pas -+ 7 t v — —+ 1 o - m
M N M ¢ S « . M . M M M4 . M MR DR H PR N .- >
- « . + - “N.,..'. . Y .- . - .o P ] .- .. .. - 4. (<] a
RIS : PN SR ENRRIT - NS ST S e SO S SN S 0 ISR JEEEs: , &
N S S OSSN SEAEHE5 S0 SEINDIEIS SN SEDUS S-S DI SIS ST SO SIS SRS 4 SIS
. . PR S N P . H “ . . M . .. . - PR S S O
" P ¢+ e . . ey ¥ - E} . N . + PR IR S 0
, .. B I e .- 8 . . LY ’ . v - . . . N .- - . i 4
1 . - P .- m\r 4 . & ' .’ .- Py » » . ¢ 1 < o —” ©i “
' . N . - P S .- .- . . . ~'1m - S . . . - c e . E
T ;w - SEEE S SRS IS ENE T 15 SEOEEEE SRR f | EEEEEOE: w < 7 k
X : RS ¢ : : oo : Dl : : LN S N :
. : : : h.nu‘.“ 1 : : TR : S S A P ool (s i
O S-S RS SOES-SPUO SUNA SIS SOOI SISO PSS SO ONS SESS SRS SRS JOSUE SEBORPES
. . + o . . Y 8 . . . PR 7 G e . . N -
| i ﬂ.m PR B SR A A A S S L w2
. . P . - Ted .. . . . o .- . + N « e
S R IR S g A b : [
. + um s : )] + [ * =} 5 —
Y M PONPUNEI w NG 4 DI P SR N . #-4 . S . PRSP + - g ooa . - < L0
w . .- P o ua .- &o'ﬁ..ov oue - PN N.,. N e e heac e e b .. A ew POy + . [7,]
; IR sreeE Taabdedg it I < A P 4 i . . PO S Lot : 7] M
| Lolnasiiiitlioilanit : SOEIS SUNIET S505 DRSNS IINS! (EBSIUIISSPEIEIURIRINNEE DOOEINEY SOSEIOREs u 9 -
| TN . + . . SRR . - F | ROAROOTEES SHE SN0 SRSHSEEEE SOOI o &= O
| S : R SEIRE RS EREE: o ! I 2 . e x =
: : ARG RS L. M ; AN .. oo
e M. . SUL . WREbIe 60SS00An. TOSNE IDSON 3. i SOPBEES SNREY et A . SRS N -} o
: T SR T T T T ISEDOE POSEDT T le - am |
- - e e e B X - . .o - - 4+ F.- - *> .- - .. 3 A UR
. PURSBATEEDAT S SSSSSAEESEEND AR SN SIS SHSSSSANS BHEROOMREE:
. P AR S [P SN M. SODEE SO DS SO SIS - wn
v me b ——— MSOSSNY PHSSSSEBPS I SEPSSNES SOSSGSSEDE SHOSHSGSH, N
sl e 4&’).*{... ATITIUUUTT TR O L Q
b orele el ae i iweeey IR R Seane o = S . LTV - G
' 2o . S I T . 1 o j S e |
e - 4
SETSEESERL BRSO 0L 5§50 ~ F ofa
. “ve- . PR - ‘ o 1 0
MIRSSDOTEIND-SENNNSIS SSOS 294 - T O -
IS SANED SSPIH bbbt 308
SIS SEEREIETSS SETTE TS O M -
: :n.an.“nrhxmv. SLESS W R L |
e e cbiee fo sage-ied-e P &= 2 PN .. b
& s -

)
o o 3
© o

1N3243d - AON3I1J1443 Jilvaviav 1idl

Figure 3~14.




Q
sea3R¥geg2r ¥
o - r - Tc
— i e e e B ——— ——— - o
[ERTENEI A Qe e EED. PR S . ‘e e . bevs .‘,,H . O
LT . « S SR OO S F e D
[&] w ! i - -}
o S e . .. PO N O B T
ﬁ . ‘T ﬁEOE,. AP S ..‘.L_.. N S B O
Ce e e [ S PUSIRENE: SN TPUREINY SENIENEY SR I ~
w. -s y PC” .‘M.‘ DU 2 . e s . “ PR
S ‘ - N . . . P P L T
N X1 ) tirrs - A A A ESRERS EEEES EUREE SESEE SSESE
e ¢ .. . [ N S . A SN
+ I
| PETEEeeree ISSRGUBES I SN EESSUSOUS PENGS SUSTY SRSDEIRESS I
[P ﬁ:. cee 4. .- ,H..'. BRI R T RS T SOy S
S ekt R R S T RO TRy D S D OOS Dt
-+ HORNDIE O SRR GRS S
- «jpias PO B SRORE PO NN DM SOOI IMPINDE SO
»e <o berge “ e ead EE S b .- ..‘v.'.. e brerades ‘e
AN 08 $4 a4 R R T D P
R 2 e oa ve oo d o - R I R LI JRIP AP S RN TR e O
’ + t d ; 2
w e - v ihid IRRSEIRETS SRODE SN ..'.w. [ RO DORED DN S I
| S R DI E T FREES SURTE REERT SERs SRRRT SRS
DU 34 44 PO U . .or.»,..A. PR U S
- . - 223 AR SRR I IR B - . ,v'vﬁn LR . .- - - . D R R ..
- i B e e e PP SPRPED S S
D599 4 S SRR SHEES NNSMIDEINS IS DI SO S
1 ..llu» : AN SRS MRS SN U S I
bo- v hpida O ce e s S . o e .. R S ce
¢ - bprye Saee - P i S N e - P m
M i +
N * + 4
F-r 4 MR DI N TN M SN NP EES DD AN "
ﬂ...<.'vf [ R TR R TR R - PRSI .o
..f....._ bee st e PP R S ! . Che e .. .
| S FESUSNUY SIS SFPI GINE GPPP Sy + ————t '
- . * [P PR s PO S e e e S B
.- . v . e e e P S . i
.- L. e g . . ... O [ Ce- .
ee ey NP L4 . NI IO i MDD I <
v oo PR T P TP T . ..oy P et
.. . PO F e A DN D T .
e e . e . D S Y .
booee o N SUENSDEN S S S I S SN -——
.. .- - . . . . - . bv-"v - B - - e . - o
. . - e PN Il B G . FETIRO SN -
. P PSR SRR - e b e . D P I e e - -4
. .- . . [ PO P + B IR LR RTINS o
e =]
e e ) e e . . N RS
oo [ - PO ™
- e .- e ﬁ S SN .
b oe v e —— ISP S b s
Tt IR SO Sl ;T
[N . . - . .
. [ . N . (=4
+ <
. .- RN 0 SOOI P
. S che .. R
D L feea Ce- P e
P . - .4 .
S IS S S ST S
ceee e, ceed e . .
¢ eebeeen PO SN .
ce e P ..
ce b PO .
L -

33S/SLT - MOTd d3L33HHOD LA

6.0

4.0

Y
n
~

e
o

s/8% - MOT3 Q3103HYOD Ld1

25

T4.3P15.0

-p

LPT TOTAL PRESSURE RATIO

flow Versus Total

ir

ine A

sure Turb

Pressure Ratio.

-
19

Low-Pre:

Figure 3-15.

PR PR Y W T o

28




- — e

TABLL 3-4. MALN DESION POLINT DATA FOR THE QCGAY LP TURBINLE.

—— e i S ok e B A o ko wm a W = = e ——. e = e e A emeaw s A v Tn mmeaw e s o Gk e r e el

Engine corrected to
operating Conuition standard Air Condition

- .- -t e - w o e e e 5 e —

Pressure ratio,
total to total

. 3 ) = . ’ = by b
rating PR b, 707 P“cor b.9bdb
Mass tlow rate, WVWCN

kg/s (lbm/sec) 5.055 (11.145)

4.3 (8.618)

- -E__ 3 4
speed, rad/s (rpm) 2,118 (20,229) Jo or %183254)
specitic work,
J/kg (Btu/Lbm) 406,515 (174.77) S = 108,554
0o (46.67)

wotes:
wumber ot stages = 3

mtticliency, total to total, rating = 90.2 percent
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TABLE 3-b5.

LP TURBINE STAGES.

SUMMARY OF CHARACTERISTIC DATA FOR QCGAT

First second Third
Stage stage Stage Overall

1080.1 983.2 866.4
Inlet temperature, K (°R) (1944.1) (1769.7) (1559.6)

202.0 154 .4 87.36
Inlet total pressure kPa (psia) (38.08) (22.39) (l12.67)
Pressure ratio, total to total 1.705 1.770 1.905 5.747
Specitic work,ad (tor zero 144.0 134.7 132.3 411.0
ciearance kd/kyg (btu/lbm) (61.9) (57.9) (56.9) (176.7)
1ip peripneral speed 302.7 409.0 445.6
Utip m/s (Lps) (1190) (1342) (l462)
Mean workzcoetticient
A= AH/UM L.523 1.244 1.120
Mean tlow coetticient
¢ = Vx/UM 0.6069 0.034 0.823
gtlticiency, total to total
with zero clearance 0.9102 0.8986 0.8978 0.9096
gtticiency, total to total,
with 0.064 cm (0.025 in.)
clearance (shrouded) 0.9050 C.8948 0.8947 0.9054
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Tl $3=b,
Parametes Hub
intet
11,934
Radias em (1n.) (4.700)
1.093
a rad (Veg) (bl.b)
0,722
B rad (vey) (41.4)
(27 S 0.808
H 3
u. A CR 0.43H
W, A"L‘R 0.hH41
geagtion (¥)
Parameter - - Mub,
. Inlet
11.830
Radius cm (in.) (4.000)
1.021
« rad (Dey) (b8.9)
0.5%60
A rad (Dey) (32.1)
L
V/A CR 0.840
/ H
U/A" 0.45%5
“ ¥
W/A CR 0.%3%
Reaction (%)
Parameter e
e e oo Anlet
11.43
Radiug cm (in.) (4.500)
1.0562
« rad (Dey) (60.3)
0.702
B rad (Dey) (40.2)
L}
V/A CR 1.001
JsA" 0.471
W/A“C“ 0.678

Reaction (%)

*50 Percent Streamline

LT TRRTERTE T e

SUMMARY OF VECTOR DIAGRAM DATA
UF T QUGAT WP TURGINE,

sraGk 1

Meant Tap

Exat [nlet bxit Inlet Lxit
bh.ulg 14,399 14.71217 fo, 104 17.120
(4.06491) {(".009) (%, 198) (b, 0"") {6.740)
-0.412 1,148 ~U0,270 1.183 -0,236
(-23.0) (oh.8) (~14%.8) (67.8) {~13.%)
-1.01y 0.517 ~1.0061 0.028 ~-1,082
(~»8.4) {(£9.0) (~60.8) (l.0) (~62.0)
0,745 0.380 0.649 0,384
U.433 U.524 U.934 g.611 0.617
U.690 0.303 0,227 0,252 0.791
20.% 43.2 59,8

_8TAGE 2 e . ) -

. Mean® . _Tip

Exit Inlet ~ Exit C1nlet bxit
11,760 1,232 Ih. 701 18.4%42 19, 304
(4.630) (5.997) (6, 204) (7.300) {7.600)
-0,30% 1.072 -0.276 1,094 =-0.200
{(-17.5) (6l1.4) (-15.8) (62.7) (-11.8)
-0.91% 0.192 -1,07% -0.492 -1.143
(~52.4) (11.0) (-61.6) (-28.2) (-65.5)
0,495 0.724 0.416 0.611 0.397
0,453 0.580 0,605 0.708 0.734
0.754 0.304 0.811 0,32% 0.892
32.4 54.8 72.3

L AGE 3 e e

—.Meant e Mpo

X Inlet _JBxit  Inlet Exit
11.43 16.538 16.947 20.638 21,031
(4.500) (6.511) {(6.672) (8.125) (8.280)
0.152 1.005 -0.14% 0.94¢6 ~0,122
{(-8.7) (57.6) (-8.3) {54.2) (-7.0)
-0.757 -0.052 -0.956 °* -0.731 -1,009
(-43.4) (-3.0) (-54.8) (~41.9) (~57.8)
0.614 0.754 0.575 0.616 0.621
0.471 0.678 0.692 0.832 0.840
0.816 0.416 0.945 0.489 1.084
19.3 0l.6 78.9
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A INCREASED BORE 1O HEDUCT
COOLING FLOW PRESSURE DROP

v - at 8 REOUCED DIAMETER AMD
L E 1] INCHEASED NUMBER OF TEETH
' ' TO REDUCE LEAKAGE FLOW

C ALL DISKS WITH 125 MINIMUM
BURST SPLED MARGIN

D - ESTIMATED ROOT AVERAGE
CENTRIFUGAL STRESSES

STAGE 1 = 219.3 kPa (31.8 KSI)
STAGE 2 = 319.2 kPa (46.3 KSi)
STAGE 3 = 344.7 kPa (50.0 KSI)

Figure 3-1lo. QCGAT LP ‘l'urbine Rotor Mecnanical Design Features.

‘e tan rotor 1s overnung from its bearings, wialca are sup-
ported 1n a torgeu steel housing. 'Thrust and inertia loads pass
trom tne wvearing support tnrougn the tan strut housing to the
engine main-mount ring. The mount ring acts as a tlow cnannel for
tne ran oypass alr anu supports tne fan-bypass stator, the fan-
inlet nousing, and the accessory arive gearbox.

e outer-tan duct is maue o0f higp-strengtn materials to
accept ctnrust reverser loading and the loaus imposed by the
nacetle, In auultion to 1ncreased strengtn, integral axial
tlanges proviue ftor improved engine serviceability. Fan-support
structure materials are shown in frigure 3-19. besign loads tor
tne tan-support structure are snown in Table 3-7.

T'he LP rotor is supporteu vy a ftorward ball bearing, wnanicn
takes tnrust and inertial loads, anu an att roller bearing that
recacts tu 1nertiad lLloaus. Yine att coiler bearing is supported by
a nousing which consists o1 an inner conical shell, o raaial

34
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ALL FLOWS ARE SHOWN AS A PERCENT OF THE LP TUREINE CORE FLOW.
THE CIRCLED NUMBERS REPRESENT THE PUVPING REQUIREMENT Ik EACH CAVITY.

Figure 3-18. 9cGar Low-Pressure Turbine Cooling and Leakaze Flows.
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/-STRUT (8 PLACES)

/
INTERMEDIATE CASE
MATERIAL = KO1-T7 CAST ALUMINUM
STRUT
S (10 PLACES)
u [ntna———
N
ﬁ
ENGINE SUPPORT HOUSING
:q‘/\;NrEs]:‘l-:ZPLOETw#H CRES MATERIAL = 68 Al-4V TITANIUM

Frgure 3-19. QUUOAT msngline ran support structure.

struts, and an outer cylindrical shell whicn 1s bolted to the
outer case ot tne engine. Yhis Rear Bearing Support Housing pro-
viues the Loau patn trom tne L.P. rctor r-ar bearing to the outer
case ot tne engine. Tne turbine plenum enu cone supports the Rear
pedring support pousing and the L.. turbine stators.

Whe P o rotor 1is overhung ftrom a torward roller ana an att
vall vearing witn tne bearing-support structures attached to the
itntermeulate~-strut nousing. ¢his overhunyg arrangement tcr tae
sinort-coupleu HP spool nas definite advantages. In addition to
tue reuuceu welgnt acnieveu by elimination of a hot sump, o0il
gdellvery 1s simplitied, cokinyg problems are eliminateud, and bearing
lives are 1increascu because oL cooielr Old. ihe HP compressor-
girruser pousing proviades support ftor the combustor transition
liner ana tne yP turbine stator, as wels as being tne pressure
vulknead between tine LP ana HP spools.
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TaBLe 3-7. DESIGN LOADS - EXISTING TFE731 VeRSUS QCGAT.
Radial Loaa Moment Load Fan Thurst Bird Strike
kKN (1b) Nm (in-1b) N (1b) Fm (in-1lb)
TFE731 QCGAT TFe731 QCGAT TFE731 QCGAT TFE731 QCGAT
489 .304* 156.132* 13,789.5 14,679.1
Fan (110,000%) (35,100%) - - (3,100) (3,300) - -
Support -84,516*%* -31,582**
(-19,000%*%*) (~7,100%%)
Inter- 489.304 124.550 68,242.8 34,234.4 13,789.5 14,679.1 39,544.7
mediate (110,000) (28,000) (604,000} (303,0060) (3,100, (3,300) (350,000)
Case
Engine 489.304 124.550 98,296.7 44,967.9 13,789.5 14,679.1 39,544.7
Support (7.10,000) (26,000) (870,000) (398,000} (3,100) (3,3G60) (359,000) -
Housing

*At forward bearing
**At aft bearing

P R e

|
|
|
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several statie structural components on the QUCGAT bkngine are
new or moditied Tri73l components. ‘These items include:

(a) IFan support housing

(b) Intermediate compressor Housing
(c) Fan core stator

(d}) Fan bypass stator

(e) ©n:ine support housing

(t) Fan inlet housing

(g) Outer tan duct

(n) wxhaust nozzle

(1) Interturbine duct

(j) LP turbine stator assembly

witn the exception ot the fan-inlet housing and the outer-fan
duct, the tunction ot these items has not changed., The tan outer
duct has two versions; one incorporates acoustical treatment, the
otner has conventional hardwall construction.

3.4 rest and t'light contigquration

rhere are six basic combinations of acoustically treated or
hardwall engine/nacelle contigurations, The inlet sections for
testing were either a bellmouth tor static operation, a tlight-
simulator lip, or the tlight-nacelle lip. Inlet panels, fan duct
tiners, anu atbt-uwuct inner ana outer panels were installed as
nardwall or acoustically treated so that individual panels could
be evaluateda tor tneir contribution to the overall performance and
noise supression. a calibrated dual exhaust nozzle and a mixer-
compound exhaust nozzle were also used in the test program with
tne tlight contiguration evaluated under ground static conditions.

3.4.1 ‘est Installations

figure 3-20 snhows the various combinations that were tested
during the program. Three inlets, two inlet panels, fan-duct
panel, bypass-duct panel, inner- and outer- att panels and the two
ditfferent exnaust nozzles were tested.

3.0 Mixer-Compound pxhaust System

rhe mixer-compound exhaust system was designed with the dual
objectives tor obtaining an exhaust system to meet the performance
and exhaust jet-noise goals of the QCGAT.
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OCGAT
ENGINE YEST BUILD LIST
PERFORMANCE. NOISE  EMISSIONS

ENGINE  INSTRUMENTATION AND
TEST CELL CAL!BRATIONS

A GREEN FUN

8 PRE-ENDURANCI

ENGINE ENDURANCE CYCLES

A ENDURANCE
8 POST ENDURANCE CALIS

REFERENCE ENGI*© PERFORMANCE
EMISSIONS

A PERFORMANCE CALIBRATION
B PERFOPRMANCE CALIBRATIW
€ PERFORVANCE CALIBRAYION
PERFORMAMCE CALIBRATION
PERFORMANCE CALIBRAYION
PERFCRWANCE CALBRAT'ON
PERFORMANCE CALIBRATION

ENGINE M3SE

NOISE CALIERATION
NOISE CALIBRATION
NOISE CALRRATION
NC'SE CALIBRATION
NGISE CALWRATION
NOISE CALBRATION
NOISE CALIBRATION

Qo me

FINAL PERFORMANCE
AND EM:SSIONS TALIBRATIONS

TASK 8 PRE-DELIVERY CALIBRATION
{FOR INFORMATION ONLY!

A PRE-DELIVERY CALIBRATION 1
B PRE-DELIVERY CALIBRATION 2

23-ART-3A

BALK. WSTALLAT N LONESGUMAT WOy

@ DENOTES MARDWALL
CONF IGURAT IONS
DENGTES ACOUSTICALLY
TREATED CONFIGURATIONS

Figure 3-20. QCGAT Engine Tests and Engine/Nacelle Build Configurations.
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J.v.l Degiyn Proceaure

A preliminary mixer nozzle optimization computer program,
pased ¢ state-ot-tne-art techniques, defined the initial mixer
contiguration geometry. ‘Ihe initial aerodynamic contours ot the
mixer and tan duct were determined with a radial-equilibrium-flow
analysis proyram, The mixer-lobe designs were analyzed with an
advanced 3-v viscous compressible flow program. Several lobe mod-
itications were studled based on tne results of tnhe tlow analysis,
'ne contilygurations were also analyzed in terms ot relative mixing
eLtticiency, using u turbulent mixing-model program. Based on the
tlow analysis, turee mixer-compound contigurations ana a stanuard-
compounu nozzle were selected tor scale-model testing.

Three mixing duct length variations were also selected.
Mouel unardware was tabricated and tested. Performance and
acoustlc aatd trom tne model tests were recorded at the sea-level
static takeott ana cruise aesign point conditions. A final mixer-
exnaust uLystem was selecteu anu the scale-mouel nilxer system was
testeu at selecteu utt-uesign conditions in order to generate per-
rormance maps. 102 perrormance maps were then used in an engine-
cycle-s1z1ny anaLysls to obtain tne optimum areas tor the overall
rlignt rejime,

vllce ail ol tue hlxer-compounda exnaust system uesign infor-
maelon anu tre stativ rig mouel test uata are coverea under the
warly vomestic visseminhation cilause ol tne contract, ali uetails
cL this wesiygn pnase were published sceparately, ‘'ne report 1s
titieu "QUOATY mixer=dumpounu sxhaust System Design and static Rig
rouel Test kReport" anu iueontiried as NASA C~r-139386 (AiResearch
Keport wo. 21-28601), anutnors are W. L. Jdlackmore and C. E.
Tnompson ot tne alnesearacn Manutacturing Company of Arizona.

J.o.¢ rull-ocaie dystem

s rererence nozzle witn known tlow coefticients and thrust
coetricients was used for engine calibrations. Area inspections
anu carcudateu coertricients (baseu on the scale-model tests) were
used to proviuve predictea uata for tne mixer-compound nozzle
systewm., aAgyreement was obtalneu Lor tne preulcteu pertormance with
tne actua:r engine take-oft powei setting at sca-level static con-
aitions,

T'he mixer-compounu exnhaust system ingreased the thrust coef-
ricient tor tne sea-level-static takeoff-power setting by
l.4 points reiative to tne reterence-coannular exhaust system.
'his proviues a 3.l-percent improvement in TSFC and a 10.f K
(19°F) wuecrease in Lg e the test results exceeded the pretest
status mouelr preuictions ot AYSKC by -2.7%, and AT by =-7.2K
(-13°F) . T3
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since engilne sea-level ustatic test results veritieu the
status mouel predictions, the cruise design point predicteu
improvement in tnrust coettiiclent ol <.5 points shoula result 1n a
l.o-percent 1increase 1in cruise net thrust and a J.Z2-percent
improvement i1n cruise WSrc.

J.0o component nardware

J.v.l COntrols anu Accessorles

weoal pertormance (in terms ol tne control parameters) was
generated and compared with the production TFe731-3 control capa-
bility. rhe IFE731 hydromecnanical controir system provides a
back-up moue whicn results in engine thrust less than engine-rated
tnrusc at some operating conuitions and restricts power lever
travel at others, 1'neretore, these limitations of the TFe731
controi system 1n YCGAL englhe operation makes peripneral atten-
tion necessary. ‘fne audition of peripneral electrical equipment
would proviue tor manual bieea valve operation anu an increase in
tne maximum ruel scheuule, under certain cond.tions, when neces-
sary. ‘'rhese tunctions are activated or deactivated depending on
engine operating point,. In addition to the close attention
required, including the peripheral electrical equipment, rapid-
transient operation would be unavailable,

Based on this analysis, the use ot the TFE731-3 control
system without a computer was not considered practical in terms of
operating procedures,

Figure 3-21 is a block diagram ot the system selected for the
QCGAT Engine showing intertacing parameters and the functions
assigned to the computer and hydromechanical control sections.
QCGAT engine characteristics were compared with those of the
"FE731-3 t. determine the moditications necessary for the existing
computer., This comparison showed the basic logic was satisfactory
and the adjustment ranges are adequate. The only modification
necessary would be changing component values, specifically,
resistor changes,

The QCGAT control computer is a solid-~state electronic unit
providing engine-control features as follows:

(a) &ngine condition input signals

(b) Starting control

(c) Power control and adjustments

(d) Transient operation limiting

(e) Control function selection

(£) Power output to fuel control

(g) Surge bleed valve control

(h) Computer monitoring and control mode switch
(i) Speed switch option

(j) Overspeed protection
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Figure 3-21. QCGAT Control System.
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Th~ relationship between these major control teatures is
illustrated in the tunctional diagram of Figure 3-22.

3.0.2 Lubrication system

The diagram in Figure 3-23 snows the major elements associ-
ated with the engine lubricaticon system, including the oil tank
and cooling components., 0Oil is drawn from the tank by the pres-
sure pump and is passed through the filter, and the air-oil
cooler. From this cooler, oil tlow is divided so that a portion is
directed to the engine bearings and accessory gearbox, while the
remainder is delivered to the tan gearbox. The air-oil cooler is
equipped with a thermostatic bypass valve to maintain the oil at
the desired temperature uuring cold-weather operation.

The oil pumps are housed in the accessory gearbox pump pack-
age, which contains four scaveuge pumps and the oil-pressure pump.
These pumps scavenge: (1) the fan gycarbox and forward-engine
bearings, (?) the aft-engine beariang, (4) the transfer gearbox and
the mid-engine bearings, and (4) the accussory gearbox. The dis-
charge side of the scavenge pumps connects toc a common line that
is routed to the o0il tank.

The capacity of the scavenge pumps is greater than that of
the pressure pump, to ensure good scavenge performance. Air is
separated from the oil by the deaerator in the oil tank and is
vented to the accessory gearbox. Suspended oil droplets are
removed centrifugally from the air before the air is vented over-
board through the breather pressurizing valve. This valve main-
tains a minimum pressure in the lubrication-system compartments to
ensure proper oil pump operation at all altitudes within the
engine operating envelope.,

3.6.3 &slectrical sSystem

The engine electrical system includes dual ignition, an
engine-mounted fuel control system, an interturbine-temperature
thermocouple agsembly, two monopole pickups for LP- and HP-spool
operating speed, and a magnetic chip detector. A 24-volt dc
starter-generator is provided for engine starting when supplied
with sufficient electrical energy.

3.6.4 Accessories

The accessory-drive gearbox is located at the lower forward
end of the engine and is driven by the HP rotor through a transfer
gearbox. It provides two drives and mounting pads on the forward
side for a customer-furnished alternator, hydraulic pump, or
similar accessories. The total power available for extraction
from the customer accessory drives varies from 14.9 kW (20 horse-
power) at idle to a maximum of 29.8 kW (40 horsepower) at takeoff.
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T AlRoscarch=-turnished starter=-gencrator 16 also mounted on a
torward-si1de mounting pad,

The tuel pump supplies tuel to the hydromechanical section at
tne required pressure and tlow, 'The pump is mounted on the att end
ol the accessory gearbox and is driven at speeds trom zero to
v28.2 rad/s (6000 rpm}, The two-stage tuel pump provides the
mounting intertace and drive tor the hydromechanical section ot
the tuel control system.

3.7 ngine lnstallation

3.7.1 bkngine Mounting

The basic mounting provisions are shown in Figure 3-24.
3.7.1.1 cCenter of Gravity

The center ot gravity ot the basic engine is also thown in
Figure 3-24., 1t optional accessories are installed on the engine,
the center ol gravity values indicated in Table 3-8 must be used
in calculating the installed center ot gravity. The center ot
gravity location tor a specitic engine contiguration would be
snown on the applicable installation drawing. Aircratt acces-
sories mounted on tne engine should be included tor caiculating
the installed center of gravity.

3.7.1.2 doment ot lLlnertia

1ne calculated mass moment ot inertia about the center ot
gravity tor the basic engine is tabulated as tollows:

Basic kngine

1 = 19.6 Nm-s% (173.5 lb-in.-scc?)
Ly, = 52.0 Nm-52 (460.0 lb~in.-sec?)
1, = 46.5 Nm-s° (411.6 lb-in.-sec?

The polar moment ot inertia and direction ot the major
rotating masses ftor the QCGAYT engine is as follows:

Rotating Group

Hign-pressure rotor 13.06 Nm—s2 (120 cw lb—in.-secz)
Low-pressure rotor 0.47 Nm—s2 (4.18 cw lb-in.—se02
fan rotor L.08 Nm-s2 {(9.00 ccw lb-in.—secz)

—
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TABLE 3-8, ENGINE ACCESSORIES,

— e e e - e - -~

Accessory Center of Gravity Location(§>

—— e o

Maximum

Item Accessory Weight Water Buttock

kg (lbs) Station Line Line

1. Air-oil cooler assembly 17.00 209.1 95.5 103.6
oil-to~fuel cooler, and (37.5)
associated lines and

@
valves,

2. 0il tank (steel) with 5.22 194.4 90.2 112.5
left and right-hand (11.5) (89.2) (114.7
fill ports, dipstick Cb
and associated plumbing\-

NOTES:

®

BRI 2 o

To calculate the center of gravity of the final engine con-
figuration, the incremental differences of the added acces-
sories must be computed and algebraically added to the basic
center of gravity shown in Table B.

If the optional air-oil cooler is not included with the
engine, an appropriate aerodynamic fairing is required.
This fairing is not included with the basic engine.

Note that the oil tank and plumbing weight will vary with
installation variations, such as auxiliary fill tube length
and other accessories that may be included. Refer to the
applicable installation drawing.
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3.7.2 wnglne welght
The engine weilght summary 1s listed in Table 3-9.

3.7.2.1 Engine Dry Weight

The dry welygnt ot the basice QCUGAY engine 1is 380 kg
(837 pounds). This weight includes the 4.67 kg (10.3 pounds) ot
the remotely mounted electronic computer and the weight ot the
standard equipment items listed in Table 3-10.

3J.7.2.2 Standard wquipment

QUGAT engine standard eguipment tor the basic engine includes
the items listed in Table 3-10.

3.7.2.3 Regidual Fluids Weight

The residual tluids that remain in the engine after drainage
will not exceed 1.81 kg (4 pounds) ot oil and 1l.36 kg (3 pounds)
ot tuel., Residual tluids that remain in the accessories, Items !
and 2 ot Table 3-8, atter cngine draining will not exceed 1.81 kg
(4 pounds) tcr oil and 0.41 kg (2 pounds) tor tuel. An installed
engine tilled with tluids and ready for operation will contain an
additional 0.9Y1 kg (2 pounds) ot oil in the lines and sump, and
5.44 kg (12 pounds) of oil in the optional oil tank.

The accessories available ftor this engine, as listed in
Table 3-8, must be included in calculations of the 1installed
engine weight.

.7.3 nNacelie Weignt

3
3.7.3.1 QCGAT Workhorse Nacelle

'he design intent ot the workhorse nacelle was to provide
durable and fatigue-resistant nacelle components. This was accom-
plished through the use ot heavy-gauge sheet, plate, and bar forms
that resulted in economical components. Fabrication techniques
included torming, machining, and riveting. Fusion welding was not
used in order to minimize distortion. The workhorse nacelle com-
ponents incorporate all the aerodynamic, acoustical, and instru-
mentation requirements. The components also provide for easy
access to the engine service areas and interchangeability of
acoustic and hardwall panels with precisicn fits to minimize steps
in the tlow path. All acoustic and hardwall panels are similar in
design. The difference between the hardwall panels and the
acoustic panels 1is the substitution of a hard-face sheet for a
perforated-face sheet.
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TABLE 3-9.

ENGINE WEIGHT SUMMARY.

TFE731-3 Ground Test Engine

QCGAT

QCGAT
Production Flight

Weights Weight Engine Weights
Component kg (lbs) ka (1lbs) kg (lbs)
65.77 72.57 67.81
Fan module (145.0) (160.0) (149.5)
10.88 14.06 13.15
Star gearbox (24.0) (31.0) (29.0)
Main mount and 26.35 31.75 28.12
inter. case (58.1) (70.0) (62.0)
Combustion 21.77 39,83 25.31
system (48.0) (87.8%*) (55.8%)
. 25.49 39.00 39.00
LP turbine (56.2) (86.0) (86.0)
. . 6.94 10.43 10.43
Ring brg housing (53, (23.0) (23.0)
176.58 176.58 176.58
Common parts (389.3) (389.3) (389.3)
Total weight of 333.79 384.23 360.42
power section (735.9) (847.1) (794.6)
Controls and 19.05 19.05 19.05
accessories (42) (42) (42)
. 352.84 403.28 374.47
Engine Total (777.9) (889.1) (836.6)

*Tl Concept 2 System

T S
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TASLE 3 1 OCGAT STANDARD FOUIPMENT

Farl Bysitem

Over speed qovernot

Engine-driven pump (two stage)

Filter

Metering Valve

Shutott valve

Flow divider

Nozzle manitolds

Nozzles

Fuel control and associated
probes including lines

Remotely mounted electronic tuel-

control computer (excluding
wiring and pressure-sense line)

Lubrication System
Proegsure pump
Scavenqge pumps
Filter
Pressure regulator

Magnetic chip detector

Uil breather pressurizing valve and vent

Ignition System, Excluding Power Source

Dual capacitor discharge ignition
unit capable of continuous duty

Two ignitor plugs and shielded high-
tension leads

Turbine Gas Temperature Sensor

Thermocouples and an ITT (’I“_4 3)
sensor harness as e
shewn on the Installation
Drawing

*Although not required for engine operation, provision for inatallation of fan gearbox oil-out

temperature sensing is furnished,

Instrument at1on Bosoes
011 pressure, orl temperatare*, fuael

tlowmeter provisions, and fuel pamp
interstage presdgre or temperature

Miscellancous
spinner
Mounting and handling provisions
Engine inlet flane, fan duct inner
and outer flange, and turbhine

exhanst tlange connection
points

One high-pressure and two low-pressure

bleed-air ports

Nl low-pressure rotor and N,y high-

pressure rotor monopole speed
SONBOI 4

Rotor blade containment
Fan-tip noise attenuation
Surge-controller system

Gearbox and drive pads for airframe
accessories
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tigure 3-29% (brawiny 35,51810) is the assembly drawing of the
VCGAT enyine and the Workhorse Nacelle,

J.7.3.2 PFlight nNucelle

The QCGAT program required tabrication ot only the worknorse
nacelle. Since this assembly was ftor ground use, with all tlight
dimensions, the ltabrication technigues were governed by economy
rather tnan weigynt, The tlight nacelle was designed in "layout"
or "preliminary" torm, istimated weights of the ftlight nacelle
and major components are listed in 'Table 3-1l.

3.7.3.3 wotal mngine/Nacelle Weight

The QCGAT Production Flight Engine and Nacelle is estimated
to nave a total weignt ot 513.27 kg (1,131.6 pounds).
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“ABLL 3-11. COGAT PRELIMINARY FLIGHT NACELLE WEIGHT
BREAKDOWN,

Nacclle Components kg (1lbs) ;
Nose cowl asscmbly 23.1
(51)
Door assembly fan cowl igéi |
59.4
Aft fan duct (131)
Quter barrel
Inner
Engine service and fount fairing
. 15.4
Fan nozzle (34)
-7 N : ]9-5
Core mixer nozzle (43
133.8
Tctal (295)
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SECTION IV
AIRPLANE DEFINITION AND CHARACTERISTICS

4.0 AIRPLANE DEFINITION AND CHARACTERISTICS
4.1 General

The originally proposed airplane definition was based on two
primary objectives: (1) Provide for an airplane that would
utilize the installed thrust ot the QCGAT engine and produce a
takeoft flight path that would meet the noise goals of this pro-
gram; (2) Represent a viable airplane with respect to its ability
to transport passengers and cargo with a fuel efficiency that
would compare favorably to current business jet airplanes,

The increased thrust of the QCGAT engine, as compared with
the TFE731-2 engine, was utilized to provide an airplane of the
Learjet 35/36 and Falcon 10 class, and include a higher seating
capacity. ‘The airplane definition and performance uses the QCGAT
engine as described in this document,

4,2 Aircratt Performance

'he airplane takeott-gross weight and wing area have been
scaled to match engine thrust changes, Airplane parameters are
shown 1n Table 4~-1 with the engine installation losses given in
Table 4-2. The originally proposed airplane specified a total
sea-level static thrust to takeoft gross weight ratio of 0,410
combined with a takeotff-gross weight to wing area ratio of 72.55.
These parameters produced an acceptable acoustic takeofft flight
path and good specific range cruise performance. These ratios
were retained tor the March 1977 redesign., The reduced installed-
takeoff thrust of the QCGAT engine produced a reduced takeoff-
gross weignht as well as a smaller wing for the same takeoff flight
path.

A turther reduction in installed sea-level-static thrust to
16,845 N (3787 pounds) per engine (ISA 10°C), shown in Table 4-1,
would necessitate a further payload reduction of 294 kg
(649 pounds) in order to meet the earlier takeoff flight path.
Another solution is to retain the takeoff-gross weight of 8674 kg
(19,122 pounds) and reduce the takeoff thrust to weight ratio to
0.3906. This would require acceptance of reduced takeoff perform-
ance. Table 4-3 contains the pertinent takeoff summary data.
Plots of takeoff-flight paths with and without thrust cutback are
given in Figure 4-1.
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TABLE 4-1.

Fatameter

Wing area n’ (!t’)

SLS thrust N (1b)
(installed - IBA +10°C)

Flaps

Flap span/wing span

SLS thrust/TOGW (ISA + 10°C)
TOGW ‘wing area ky n? (b ttg)
Capacity (crew + passengers)
OWE kg (1b)

TOGW kg (1b)

Max ramp wt kg (lb)

Max fuel wt kg (1b)

Max usable fuel kg (1lb)
Max payload kg (lb)

Max landing wt kg (1lb)
2FW W/max payload kg (lb)
Fuel W/max payload kg (1b)

Payload w/max fuel kg (1b)

USRS

Scaled
Afrcraft /QCGAT
Phase 11
(Preposal
Atrplane)

25.8) (278.0)

18,393 1{4,135)
bDouble~-slotted
0.700
0.410
344.2 (72.55)

2 + 14
(10,957)
(20,170)
(20,420)
(7,335)

4,970
9,149
9,262
3,327
3,315
1,413
6,856
6,363
2,880
965 (2,128)

(7,309}
(3,114)
(15,115)
(14,071)
(6,349)

ey o o

QCGAT
Mar 77

2449 (261.6)
(3,920)
Double-slotted
0,700
0.410
354.2 (72.5%)
2+ 12

17,437

4,7%0
8,674

(10,5%)
(19,122)
119,372)
(6,948)

(6,922)

(2,714)

114,936)
6,021 (13,273)
2,767 (6,099)

846 (1,865)

8,747
3,152
3,140
1,231
6,775

COMPARISON OF PRESENT AIRPLANE TO PROPUSAL AIRPLANE,

Final
QCGAT

24,49 (261,6)

16,845%(3,787)
Double-glotted
0.700
0,396
354.2 (72.5%)
4+ 12
4,807(10,599)
8,874019,122)
8,767(19,372)
3,152 (6,948)
3,140
1,231 (2,714)
6,775(14,9136)

(6,922)

6,021(13,273)
2,767 (6,099)
846 (1,865)
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TABLE 4-2, QCGAT AIRPLANE INSTALLATION LOSSES
USED FOR TAKEOFF SEGMENT.

Parameter Value
Inlet Ram-Pressure Recovery 0.995
8.948 kW
High-Pressure Rotor Power Extraction (12 HP)
0.0756 kg/s
Low~-Pressure Compressor Discharge Bleed (10 1b/min)

TABLE 4-3. TAKEOFF PERFORMANCE OF CURRENT AIRPLANE
DEFINITION WITH MAY 1977 QCGAT ENGINE,

(SEA LEVEL RUNWAY - ISA +10°C)

Parameter Value
Takeoff gross weight - kg (lb) 8674 (19,122)
Wing area - m? (£t?) 24.49 (263.6)
} Engine SLS thrust - N(lbs) 16,845 (3787)
] Distance from brake release
to (35 feet) in altitude km(ft) 1158 (3798)
Altitude m(ft) at a distance of
6.5km (3.5nm) from brake release 1151 (3376)
) V Stall takeoff config km/hr (KIAS) 206.1 (111.3)
A
; CLV2 1.199
; CLMAX 1.73
v, + 10 KTAS km/hr (KIAS) 265.8 (143.5)
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The approach tlight path was recalculated for a weight o§
6777 kg £l4,940 pounds) and the new wing area of 24.49 m
(203.0 tt“). 'The pertinent data is given in Table 4-4.

specitic range versus Mach number plots for several altitudes
are given 1in Figures 4-2 through 4-9 and reflect the cruise per-
tormancg ot the ngine with the airplane having a wing area of
24.49 m® (263.6 tt%).

The payload versus range performance of the airplane was com-
puted and is compared with the corresponding performance of
ailrplane/engine as given in the proposal document. This data is
given in Figure 4-10 with the weight schedules given for the break
points in lable 4-5.

Figure 4-11 provides a "first pass" three-view drawing of the
QCGAT airplane. Further extensive improvements can also be made
by increasing the wing aspect ratio and reducing the fuselage
length by lowering the wing mounting relative to the fuselage so
that passengers can be carried directly over the wing.

TABLE 4-4. APPROACH FLIGHT (ISA +10°C)

Parameter Value
Approach Flight Path rad (degrees) -0.0524 rad (-3°)
Approach Mach Number 0.204
Approach Altitude m(ft) 112 (370)
Approach Flap setting rad (degrees) 0.6632 rad (38°)
Approach Weight m(lb) 6777 (14,940)
Approach Thrust per Engine N(1lb) 3741 (841)
Ang'e ot Attach rad (degrees) 0.0227 rad (1.3)
aFRL* 0

T T TR T

*Angle of Attack of Fuselage Reference Line
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Figure 4-4.
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TABLE 4-5,

Parareter

QCGAT PAYLOAD/ RANGD.,

. — PP

tero
Payload

. R e RNt e e AN e PRSI,

Payload kg (lb,
OWE kg (1b)

IrW kg (lb)

Max fuel kg (1b)
Ramp weight kg (1lb)
Taxi fuel kg (1t}
TOMW kg (1b)

Range km (NM)
30 min resorve @ 1524 m (5000 ft)

Range km (NM)
45 min reserve ¢ end of cruise

Cruise altitudes m (ft)

Cruise MACH Numbers
Beginning cruise, L/D
End cruise, L/D

Beginning of crutise, T8FC
kg/Neh (1lb/hr/1b)

End of cruise, TSFC
kg/N+k (lb/hr/1b)

- o

u(" s Py

4789 (10,5%9;
4789 (10,3%%9)
3142 (6948)
7941 (17,507)
113 (250)
7828 (17,257)

4552 (2458)

4463 (2410)

12,4%6/13,716
(41,000,45,000!

0,70/0.70
10.8/10.8
10.8/10.6

0.073,/0,075
T2 18 )

0.073/0.07%
(90,7207, 1%)

Max Fuel
teduced
Payload

850 (186%)

4789 (10,%%9)

%634 (12,424)

1152 (6944

8787 (19,372)

113 (250)

8674 (19,122)

4136 (2233)

1993 (21%6)

11,887/13,106
(39,000,43,000)

€.70/0.70
10.68,10.8
10.7/19.7

0.072/0,074
(012705, 782)

0.073/0.075
(0.71774,749)

Max P/L
Reduced
Fuel

5 e e s g o A W ek \ ot

2714 (1231)
4709110,5%9)
6021 (13,273)
2755 (6099)
8787(19,372)
113 (250)
8674 (19,122)

3456 (l666)

329% (1779)

11,887/13,106
(39,000-43,000)

0,70,n.70
10.8/10.8
10,7710.7

0.072,0.074
(0. 71e 7, 733)

0.073/0.075
(G, 710 0.144)
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SPECIFICATIONS:

LENGTH 176 m (57.75 FT)

WING AREA 24.49 m? (2636 FT2)

T

|50 20 SR 20 S00in S 4 &

S e W WV W

WING SPAN 129 m (425 FT) QCcgoogoo [
HEIGKT 411 m_(13.5 FT)

MAX T.O.GW. 8674 kg (19,122 LB)
MAX PAYLOAD 1231 kg (2714 LB;j

Figure

1-11.

QCGAT Airplane.
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SECTIUON V
COMPONENT TESTS AND RESULTS
5.0 COMPONENT TESTS AND RESULTS
Components of the QCGAT Engine that were tested as components
included the fan blades, low-pressure turbine blac+ . fan gearbox

and the mixer-compound exha. st nozzle,

5.1 QCGAT Fan Blades

The QCGAT fan blades are mirror images of the AiResearch
Model ATKF3 turbofan engine blades. Vibration frequencies and mode
shapes were measured and the frequencies for the first six QCGAT-
blade modes agreed with those of the ATF3 blades within three
percent. Whirlpit tests and strain-gaged engine tests on the ATF3
for FAA certification have been able to verify by similarities that
the QCGAT fan blades are free from harmful vibrations in the
engine operating range.

5.1.1 ran Blade Test setup and Procedure.

Vibration tests of the QCGAT fan blades included measuring
vibration frequencies and mode shapes using holographic tech-
niques. Piezoelectric pickups were mounted on the blade at the
leading-edge tip, root, and midspan. The driver was mounted at
the base of the blade. The blades were maintained at room temper-
ature for all tests.

5.1.2 Fan Blade Test Results

A summary of the results and the comparisons to the
Model ATF3 blade is yiven in Table 5-1. A typical blade response
is shown in Figure 5-1.

5.1.3 Fan Blade Test Conclusions

The frequencies for the first six QCGAT vibration modes agree
with those for the Model ATF3 blades within three percent (see
Table 5-1). There is also good agreement in mode shapes as shown
in Figure 5-1. These results verify that the QCGAT fan blade has
nearly identical vibrational characteristics to those of the
Model ATF3 fan blade.

Based on the strain levels observed during the preliminary
tests on the Model ATF3 fan blades and the &s¢cumulated Model ATF3
engine run time of over 1000 hours (including manned aircraft test
flight hours), all evidence indicates that the blade stress levels
are satisfactorily low throughout the engine operating range. The
engine run time has included operation at altitude, with distorted
inlet conditions, actual flight time and routine endurance running
to a simulated business-jet mission profile.
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TABLL -1, CCOMPARISON OF QCGAT AND MODLI, A'TH3
FAN BLADE VIBRATION RESULTS.

I'requency (Hz) Pcrcentage

Mode OCGAT 7 T ATF3 Dificrence
1 124 120 +3.0
2 446 437 +2.0
3 760 762 +2.0
4 672 996 -2.0
5 17¢0 1794 -0.2
6 2102 2188 -1.0

since the QCGAT ftan blades have practically the identical
vibrational characteristics when compared to the Model AT3 fan
blades, there is a very high confidence level that the QCGAT tan
blades are also free of any harmful vibrations in the engine
operating range. Based on this information, the fan blades are
adequate for the QCGAT engine applications.

5.2 LP Turbine Blades

The QCGAT low-pressure turbine blades (LPT blades) were
designed specifically for the QCGAT application). Natural fre-
quencies and mode shapes for the three stages were evaluated for
both restrained and non-restrained tip-shroud boundary con-
ditions. Natural frequencies were determined by electronic com-
parison of blade displacement response and input drive. Measured
frequencies were verified by time-average holographic techniques
in which mode shapes were photogtrsphically recorded for comparison
with those predicted by the design analysis. Estimates of blade
frequencies at engine operating conditions were made based on the
frequencies rneasured and analytical corrections for temperature
and rotational speed.
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The result:s ot the restiained tip-shroud measurcments are
repreasentative of  the blades during engine operation, Contact
with adjacent blades will occur at low speed even with adverse
blue-print tolerance conditions, Estimated trequencies based on
these measurement. indicate the possibility of interference ot the
lower modes of the second and third stages with low-integral order
excitations.

5.2.1 LPT Blade Test Setup and Procedure

The fixturing used in the testing provided restraint to the
blade attachment and permitted restraint of the blade at the tip-
shroud contact surfaces. The pretwist of the blade, resulting
from the shroud restraint, was measured by a dial indicator at the
pressure~-side trailing-cdyge corner of the shroud. A holographic
setup was used to assess mode shapes.

Drive was supplied to the blade by a crystal gauge loated on
the suction side of the blade at approximately two-thirds span.
Response of the blade was measured by an inductance (Bentley)
probe. The probe was positioned on the suction side, trailing
edge near mid span of the blade. A photograph of the typical
restrained and non-restrained set-up for the blades is shown in
Figure 5-2.

The blade to be tested was installed in the test fixture with
only the attachment restrained. The crystal gauge was then ener-
gized and a scar of blade-displacement response from 100 to
20,000 Hz made. The input voltage to the driver and the displace-
ment response, as measured by the Bently probe output voltage,
were displayed on a dual-beam oscilloscope. Frequencies at which
blade response peaked were noted. The response frequency was com-
pared to the input frequency to assure that the response was not a
harmonic of the input. Holograms were then taken at the peak
response frequencies.

Restraint at the blade tip was then added by applying a pre-
twist type load to the tip shroud. The frequency span and holo-
gram photography were then repeated. This procedure was employed
for cach of the three stages.

5.2.2 LPT Blade Test Results

Two types of data were taken during the testing; the response
frequency as indicated by blade-displacement response, and photo-
graphs of the holograms taken at those frequencies.

The frequencies measured during the testing were utilized
with the analytic predictions to provide an improved assessment of
the vibratory characteristic of these blades under engine
operating conditions. The measured mode shape, hologram, and the
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FIXTURING WITHOUT SHROUD RESTRAINT CRYSTAL DRIVER PLACEMENT

FIXTURING WITH SHROUD RESTRAINT

Figure 5-2. QCGAT Blade Fixturing for Frequency Testing
(Second Stage LPT Blades).
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analytic mode shape were compared to assess correlation. Wwhen a
match on mode shape was obtained, the calculated centrifugal stif-
fening was used together with the measured frequency, adjusted for
temperature, to predict the operational frequency of the Llade for
that mode. For measured frequencies higher than those predicted,
the centrifugal stiffening was estimated from the mocde shape. A
typical predicted plot ard photograph of actual mode conditions
are shown in Figure 5-3.

The interference diagrams generated indicate possible inter-
ferences of the predicted frequencies with possible excitation
sources within the operatina range of the engine. Of these
possible interferences, the most likely to result in problems are
the lower two modes of t.he second and third stages with low inte=-
gral order excitations.

5.2.3 LPT Blade Test

The results of these tests indicate the possibility of inter-
ference of the lower modes of the second- and third-stage LPT
blades with low-integral order excl!tations. The engine has
accumulated over 77 hours of operation at various rotor speeds
including maximum power. An FOD inspection was conducted after
69 hours of operation. This inspection indicated no potential
blade vibration problems. In the absence of any strain-gauge
testing, careful inspection of the rotor blade should be conducted
at each major engine disassembly.

5.3 Fan Gearbox

The fan gearbox tests were conducted to determine the magni-
tude of the heat <eneration and the effects that various oil flow
rates, oil inlet temperatures, and gearbox speeds have on heat
generation.

5.3.1 Fan Gearbox Test Setup and Procedure

The QCGAT fan gearbox and test fixture are shown schema-
tically in Figure 5-4. The heat generation of the unloaded gear-
box was measured by establishing a constant oil-flow rate through
the gearbox and then increasing the speed from 0 to 20,700 rpm at
given intervals. Data was taken at 0, 5,000, 10,000, 15,000, and
20,700 rpm and then repeated at the same intervals while
decreasing to 0 rpm. Two oil flow ranges (3 and 5 gpm) were run at
all speeds, and three oil inlet temperatures (175, 225, and 260°F)
were run at the 5 gpm flow rate. A 25 horsepower U.S. varidrive
system was used for the drive power.

Heat generation of the fan gearbox was calculated by two
methods:
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Figure 5-4., Test Rig and Gearbox Setup.

The first method used the drive torque and shaft speed to
calculate the gearbox input horsepower. This value was assumed
equal to the losses of the gearbox bearings, seals, and gears.

The second method used the temperature rise in the oil,
supplied to the gearbox, and oil-flow rate to calculate the power
loss. The gearbox was insulated to minimize the effects of heat
loss from the oil system to the surrounding atmosphere. During
the rig testina of the TFE731 gearbox in 1971, only this method
was used because of torque meter instrumentation problems which
have since been resolved. In the QCGAT test, the o0il AT method
gave lower heat generation values than the drive-torque method and
was not as repeatable. Therefore, the higher and more consistent
values of the drive torque and speed method were used for the
QCGAT fan gearbox evaluations.

5.3.2 Fan Gearbox Test Results

Some heat generation values are shown in Figure 5-5 as a
function of rig speed. Comparable values of the TFE731 fan gear-
box are shown where applicable.
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78




Comparison with the TFE731 fan gearbox was based on both
engine data and rig data.

5.3.3 Fan Gearbox Test Conclusions

The heat generation values of the QCGAT fan gearbox assembly
were lower than that of the TFE731. Variations of the heat gener~-
ation with oil flow and oil temperature were as expected, and
agreed with current analytical procedures and available comparable
test data. These results verify that the QCCAT fan gearbox will
have less heat generation than that of the TFE731 fan gearbox.

5.4 Mixer-Compound Exhaust Nozzle

The mixer-compound exhaust nozzle was tested as a 0.35 scale
model. As previously mentioned, static-rig-model test data are
covered under the Early Domestic Dissemination clause of the con-
tract, all details of this test were published separately. The
report is titled "QCGAT Mixer-Compound Exhaust System Design and
Static Rig Model Test Report" and identified as NASA CR-135386
(AiResearch Report No. 21-2861). Authors are W, L, Blackmore and
C. E. Thompson of the AiResearch Manufacturing Company of Arizona.
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SeCTION VI

SUBSYSTEM TESTS AND RESULTS

6.0 SUBSYSTEM TesSTs

No subsystem tests a8 such were conducted for the QCGAT
engine., It was originally planned to bench check only the con-
trols and accessories as subsystems prior to installation on the
engine, However, it was subsequently decided to perform those
tests as a part of the initial engine checkout, This decision was
made because the controls and accessories were identical with
TFE731-3 equipment and that is accepted Procedure for the TFE731
production engines, Therefore, the control functions were checked
45 a part of the engine “green run" that is covered in Section 7.0
of this report, Since the only QCGAT accessory is the gtarter-
generator, its operation was checked during later engine testing,
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SECTION VI11I

ENGINE/NACELLE SYSTEM TESTS

7.0 ENGINE/NACELLE SYSTEM TESTS

7.1 Engine Tests

The basic engine configuration, without acoustical treatment
and without nacelle hardware, was tested to obtain a base-line
performance rating. An overall schedule of the various tests per~-
formed, and a schematic drawing of the engine and system config-
uration used for each test was previously shown in Figure 3-20.

Builds 1 and 2 were tested as basic installation configur~-
ation I for the Green Run/Pre-endurance tests and for the endur-
ance cycles, Performance Calibration 1 was also run with the same
installation configuration,

7.1.1 Green Run

The "Green Run" and pre-endurance test was a run-in and
checkout of the initial engine build. All engine instrumentation
was checked out for proper operation. All engine control func=-
tions were checked.

Engine vibration signatures were well within normal operating
conditions and all safety devices operated satisfactorily, After
the green run, the engine was disassembled and inspected as
required to investigate for any deficiencies. No ergine ¢ 's~
crepancies were found as a result of the green run.

7.1.2 Engine Endurance Cycles

The QCGAT engine was installed in the Phoenix Laboratory test
cell for the endurance test. The engine was operated for 23
endurance cycles based on the duty cycle defined in Table 7-1.

7.1.3 Performance Calibration No, 1

The engine was installed with a calibrated bellmouth on the
inlet. A hardwall-engine-fan duct, aft-workhorse nacelle with
hardwall panels (except for the aft-barrel panel), and the coannu-
lar exhaust nozzle (Configuration I, Figure 3-20) were also
installed.

The EPA LTO-Cycle (gaseous) Emissions measurements were
recorded. The engine, with the fuel-flow divider connected, was
accelerated to takeoff power after a brief warmup period at idle.
Gaseous emission data were taken at 100-percent rated power,
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TABLE 7-1. QCGAT ENDURANCE TeST CYCLE.

Condaition Cycle Time, (Min)
Start --
Idle 5
Takeoff 5
Max. continuous 10
Max. cruise 45
Idle 5
75% max. crui e 5
Idle 5
Approach 5
Idle 5
Shutdown 15

75-percent, 50-percent, 30-percent, 25-percent, and taxi idle.
The engine was then shutdown and the air-assist hardware
installed. 7The engine was restarted and accelerated to the 1112 N
(250=-pounds) thrust taxi-idle point. The assist-airflow rate was
adjusted to produce the desired HC and CO results, These data are
recorded in Figures 7-1 and 7-2.

An engine tear-down inspection was not accomplished at the
completion of the post-endurance calibration test, Turbine stages
were inspected by boroscope equipment and the condition was judged
to be excellent and not requiring disassembly for inspection, The
post-endurance calibration test, therefoure, was considered to be
Performance Calibration 1 for the test program. Performance data
was recorded and the thrust versus specific fuel consumption is
plotted and shown in Figure 7-3.

7.1.4 engine Performance

1'he QCGAT engine performance testing consisted of seven dif-
ferent combinations of inlet and exhaust nozzle configurations,
These various <configurations were previously defined in
Figure 3-20 and are listed in Table 7-2.

7.1.5 rngane Configuration Performance Comparisons

A compariscn of performance for the above listed configura-
tions for certain parameters at a low-pressure rotor speed of 1938
rad/s (18,510 rpm) is presented in Table 7-3. This speed was
selected since it is the highest speed common to all the tested
configurations,
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TABLE 7-2. PERFORMANCE CALIBRATIONS AND BNGINE CONFIGURATIONS,

Calibration cOnxiquration

No. No.* Description

1l I Bellmouth and Coannular Nozzle

2 VI Bellmouth and Mixer-Compound Nozzle

3 11 Flight-8imulator Lip and Coannular
Nozzle

4 III Nacelle Lip and Coannular Nozszle

5 v Nacelle Lip and Mixer-Compound
Nozzle

6 v Flight-Simulator Lip and Mixer-
Compou..d Nozzxle

7 A Flight-8imulator Lip, Mixer-

Compound Nozzle and Acoustically
Treated Ducis

*See Figure 3-20.

Performance calibration 2, using the mixer~-compound nozzle,
resulted in a significant increase in airflow and thrust at a con-
stant N The mixer~-compound nozzle has a bypass stream area that
is eff Ltivoly much larger than the coannular nozzle. This pro-
vides a rematch of the fan to a higher efficiency and flow. The
core stream area is effectively smaller than the coannular nozzle
and causes a higher LP turbine discharge pressure. The engine has
a higher HP turbine discharge temperature because of the increased
total airflow requiring more power from the LP turb.ne. The
increased power was supplied by increasing the turbine-inlet tem-
perature which results in a higher N, and P The increased
thrust resulted principally from the ncreased airflow. with the
increased core stream temperature and nozzle thrust efficiency
accounting for the remainder. The improved performance achieved
with the mixer-compound nozzle is shown on the comparison of cali-
brations 1 and 2 in Pigure 7-4,

Per formance calibration 3 utilized the flight simulator lip
with the coannular nozzle. The internal engine parameters
remained virtually unchanged from performance calibration 1, with
the exception of fuel flow and HP turbine discharge temperature.
Both the fuel flow and HP turbine discharge temperature were up
slightly but the LP turbine discharge temperature remained
unchanged indicating a slight increase in LP turbine work output.
The increased LP turbine work was necessary because of an apparent
small increase in total flow as evidenced by the increase in
engine thrust.
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TABLE 7-3. QOCGAT ENGINE PERFORNANCE CONPARISON AT LOW-PRESSURE ROTOR SPRED OF 1938 MADYS (18,510 BW).
v 44
Configuration 1 94 111 v Berdwall Agoustic
Perf Perf Pect Pazf Pecf Pect Port
Call Cal 2 Ccal 3 Cal 4 Cal 5 Cal & Cal 7
Parameter a3 as A% M M M
Thrust
15,413 16,225 +7.2 15,569 +1.08 15,560 +1.2 16,993 9.7 16,77 +3.8 15,792 8.9
{1bs) {3465) {3715) (3500) (3507) (3800) (3778} 3773)
Poel Flow
kg/h 704 732 +31.9 705 +0.1 70 +H.6 739 +5.9 738 +4.8 k21 +4.6
{1bs/hr) {1553) {1613) (1555) (1562) {1630) (1628) (1625)
|
1
rad/s 1938 1938 L 1938 ] 1938 | 1938 1938 [ ] 1938 )
(zpm) (18,510) (is,510) (18,510) (18,510) (18,518} {18,518) {18,318)
»
2
rad/s 3011 3024 +8.4 3914 +08.1 o1l ] 3033 +8.7 k] +#.6 333 +$.8
(zpm) (28,760) (28,380) (28,790) (28,760) {28,970) (28,948) (28,999)
T
t4.2
K 1165 1119 +1.6 1112 +0.8 1121 +1.8 1125 +2.3 1126 +2.4 1119 +1.6
(°r) {1530) {1555) (1543) (1558) {1566) {1567) {1534)
Te1.0
K 794 806 +2.3 94 ] b ] 87 +2.6 | -3 +2.9 209 +*2.7
n {969) {(991) (969) (969) 9%4) (999) (996)
Te11.0
| 4 326 324 ~3.0 326 -8.5 326 -2.5 325 -2.8 328 -2.5 3% 9
(°r) (128.1) (124.2) {127.5) {127.5) {125.5) {124.8) {138.1)
Pe30
kPa 1215 1234 +1.6 1215 ® 121% 9 1234 +1.6 1227 +1.9 1233 +1.%
(psig) (176.2) (179%.0) (176.2) (176.2) {179.0) {1771.9) 178.8)
Per.0
kPa 1340 1376 +2.7 1340 L 1339 -8.1 1379 +2.9 1373 +2.9% 13 +2.6
{psig) (19.43) {19.96) 1.3.43) {19.42) {20.08) (19.92) {19.93)
ST
kPa 1454 1410 +0.4 1400 -$.2 1404 [ ] 1413 +0.5 1409 +#.3 1482 -8.1
(psig) {20.36) {20.45) {20.31) {20.36) (20.48) (29.43) {20.33)
TOTAL
AIRFLOW
kg/s 60.87 €3.55% +4.4
{1bs/sec) (134.2) {140.1)
: nOTE:

A‘.Mt ';mt X 100

AR A, ol Rl 35 1 e o o




i LA TS ST R T T T e R e

i
w _
*guor3lveinbijuod
punoduo)-~-I9XIN DU¥ IRTDUURCD 303 J4SL JO uosTiwedwod *y-L 2InbIJ .
i
! E ‘00 I3 GEIOSEE00
. -luu i !Ja ey 000¥ 0
; i 7 ‘I80WEL IEN GRIOEWS0D
| L (L ez s001 ()
, : ; ye Y070

[
]
©

1/4H/87 ‘Da8L QRLOENNOD

~$0°0

YeM/63 ‘OA8T QAIOTUNWOD

N

1 ] | A i 99 900
3

R TR

B T T o L
C o b e g B L SRR e e x i



%
1

2

s

TR e R

Performance calibration 4 used the nacelle~lip inlet with the
coannular noszles. The engine parameters behaved in a manner
similar to calibration 3 aithough the magnitudes were slightly
larger. ain, fuel flow and NP turbine discharge t rature
were up while LP turbine discharge temperature remained the same.
Thrust was increased, indicating an increase in total flow. This
would account for the increased LP turbine work.

Performance calibration 5 used the nacelle-lip inlet with the
mixer-compound nozzle. The engine performance was similar to per~
formance calibration 2, which also had the mixer—~compound nozsle.
The nacelle lip had the same effect with mixer-compound nozszle as
it had with the coannular nozszles,

Performance calibration € used the flight-simulator inlet
with the mixer-compound nossle. The engine behavior was similiar
to performance calibration 2 and the flight-simulator lip had the
same effect with the mixer-compound nossle as it had with the
coannular noszsles,

Performance calibration 7 was run using the flight simulator
lip inlet, the mixer-compound nozzle, and full acoustic treatment
in the bypass duct. The acoustic treatment had little effect on
the performance of the engine relative to performance cali-
bration 6. Calibration 6 had an identical configuration without
acoustic treatment. Thrust, fuel flow, HP turbine discharge tem-
perature and bypass-stream nozzle inlet pressure were all reduced
slightly while bypass stream temperature was increased relative to
calibration 6. The reduced bypass stream pressure indicates that
the bypass airflow has been reduced slightly and this is supported
by the reduced thrust and fuel flow, The reduced airflow is
apparently attributable to an increased pressure drop in the
bypass stream,

7.1.6 Performance Comparisons to the Pretest Model

A comparison of the QCGAT engine pre-endurance calibration
with the pretest model, including coannular nozzles, is shown in
Table 7~4, Table 7-4 shows that thrust, airflow, P 7 Pi.y7, and
lgiqh-rc;‘toz speed a? in reu%nablc aguamn: with th:' mgfﬁl. Fuel

low, however, and T ’ ¢t Ty, and P are screpant.,
Analysis of the data thdvs tHat tﬁp fan is lower in efficiency
than was predicted by the pretest analytical model and lower than
predicted in airflow at maximum power. ‘the discrepancy in airflow
is about 0.5 percent low at maximum power and changes to a higher
value of 3.9 percent as speed is decreased to 17,000 rpm.

The airflow versus speed discrepancy of the fan in the model
is the primary reason for the increasing differences between the
tested data and the analytical .odel.
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TABLE 7-4. QCGAT TEST TO PRETEST MODEL COMPARISON. ; !

IS T NeRs. W

. = 19,500 N = 18,500
Coannular Mozzles Nizer Noszzle
Parameter Nodel Test ry Nodel Toat A i
Thrust F, - M 18,055 18,038 -0.1% 15,813 16,503 +4.0
- (1bs) (4059) (4055) {3555) {3718) i
Foel Flow W - kg/h 800.7 823.9 +2.9% 684.1 730.8 +46.0% %
- {1bs/hr) {1764) (1815) {1507) {1519) ;
High-Rotor Speed N, - rad/s 3025 3061 +1.2% ) 3024 .08 ! |
2 - (zpm) (28,887)  (29,240) (28.530)  (28,800) ! !
HP Turbine Discharge Temperature, !
Tea.2 = X 1123.0 1140.3 +2.0% 1¢43.0 1118.6 .18
- (n (1562) (15%4) 13198) {1%54)
LP Turbine Discharge Temperature,
Ty - K 791.9 206.3 +2.7% 7i8.0 5.2 +5.18
- (°F) (966) (9%2) (941) (999)
Pan Nozzle Inlet Temperature,
- {*F) (129.6) (135.9) (119.§) (124.9)
HP Compressor Discharge Pressaure,
Py - kPa 1357 1389 +2.4% 1188 1231 .0
- (psig) (196.8) (201.5) {171.7) {178.5)
Core Mozzle Total Pressure, rt., - kPa 141.5 142.3 +0.63% 134.5 137.4 +2.2%
- {pwig) (20.52) (20.64) (19.51) (19.93)
Fan Mozzle Total Pressure, ’tl‘l - kPa 145.8 146.9 +9.1% 143.8 140.8 -2.18
~ (psig) {21.15) (21.18) {29.83) {20.42)
Engine Inlet Total Airflow, Wy - kg/s $6.6 65.3 -9.5¢ 62.3 63.6 +2.08
: - {lb/sec) (144.6) (1431.9) {137.4) {148.1)

NOTES: (1) Coannular Nozzles - Pre-eaduramce Calibratiom
(2) Mixer NWozzles - Performance Calibratiom Wo. 2
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Table 7~4 also provides a comparison of the pretest QCGAT
engine with the mixer-compound noszle. This comparison shows that
the model does not compare with the mixer-compound noszle as
favorably as it did with the coannular noszles. The disagreement
between the model and the engine is the difference in the pre~-
dicted fan performance versus actual fan performance. The pre-
dicted fan map, in addition to having higher efficiencies, is also
in error in the shape and spacing of the speed lines. The incor-
rect shapes of the speed lines prevent the model from predicting
the faﬂfﬁﬁﬁ";.'.tch that occurs when the mixer-compound noszsles
are insta .

Analysis of internal engine instrumentation indicates that
the levels of efficiency of the LP compressor and LP turbine {n
the model are only slightly in error. The shape . are correct and
the efficiency errors offset each other, but tie model LP com-
preasor efficiency is low and the model LP turbine is slightly
high. The HP compressor and the HP turbine in the model are cor-
rect. The principle factor in the comparison of the model to test
data is the incorrectly estimated fan map. This map was prepared
from early ATF3 fan-component data. The map was subsequently cor=-
rocg:d based on more recent rig tests for the ATF3 fan config-
urations. A

7.1.7 Performance Comparisons to Contract Goals

Presented in Table 7-5 is a comparison of the engine with the
contract performance goals. Comparison oi the performance model
at the goal conditions with the engine test data shows that the
engine fan is down in efficiency and that the engine coannular
nozzles also are down in thrust coefficient by l-percent. These
differences account for the fuel flow (TS8FC) discrepancy with the
coannular nozzle. Comparison of the performance model at the goal
conditions to the engine test data for the mixer-compound noszle
configuration shows that a significant rematch occurred on the
fan, moving it towards peak efficiency. The goal analytical model
showed virtually no rematch on the fan; therefore, the engine fan
performance (although down in efficiency) is not reduced as much
relative Lo the goal with the mixer-compound nozzles as it was
with coannular nozzles. In addition, the mixer-compound noszles
achieved a l-percent better thrust :ocefficient than had been pre-
dicted, and this, combined with the fan rematch, accounts for the
improvement in the engine TSFC relative to the coannular nozzle.
When extrapolated to the design~-point cruise, the combined effects
on the fan reduce the TSFC significantly and results in meeting
the installed design-point TSFC goal.
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TABLE 7-5. QCGAT TEST TO PERPORMANCE GOALS COMPARISON.

Flight Condition Thrust N (lbs) T8rC kg/Mh (1b/hr/1b)
Goal Test 4% Goal Test as

SEA-LEVEL STATIC
STANDARD DAY
UNINSTALLED* 17,513 17,513 0 0.042¢6 0.0459 +7.7
(3937) (3937) (0.418) (0.450)
INSTALLED** 17,313 17,313 0 0.0431 0.0437 +1.4
(3892) (3892) (0.423) (0.429)
DESIGN CRUISE
12,192 M (40,000 PT.) ALTITUDE 0.3M
UNINSTALLED* 3,955 3,95% 0 0.0775% 0.0797 +2.8
(889) (889) (0.760) (0.782)
INSTALLED** 4017 4017 0 0.0759 0.0755 =0.1
(903) (903) (0.744) (0.741)

*Reference Bellmouth, Hardwall bypass duct,
Reference Coannular Nozzle.

**Ground Test Nacelle with Nacelle Lip,
Acoustic Treutment and Mixer Noszzle.

7.2 Emissions Performance
7.2.1 Engine Exhaust Emission Goals

The emissions goais for the QCGAT engine are identical to the
g:oposod 1979 EPA standards for Tl Class engines. These standards
ve since been abandoned by EPA. For gaseous emissions, the
standards are expressed in terms of ithe EPA Parameter (EPAP) for
each of the three pollutants. To determine the EPAPs, emissions
measurements were made at four power settings (100-percent rated
power, 90 percent, 30 percent and taxi-idle). At each of the four
power settings, the emission rate (pound of pollutant per hour)
for each pollutant is determined and multiplied by a time
weighting factor, then divided by a work output term which
involves the engine thrust for that specific power setting. The
four terms, one for each power setting, are then added together to
arrive at the EFAP, The time weighting factor used in the calcu-
lation is a function of an engine operation cycle established by
the EPA as being the typical time spent in each operating mode for
an aircraft with Tl Class engines.
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For the QCGAT Engine, this T1 Class cycle is defined in
Table 7-6.

TABLE 7-6. BPAP T1 CLASS CYCLE

]

S Rated Time

Mode Power Minutes
Tax{-Out Taxi-1Idle 19.0
Takeoff 100 0.5
Climbout 90 2.5
Approach 30 4.5
Taxi=In Taxi-Idle 7.0

The smoke standard is established as a function of rated
engine power and represents, approximately, the threshold for
visible smoke from an engine exhaust. The standard is expressed
as Smoke Number (8N). This value is a function of the amount of
light reflected from a sample of particulate collected on a piece
of filter paper that has been exposed to the engine exhaust. The
higher thy 8N, the greater the amount of particulate, and hence,
the greater the smoke visihility, Smoke measurements are made at
the same four power settings as the gaseous emission test. The
highest 8N of the four power settings is considered the smoke
number for the engine.

The EPA pollutant standards for T1 Class engines, and also
the program goals for the QCGAT Engine are listed in Table 7-7.

TABLE 7-7, EPA POLLUTANT STANDARDS

Program
Pollutant Goal
Unburned Hydrocarbon (HC) (01.7:)6 |
Carbon Monoxide (CO) 4.26 kg/4448 N thrust-hr/cycle

(9.4) (1b/1000 lb thrust~hr/

Oxides of Nitorgen (NO,) '13,573) cycle)
¢ XY

Smoke 38 SN
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7.2.2 combustor Liner Test Contiguration

The combustor liner used in the QCGAT engine was a modified
version of Part 3072674, iwmproved durability bucrner, which was
placed in production for the TrE731-3 production during the firat
part of 1979. The QCGAT combustor, Part 2234342, had a row ot
orifices added to the dome for iune purposy of smoke reduction.
The fuel nozzles were production TFk/3il~3 dual orifice assemblies,
Part 3071101-14.

When gaseous emissions were being sampled at taxi-idle, the
secondary side of the fuel-flow divider was capped and an air line
was connected to the secondary fuel manifold. This air line su
plied high-pressure air to the noszle tips to aid in the atomi-
zation process. 'The air was supplied from a laboratory compressed
air source with a supply pressure of 2,068 kpva (300 psig). After
passing through a 20-micron filter, the laboratory ressed air
was heated by an electric heat exchanger to between 366 and 422k
(200° and 300°F) and passed through an air-flow measuring section.
This was to simulate an air assist system where the discharge tem=~
perature from the heat of compression for the assist air would be
similar to air extracted from the boost compressor. At all other
power settings and for smoke measurement tests, the flow divider
was reconnected to the secondary circuit and the air assist system
was not used, Por the emission measurement tests, the engine was
equipped with a coannular-exhaust nozzle.

7.2.3 Ruissions T:3t Results

The emissions tests were run during Calibration 1 (Post
Endurance Calibration) and was previously discussed in
Section 6.0, Paragraph 6.3. The EPAPs and the smoke number for
the QCGAT engine are listed in Table 7-8 with the program goals.

TABLE 7-8. QCGAT EPAPS AND SMOKE NUMBER VALUES.

QCGAT Program
Pollutant EPAPS Goals
HC 0.726 0.726
kg/4448 N (1.6) (1.6)
Thrust-hr cycle
co (1b/1000 1b 3.36 4.26
Thrust-hr/cycle (8.0) (9.4)
Nox 2.09 1.68
(4.6) (3.7)
Smoke Number (SN) 42 38
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In order to meet the HC and CO goals, air-assist at an inlet
pressure of 724 kpa (105 psid) at thes tnxi-ldlc power setting was
used. Lower air-assist pressure would have resulted in higher
emission index values (BRI, g/kg fuel) for both MC and CO. This
relationship was previously shown in Pigures 6-2 and 6-3. BSince
more than 90 percent of the HC and CO ERPAPs values are contributed
by the taxi-idle terms, small changes in HC and CO emission index
values at that oower setting result in significant changes in the
overall XPAPs .or the two pollutants. Test data and corrected BRI
values are shown in Table 7-9.

TABLE 7-9. QCGAT EMISSIOM INDICES,

Smoke
HCEI COEI uo;:: Number
Uncorrected Engine Values (q/kg)*

Takeoff 0.18 2.2 16.6 41
Climbout 0.15 2.5 12.8 42
Approach 1.64 12,5 6.6 28
Taxi-Idle 5.00 22.0 3.1 10
Corrected sngine Values for Model Pressute and Temperature
‘Yakeoff 0.18 2.2 17.0 41
Climbout 0.14 2.3 14.2 42
Approach 1.70 13.0 6,3 28
Taxi-Idle 5.62 24.7 2.9 10

*Measured at the Model £/A ratios for the individual power
settings.

7.2.4 gmissions Test Conclusions

From the test results, the following can be concluded:

1. The engine met the program goals for HC and CO with the
use of air assist at taxi-idle.

2., There wat a significant reduction in the engine NO
level over the production TFE731-3, but it did not meef
the program goal.

3. The smoke number of 42 is in excess of the program goal

of 38, however, the engine was visually judged to be
smokeless,
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7.3 Agoustic chagacteriscice

‘‘he acoustic dnign effort for the QCGAT engine/nacelle
system directed noise reduction technology toward minimizing noise
generation at the source, and maximizing the attenuation achieved
through judicious application of nacelle scoustic treatment in the
fan inlet and exhaust ducts. The acoustical duct liner configura-
tions wore designed to balance the noise suppression at takeoff,
sideline, and approach conditions. This provides the broadest
possible attenuation bandwidth without sacrificing s2ignificant
attenuation from optimum at any of the three operating conditions.

The major acoustic features of the QCGAT engine are illus-
trated in Pigure 7-5. Noise reduction technclogy was applied to
three major noise rvources: fan, jet, and core. The fan-noise
source reduction features include: elimination of inlet guide
vanes, single-stage fan, low fan-tip speed, low pressure ratio,
large fan rotor-stator spacing, and optimum fan-plade/stator-vane
number ratio., The jet-noise reduction features include low jet~-
exnaust velocity, and a mixer-compound exhaust system. Core noise
is minimized by the use of a revarse-£.ow annular combustor, and a
highly loaded “hree-stag: low-prassur¢ turbine.

FAN EXHAUST
121 BYPASBVANES  DUCT ACOUSTICAL

' SRR 3 S -
i) 4 - y ¢
- sl THREE STAOS
' LPT TURBING
PEVERSE FLOW
INLET ANNULAR COMBUSTOR
ACOUSTICAL AVSLAST

Hr-s'r-d FURL ATOMIZER

2.92 RNOTOR CHORDE SPACING
3.6 BYPASS VANEBLADE RATIO
203 CORE VANT 'BYPAIS RATIO

Pigure 7-5. Acoustical Features of the QCGAT Engine/Nacelle.
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7.3.1 Nacelle Acoustic Treatment Dasign

The nacelle acoustic treatment design selected for the QCGAT
engine consisted of a single-cavity system used in series, with
different cavit{ depths in the axial direction and equivalent
depths on opposing walls, where possible. Bacause of its struc-
tural ruggedness, lower cost, and proven acoustical performance in
the above configuration, a perforated-plate, broadband-resonator
was constructed from aluminum perforated sheet, bonded to 3/8=-inch
cell aluminum honeycomb backing.

The acoustic liner installations are shown schematically in
Pigure 7-6. The design parameters of the thrae inlet sections and
the threec exhaust sections are given in Table 7-10. The inlet
wall treatment has a length equal to 0.85 mean inlet diameters,
and was tuned to provide primary suppression at the PAR Part 36
sideline condition. The fan discharge duct wall treatment has an
effective length equal to 5.4 times the average duct height and is
tuned to provide balanced attenuation between the FAR Part 36
sideline and approach conditions.

Pinal optimization of the engine and naczlle exhaust liner
design was completed using a computer program based on axisym-
metric mode theory of Minner and Rice (Reference l). The cavity
depths and face sheet open areas required to achieve optimum
attenuvation were computed. A summary of the exhaust liner design
methodology is shown in Figure 7-7.

The design procedure for the inlet nacelle liners was based
upon the recent multimodal analysis developed by Rice (Refer~
ences 2 through 5)., A simplified general description of the opti~-
mization procedure is shown in PFigure 7-8. The optimization
criteria was determined by comparing the liner impedance map and
the optimum impedance map as illustrated schematically in
Figure 7-9. By selecting a liner~-cavity depth and face-sheet open
area so tnat the liner impedance is in a region where a large
number of modes cluster, a broad acoustic power attenuation should
be obta:ned. A map for each liner section for modes having cut~-
off ratios of 1 to 4 with one-third octave center frequencies of
1600, 2000, 2500, 3150, and 5000 Hz was constructed. A typical
map is shown in Pigure 7-10. The inlet liners were tunad for
modes with moderate to small cut~off ratios that radiate energy at
larger angles from the inlet axis in order to minimize the l¥de-
line noise radiation.

7.3.2 Engine Noise Tests

The QCGAT engine was installed at the San Tan Test Facility
for acoustical measurements. Noise data at the specified engine
load conditons were taken to determine the untreated engine noise
levels, the effect of various combinations of acoustic treatments,
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Figure 7-9. Optimum Impedance.

and to determine the effect of the mixer~compound nozzle on the
treated engine signature. The data from this test series was used
to determine the minimum attenuation configuration required to
meet QCGAT noise goals, and to determine the static noise levels
for use in predicting flyover noise levels.

Figure 7-11 shows the installation of the QCGAT engine with
the 16 microphone positions utilized for the engine far-field
noise directivity measurements. A schematic of the noise test
setup is shown in Figure 7-12,

In addition to the 16 far field microphone locations, six
internal noise measurements were made on selected engine test con-
figurations. The internal noise measurements were conducted using
three 0.3175-cm (1/8-inch) condenser microphones and three
0.635-cm (1/4~-inch) condenser microphone infinite-tube systems.
Thgl lgcggions of the internal acoustic probes are given in
Ta e - [

The acoustic data were recorded on two fourteen-channel
analog tape recorders providing twenty-eight channels of data plus
a voice track. The six internal microphone outputs were split and
recorded on both tape recorders.
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Pigure 7-10. 8ingle-Mode Analysis, Section B Inlet Nacelle,
Takeoff Static Conditions.

Prior to acoustic testing, all microphones were calibrated
according to ANSI 8I~-11-1971. Before each test sequence, a piston
phone calibration of each microphone was recorded, as well as a
} measurement of the ambient noise level with the engine shut down.
i Individual measurements of ambient temperature, relative
i humidity, wind velocity and direction were made immediately prior
3 to testing, or at least each 1/2 hour, whichever was less., All

tests were coanducted within the specified limits of: wind speed
no more than 9.66 km/hr (6 miles/hour); relative humidity no less
: ‘ than 10 percent or more than 90 percent; and ambient temperature
b no less than 5° or more than 30°C (41°F or more than 86°F).

: The fa:-field acoustic data for all seven configurations ;
f listed in Table 7-12 were taken with the B&K 4133 microphones
mounted for normal incidence of the direct sound field at a height
of 1.52 meters (five feet) above the ground, The first configura-
: tion tested, Configuration 2, was run at takeoff and approach
’ power settings ang acoustic data recorded at three individual
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0.524 rad (30°)

0.69a rad (40°%)

0.873 rad (50°)
1.047 rad (60°)

1.571 rad (90°)
A)
1.745 rad (100°)7 \ 1!

B L LOCATION ™) concreTe
1.910 rad (110°) { 13 NO 4

{ W15 e— A AseuALr
2,094 rad (120°) /) 15
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2,618 rad {150°) (160°)

Figure 7-12., QCGAT Noise Test Setup at San Tan.

microphone heights: 1.52 meters, 0.762 meters, and ground level ~
10.16 cm (5-feet, 2.5 feet, and ground level - 4 inches). This
data was used to determine a ground reflection correction which
was applied to the 1.52-meter (5-foot) microphone data taken for
all configurations.

A 3.66-meter by 3.66-meter (l2-foot by l2-foot) movable noise
shield (barrier) was utilized for Configurations 1 and 5 to aid in
isolating the inlet (forward) and exhaust (aft) radiated noise
sources. For these configurations a three-fold test was con-
ducted: with the barrier shielding the inlet, with the barrier
shie%ding the exhaust; and without the barrier, (See Fig-
ure 7-13,)

A schematic of the seven test configurations, showing the
various combinations of acoustic treatments, exhaust nozzles, and
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Sl TABLE 7-11. QCGAT ENGINE/NACELLE ACOUSTIC INSTRUMENTATION
Itenm Description Location Qty
?’ 1 Microphone, B&K4133 Free field 16
2 Microphone 0.3175-cm (1/8-in.) condenser Fan inlet 2
3 Microphone, 0.3175-cm (1/8-in ) condenser Exhaust nozzle 1
1 4 Microphone, 0.635-cm (1/4-in.) condenser LP turbine rear 1
infinite tube bearing support
5 Microphone, 0.635-cm (1/4-1in.) condenser Exhaust nozzle 2
infinite tube
6 Temperature, dry bulb Ambient 1
7 Temperature, wet bulb Ambient 1
8 Wind velocity and direction Ambient 1
9 Pistonphone Microphone
calibration
;
v

o . o
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TABLE 7-12. ACOUSTIC CALIBRATIONS AND ENGINE CONFIGURATIONS,

Acoustic

No. No. No.

Acoustic Engine
Calibration Configuration Configuration

Description

Flight Simulator Lip,
Mixer-Compound Nozzle,
Full Acoustic Treatment

Flight Simulator Lip
Coannular Nozzle, Full
Acoustic Treatment
(except for hard aft
panel)

Flight Simulator Lip,
Mixer-Compound Nozzle
Hardwall Outer Aft
Panel

Flight Simulator Lip,
Mixer-Compound Nozzle,
Hardwall Outer, Inner
Aft Panel, Bypass Duct,
Inlet Duct Panel

Flight Simulator Lip,
Mixer-Compound Nozzle,
Full Hardwall Nacelle

Nacelle Lip, Mixer-
Compound Nozzle, Full
Hardwall Nacelle

Flight Simulator Lip,
Coannular Nozzle, Full
Hardwall Nacelle

1 1 v
2 2 11
3 3 1v
a a v
5 5 IV
' 6 6 v
7 7 11
e e s .
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inlet lips is shown in Figure 7-14. A series of test points were
designed to provide: core-noise definition (points 1, 2 and 3),
FAR Part 36 simulated noise-certification conditions of approach,
cutback, and takeoff (points 5, 7, and 8). and intermediate power
points (points 4, and 6). Simultaneous two-minute recordings of
interaal-probe data and far-field microphones were made for Con-
figurations 1 and 5. Copies of these tapes were sen: to NASA-
Lewis for cross-corralation analysis to separate core and jet
noise sources.

The acoustic data for each test configuration were analyzed
uaing the instrumentation system shown in Figure 7-15. The
resultant one-third octave sound pressure level spectra were
tranemitted to the CYBER 174 computer to be corrected for atmo-
spheric absorption and ground reflection. This automated data
analysis system is ouclined in Figure 7-16.

7.3.3 Ground-Reflection Analysis

To correct the measured acoust.c data to free-field condi-
t.ons, the contribution of the acoustic ground-reflection wave
must be removed from the measured value. A major factor in the
analytical determination of the ground-reflection contribution is
the acoustic impedance of the ground (soil) boundary. The type of
desert soil at the San Tan test site consists of a random combi-
nation of hard-packed clay, sand, and decomposed granite part-
icles. No known data exists on the impedance of this type of soil.
Thus, it was decided to estimate the impedance of the San Tan soil
boundary by recording the QCGAT acoustic data at three pre-
selected microphone heights: 1.52m, 0.76m and 10.l6cm (5 ft.,
2.5 ft, and 0.33 ft.) for certain operating conditions and corre-
lating the data to obtain a reasonable prediction for the surface
impedance.

The terrain around San Tan Cell No. 5 slopes downward from
the engine pad so that the ground locations upon which the micro-
phones were placed are at an average elevation of 1.13 meters
(3.7-ft.) below that of the engine pad. Although QCGAT engine
centerline was 2.29 meters (7.5-ft.) above the pad, the difference
in elevation placed it an average of 3.41 meters (ll.2-ft.) above
the ground at the microphone locations.

The ground reflection geometry model used in the analysis is
shown in Figure 7-17. For the dictances associated with the QCGAT
tests, the angle ¢ is sufficiently small (0.1148 to 0.1606
radians) that near-grazing incidence should be assumed. At these
conditions, and assuming the ground to be locally reacting, the
velocity potential at the microphones can be given as:
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SECOND INLET PANEL
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INNER-AFT PANEL
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CONFIGURATION 1V - FLIGHT SsuLATOR L,
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- NACELLE L, MIXER-COMPOUND
NOZZ1LE

Figure 7-14. QCGAT Acoustic Test Configurations.
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Figure 7-16. Automated Data Analysis System Flow Chart.
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ile ikR2

¢8.e e -
Rl + R2 (Rp + F (1 Rp”

The plane wave reflection coefficient, R is defined as:

p'
sing -~ zl/z2

R, = >
P sing + zl/z2

and the impedances are:
Zl = POCo for air, and
z2 = R + iX for the ground.

The boundary-loss factor, F, is a part of the ground wave repre-
sentation and is a complex function of a complex argument, w,

i.e.:
_ =W e-uzdu
F(w) =1+ 2 iwe ‘f

-igw

For the 1locally reacting case, w, the "numerical distance" is
assumed to be:
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ikR, (2,/2, + sind)?
W 7T TI+2,/%, sing)

From , the source strength of the image, or reflected wave, is:

= + F l-
Q Rp ( Rp)
The velocity potential can be approximated by:

ikR
e 1

R)

[1 + == Q e
R) Ry
Thus, setting Q = /Qlelo. the excess attenuation due to ground
reflection, in one~third octave bands, is:

o = 1kAR,

10,1 % |0;| sin(MARA;)cOS(MAR/A; + 0))
Ae; = 10 log,, |1 + ) R AR
R' HAR/A
where:
, 172
n= 27l + (AF,/2f))

[0 = ZWAfi/Zfi

Ay o= e/

fi = center frequency of ith 1/3-octave band

Afi = frequency range of ith l/3-octave band
' =

R RZ/Rl

The above methodology for predicting the excess attenuation
of ground reflections is contained in an AiResearch computer pro-
gram and was used to establish the average ground impedance at San
Tan and the ground-reflection corrections to be applied to the
measured data. References 6 through 13 were reviewed extensively
in the preparation of this methodology.

The impedance correlation procedure used 1is outlined as
follows:

1. Measured data for test CF208 at all three microphone
heights and all 16 array angles were used to obtain
final San Tan soil impedance estimates.
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2. From previously published data, an initial normalijized
impedance array was assumed (R/pc and X/nc versus fre-
quency)

3. The excess attenuation, A_, was computed for each
microphone height and cor?ected SPIL, (SPLC) spectra
were determined.

4. A 3-way difference scheme was used to calculate the
differences between the 3 corrected spectra at each
l1/3-octave band.

5. Iterations were performed on the values of R/ c and
X/nc until all differences approached zero (steps 3
and 4, above). The convergence criteria was based
upon the values of average differences at each 1/3-octave
band. When rcasonable values of impedance failed
to provide convergence at a l/3-octave band, the two
microphone heights furthest away from a null frequency
were used and convergence was then obtained.

6. Inasmuch as the convergence criteria was based only
upon average differences, observations of individual
differences were then made, and minor adjustments
to the normalized impedance were performed to estab-
lish the final impedance values given in Figure 7-18.

7. Excess attenuation 1l/3-octave oand spectra were com-
puted for the 3 microphone heights, based upon the
final ground impedance estimates. See Figure 7-19.

8. These A_ spectra then were applied to the CF208 mea-
sured d&fta for all 3 microphone heights and comparison
plots were prepared at representative array angles,
as shown in Figures 7-20 through 7-23.

9. Acoustic measurements were also made at the 3 micro-
phone heights for another QCGAT operating condition,
CF205. To check the relative validity of the ground
reflection correction procedure, the A_ spectra were
applied to the CF205 data and compafﬁson plots of
the corrected data again were made. The correlation
of the CF205 corrected data was shown to be consistent
with that of the CF208 corrected data.

The ground correction procedure was used to correct all
of the data taken with the microphones located 1.52m (5 ft.)
above the ground. Figures 7-24 through 7-31 are plots of the
raw and corrected spectra for acoustic configuration 5, (hardwall
mixer configuration) at takeoff and approach conditions at the
0.873-, 1.571-, 2.269-, and 2.618-radian (50-, 90-, 120-, and
150-degree) far-field locations.
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Figure 7-19. Ground Reflection Excess Attenuation, Ae.

117




zNTTTT

T TUWSRER T T g T N——r £ TR T SRR TR AT AT TR T T T, T e R

100

JRRPIES. S —

0
1/
/
=N

(5]
]
'\
N
/
1

0

60

S0

SOUND PRESSURE LEVEL. DB RE .0002 MBARS

40

1216202531 405063801012 16 2025 31 405063801012 162025 31 405063801012 1620
B0 % 5 456983007 2 3 45678’ © 3 4 s&i8shp 2
ONE THIRD OCTRVE BAND CENTER FREQUENCY, HZ

GCORT

RAWDATA

S0 DEC
o PCF208
Q 2208 MEASURED DATA
4  GCF208

Figure 7-20. Measured Data Acoustic Configuration No. 2, 0.873
Radian (50-Degree) Position.

118

T S



£
Af

\‘

0
g

SO
1

SOUND PRESSURE LEVEL. DB RE .0002 MBRRS

0

-
T
|

1216202631 405063680101216202531405063801012162025314050836010121620

" 0' 2 3 45678340 2 3 466789907 ¢ 3 46567891Q0° 2

ONE THIRD OCTAVE BAND CENTER FREGUENCY. HZ

QCORT

CF20e

50 DEC
o PCF208
&  2CF208 CORRECTED DATA
+  GCFZ08
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Because of the relative nonuniformity of the ground condi-
tions at the San Tan QCGAT test site, it is highly probable
that the actual ground impedance was different at each micro-
phone location. Improved ground reflection correction spectra
might have been obtained by determining a separate ground impe-
dance at each microphone location. However, this would entail
the use of a large amount of additional test data and appeared
to be beyond the scope of the work statement. It was also felt
that the overall benefits of establishing individual impedance
models at each microphone location would be minimal when pro-
jected to flyover conditions.

It is recommended, however, that statistical methods be
applied to any future determination of ground impedance when
the acoustic data has been obtained over nonuniform ground condi-
tions.

7.3.4 Noise Source Correlations

A primary objective of the QCGAT acoustic program is to
determine flyover noise levels based on static engine data,
and to demonstrate that these roise levels meet the program
goals that have been set well below current technology aircraft
levels. To accomplish the above objectives, a methodology was
derived to: predict major component noise sources; adjust the
individual sources based on static data; and project these sources
to the flight condition.

The analytical tools used by AiResearch to predict the
QCGAT noise sources are presented in Table 7-13. The prediction
procedures for fannoise, corenoise, and jet noisearebasedupontheNASA
ANOPP recommended procedures, with emprirical modifications based
upon TFE731 acousticdata. The turbinenoiseispredictedusing amethod
developed by General Electric.

A comparison of predicted noise sources based upon these pre-
diction procedures and measured data is shown in Figure 7-32. The
fan noise prediction agrees well with the measured data with a
slight overprediction of the blade passing harmonic. However, the
measured low-frequency noise, particularly from 160 Hz to 2500 Hz,
is higher than predicted jet and core noise. 1In order to account
for this, it is necessary to make assumptions for the apportion-
ment of the jet and core to the total noise signature. Two
approaches were used and are shown in Table 7-14: The first model
attributed the difference between predicted and measured noise in
the 50- to 2500-Hz frequency range to the jet. Jet noise was
¢djusted accordingly on an average delta basis. The second model
assumed jet noise predictions were valid, and adjusted the core
noise to exactly match the measured data. Both models adjusted
the fan and turbine noise to exactly match the measured levels in
the appropriate frequency range.
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TABLE 7-13. QCGAT ENGINE NOISE PREDICTION PROCEDURE.

Major Component Noise Sources Predicted Prediction Method

o Fan Inlet Noise - Discrete, Broadb:cnd, Buzz Saw NASA TMX-71763* ?
FAA-RD-71-73% ‘

o Fan Discharge Noise - Discrete, Broadband NASA TMX-71763*
o Jet Noise NASA TMX-73552 2
o Combustion Noise NASA TMS-71627 i
i
o Turbine Noise AIAA 75-449 |
;
o Total Noise Sum of Individual |
Component Noise
Levels
NOTE:

One-third octave spectra from 50 to 16,000 Hertz
Directivity angles from 10 to 160 degrees from inlet C1

*Modified by AiResearch
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Figure 7-32. Comparison of Measured and Predicted
Noise Levels Before Correlation.
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TABLE 7-14. NOISE PREDICTION METHODOLOGY COMPARISON.

Excess Jet Model Excess Core Model
o TFE731-3 Acoustic Baseline o TFE731-3 Acoustic Baseline
o Jet Noise Based on NASA o Jet Noise Based on NASA
Method Adjusted to Fair Method
Through Low-Frequency
Data o Core Noise Defined as
Difference Between Mea-
o Core Noise Based on NASA sured and Predicted Sum
Method of Jet, Fan, Turbine in
50-2500 Hz Frequency Bands
o Fan Discrete, Broadband,
and Buzz Saw Adjusted to o F 'n Inlet and Fan Dis-
731 Data charge Defined as Differ-
ence Between Measured and
o GE Turbine Noise Method Predicted Sum of Jet,
Core, Turbine in 3150-
10,000 Hz Bands
o GE Turbine Noise Method
o The same flight profile, static-to-flight corrections, and wing shielding

model was used for both cases. The ground correction models were compared
and found to be in good agreement.
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A schematic of the acoustic analysis system is shown in
Figure 7-33. The measured data were shipped to the CDC CYBER 174
computer from the noise lab and processed through program ALAB.
A general purpose data reduction program (SPL) corrected the
data files for ground reflection and FAA 25°C (77°F) day condi-
tions. Using the actual cycle performance for each acoustic data
point, (see Table 7-15) the free-field noise source levels were
predicted using nrogram GTEN5. A new program called NASADELTA was
written to compare the predicted and measured noise levels and
generate delta spectra for each source. Two versions of this pro-
gram were written based upon the two methodologies discissed pre-
viously. Program GTEN5 was used a second time to predict the
noise sources for the flight condition. For comparative purposes,
the initial Definition and Characteristics (DaC) values for the
cycle parameters are listed with the final program results in
Table 7-16. These predictions were then adjusted in program
NASADELTA with the delta spectra determined from the ground static
data.

An example of the jet noise dominated correlation is shown in
Figure 7-34, for the softwall mixer at 2.09 radians (120 degrees)
at takeoff condition. The average delta from 50 to 2000 Hz is
applied to each frequency to produce a modified jet roise predic-
tion that fits the low frequency data. Core noise is predicted to
be well below the jet noise at both takeoff and approach condi-
tions with this model. Above 2000 Hz, the fan noise¢ discrete and
broadband noise is adjusted to exactly fit the data. Turbine
noise contributions were unimportant except in the high-frequency
range above 12,500 Hz, out of the range of iunt- rest for perceived
noise level calculations. Correlations of this sort were made
for each far field angle from 0.17 to 2.79 radians (10 to
160 degrees).

The same set of acoustic data is shown in Figure 7-35,
with the core noise dominated source correlation. The jet ncise
prediction is considerably below the measured data from 200
to 2000 Hz. The excess noise was attributed to the core as
shown. The fan noise was determined as the difference between
the mmeasured total and the predicted sum of jet, core, and tur-
bine in the 3150 to 10,000-Hz bands.

7.3.5 Ac-~ustic Comparisons of Static Data

The correciced data for each acoustic configuration tested
were compared on a tone-corrected perceived noise level (PNLT)
basis. This established trends and illustrates the level compari-
sons with equivalent TFE731-3 takeoff- and approach-static data.
The results of these comparisons are tabulated in Tables 7-17 and
7-18.
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MEASURE ENGINE MEASURE ENGINE

STATIC NOISE LEVELS PERFORMANCE PARAMETERS

ALAB PROGRAM GTENS PROGRAM

PROCESSES DATA FILES | PREDICTS NOISE SOURCE LEVELS
o FAN INLET DISCRETE,

v BROADBAND AND
sl .::zo?m:: DISCRETE
CORRECTS DATA FILES eyt '

* GROUND REFLECTION o o
® FAA CONDITIONS o COMBUSTOR
PLOTS RESULTS e TURBINE
o TOTAL

PROGRAM NASADELTA

® COMPARES MEASURED AND |
—p PREDICTED FREE FIELD @

NOISE LEVELS
® COMPUTES DELTA SPECTRA
FOR EACH SOURCE GYENS PROGRAM
® APPLIES DELTA SPECTRA PREDICTS NOISE SOURCE

NOISE SOURCES PART 38 CONDITIONS

TO PREDICTED FLYOVER r LEVELS FOR FAR

GTENFLY PROGRAM

ADJUSTS INDIVIDUAL SOURCES
DEFINE FROM STATIC 10 FLIGHT

AIRPLANE | oedp{ PREDICTS INDIVIDUAL SOURCE
FLIGHT FLYOVER PNL, PNLT, EPNL

ROFILE
PROFILES PREDICTS TOTAL ENGINE
FLYOVER EPNL

8 Figure 7-33. AiResearch Acoustic Analysis System.
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TABLE 7-15. QCGAT ENGINE KEY ACOUSTIC PARAMETERS.

Engine Parameter

Simulated Static Test
Condition, 48°fF

Takeoff Approach

Engine Net Thrust, N (lbs) 16,098 7019.0
(3619.0) (1578.0)

Fan Rotor Speed, rad/s (rpm) 913.6 634.8
(8726.0) (6063.0)

Fan Pressure Ratio, Tip 1.41 1.18
Fan Tip Relative Mach Number 1.17 0.79
Fan Blade Passage Frequency, Hz 5236.0 3638.0
Fan Weight Flow, kg/s (lbs/sec) 61.7 42.4
(136.1) (93.5)

Core Weight Flow, kg/s (lbs/sec) 11.6 6.2
(25.5) (13.6)

Mixer Exhaust Velocity, m/s (ft/sec) 257.9 166.1
(846.0) (545.0)

Mixer Exhaust Total Temperature, K (°R) 406.0 366.0
(732.3) (658.6)

LP Turbine Rotor Speed, rad/s (rpe; 1941.5 1348.9
(18543.0) (12883.0)

Turbine Last Stage Rel. Tip Mach No. 0.472 0.349

Turbine Last Stage Pressure Ratio, T-S l.61 1.22
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TABLE 7-16.

QCGAT ENGINE KEY ACOUSTIC PARAMETERS.

FAR Part 36 Certification Condition

Takeoff Sideline Approach
Engine Parameter Final DIAC Pinal DAC Final DAC
Engine net thrust, N (1lbs) 12,869.7 12,868.7 13,317.9 13,269.0 4,63%.5 - 639.5
(2,893.0) (2,893.0) (2,994.0) (2,983.0) (1,043.0) (1,043.0)
Fan rotor speed, rad/s (rpm) 958.9 943.8 954.8 936.5 641.4 65i.1
(9159.0) (9014.0) 19119.0) (8945.0) (6126.0) (6219.0)
Fan pressure ratio, tip 1.44 1.47 1.43 1.45 1.16 1.17
Fan tip relative Mach number 1.22 1.20 1.20 1.18 0.78 0.79
Fan blade passage Frequency, Hz 5495.0 5408.0 5471.0 5367.0 3677.0 3731.0
Pan weightflow, kg/s (lbs/sec) 60.1 59.5 62.4 62.4 44.8 43.1
(132.4) (131.1) (137.6) (137.6) (98.7) (94.9)
Core weightflow, kg/s (lbs/sec) 11.4 11.5 11.9 11.9 6.0 6.3
(25.2) (25.4; (26.3) (26.3) (13.7) (13.9)
Mixer exhaust velocity, m/s (ft/sec) 285.3 287.1 284.4 282.9 175.9 173.4
{936.0) (942.0) (933.0) (928.0) (577.0) (569.0)
Mixer exhaust total temperature, K (°R) 430.3 428.3 434.8 430.8 381.2 381.7
(772.3) (771.3) {780.8) (776.3) (686.7) (688.3)
LP turbine rotor speed, rad/s (rpm) 2,037.7 2,005.4 2,028.9 1,990.1 1,363.3 1,383.7
(19,463.0) (19,154.0) (19,378.0) (19,007.0) (13,021.0) {(i3,216.0)
Turbine last stage rel tip Mach no. 0.467 -—— 0.465 -— 6.356 -——
Turbine last stage pressure ratio, T-S 1.70 -— 1.69 -— 1.26 -—
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TABLE 7-17.

ACOUSTIC CONMNPARISOI:S - TAKEOFF PKLT.

CCGAT Configuration No.

Angle Run 9
Radian(®) 1 2 3 4 5 6 7 TFE731-3
0.175(10°) 115.0 118.7 113.7 117.6 116.5 116.3 118.8 120.3
0.349(20°) 117.0 115.8 113.0 115.8 114.7 116.0 118.3 118.3
0.524(30°) 114.2 116.6 115.2 116.6 115.6 115.0 117.2 121.5
0.698(40°) 112.1 113.5 113.1 i14.7 l1l6.1 114.5 118.0 121.7
0.873(50°) 113.2 114.1 115.4 117.9 116.9 116.7 117.3 121.7
1.C047 (60°) 114.7 114.9 114.8 117.7 115.8 116.3 120.5 121.5
1.222(70°) 112.4 116.5 114.1 117.5 118.3 117.0 118.9 122.5
1.396 (80°) 113.0 116.8 115.5 119.3 117.7 117.0 119.8 122.1
1.571(90°) 116.4 115.2 117.3 119.1 119.9 11 . 117.2 121.8
1.745(100°) 116.4 117.6 116.9 120.2 123.3 122.3 122.0 121.9
1.920(110°) 118.2 118.8 120.1 121.5 121.0 122.4 121.2 123.3
2,094 (120°) 120.5 119.4 121.2 121.4 122.3 121.7 122.9 125.0
2.269(130°) 117.1 118.8 117.7 119.0 119.7 118.7 119.8 123.7
2.4.43(140°) 115.9 118.7 117.7 117.7 118.4 117.4 118.4 124 .4
2.618 (150°) 115.9 118.0 116.3 115.9 117.7 117.0 119.2 127.0
2.743(160°) 112.5 119.2 115.9 - 117.3 116.2 118.3 127.6
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TABLE 7-18. ACOUSTIC COMPARISONS - TAKEOFF PNLT.

QCGAT Configuration No.

Angle Run 14
Radian(®) 1 2 3 4 5 6 2 TFE731-3
0.175(10°) 107.5 107.8 107.0 107.9 109.3 108.7 109.9 111.5
0.349(20°) 107 .4 107.9 107.0 107.9 109.8 110.8 110.0 113.1
0.524(30°) 105.3 107.5 105.4 110.6 108.1 106.1 108.2 110.7
0.698 (40°) 105.1 106.0 105.4 109.0 107.5 109.1 109.7 111.7
0.873(50°) 106.3 107.0 105.7 110.5 109.7 110.6 109.4 112.4
1.047 (60°) 104.8 104.8 103.3 107.3 108.3 109.3 109.2 111.7
1.222(70°) 105.5 103.9 103.2 107.4 108.0 109.3 110.6 114.2
1.396 (80°) 103.1 104.1 103.4 108.1 109.3 109.5 109.6 115.3
1.571(90°) 103.8 103.3 104.8 110.3 107.3 108.4 110.0 114.7
1.745(100°) 104.8 106.6 105.7 110.4 109.4 109.1 114.5 114.5
1.920(110°) 105.1 107.3 107.1 108.0 109.4 109.9 110.3 113.4
2.094 (120°) 105.7 107.5 107.9 109.0 109.3 110.0 111.0 113.5

! : 2.269(130°) 105.5 107.0 105.6 110.3 111.6 112.2 110.2 113.2
2.443(140°) 102.8 104.0 103.4 107.1 107.9 108.4 107.4 112.2
2.618(150°) 102.4 102.6 103.7 104.2 106.2 104.9 107.5 112.6
2.793(160°) 98.6 101.9 100.8 - 105.4 105.0 105.3 113.5

TPT
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Comparison of configurations 1, 3, 4, and 5 shows the effect
of successively replacing softwall nacelle panels with hardwall
panels. Configurations 2 and 7 are coannular nozzle exhaust
systems and are significantly louder (particularly at takeoff
power) at angles near the jet-exhaust centerline.

As previously noted, the aft barrel with the outer-aft panel
is removed when the coannular nozzle system is installed. Thus
the final acoustic-treatment panel is not used with Calibrations 2
and 7 (Configurations II and 1I1I). A comparison of config-
uration 5 and 6 shows that the inlet-nacelle lip and flight-
simulator lip noise levels are quite similar on a PNLT basis.

Note that all the QCGAT configurations are significantly
quieter than the TFE731-3 Engine, a current quiet business-jet
engine. A comparative plot of the hardwall coannular configura-
tion versvs the TFE731-3 at takeoff condition is shown in
Figure 7-36. A similar plot for the approach static condition is
presented in Figure 7-37. A one-third octave spectral comparison
at the 2.618-radian position (150°) from the inlet axis is pre-
sented in Figure 7-38.

A spectral comparison of the QCGAT mixer versus the QCGAT
coannular nozzle for the hardwall nacelle configuration at the
2.618-radian position (150°), takeoff static condition is shown in
Figure 7-39. At 200 Hz, the mixer is about 7 dB quieter than the
coannular nozzle. Note, however, that there are peaks at 1600 and
2500 Hz with the mixer being 2~ to 3-dB higher at these frequen-
cies. Note that the mixer nozzle is about 7 dB higher at these
frequencies. The source of these tones were investigated in
detail, including some cross-correlation analysis at NASA. The
results of this investigation revealed a high correlation between
internal core noise and the far-field noise levels at certain dis-
crete frequencies, primarily centered around 250 Hz and 2500 Hz.
This led to the development of a new noise~source correlation
attributing this excess noise to core noise.

Comparisons of treated versus hardwall spectra for the mixer
nozzle and coannular nozzle configurations at approach static are
shown in Figures 7-40 and 7-41. A broad attenuation was achieved,
particularly at angles from 0.873 to 1.571 radians (50 to 90°)
indicating attenuation of the desired low cut-off ratio modes.

7.3.6 Flyover Prediction Procedure

Calculated flyover noise levels for the QCGAT engine were
based upon the adjusted noise sources obtained from correlating
the predicted noise source levels with the measured corrected
noise levels. The comparisons yielded a set of correction spectra
for each noise source at all the engine operating conditions.
Each spectrum was identified by two characteristic aeroacoustic
parameters as listed in Table 7-19.
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TABLE 19. CHARACTERISTIC AEROACOUSTIC PARAMETERS.

Nolse Source Aeroacoustic Parameters

Fan Inlet and Exit Fan blade passage frequency, pressure

ratio
Combustor Max flow rate, temperature rise
Turbine Turbine blade passage frequency, tem-
perature ratio
Jet ijzet/'ramb' Veffective'
*Vaer * Viet (1-Vamb/Viat

The component noise sources for the flyover conditions were
analogically predicted, and the appropriate correction spectra for
each noise source, based upon the key aeroacoustic parameters, were
applied to the predicted flyover-noise levels. The result was a
static-data-flyover noise prediction at the given FAR Part 36
condition. The resultant noise sources were "flown" using the
GTENFLY program. A block diagram of this program is given in
Figure 7-42. The locations for the takeoff, approach, and side-
line noise prediction, as well as the QCGAT noise goals for each
condition are presented in Figure 7-43.

7.3.7 Flyover Calibration with Measured Learjet Data

The adjusted noise sources were taken to flight conditions
with corrections for distance, atmospheric attenuation, jet rela-
tive velocity and dynamic amplification effects., fan inlet
cleanup, doppler effects, wing shielding, and ground effects as
detailed in the flyover prediction procedure.

For each flyover condition, takeoff, sideline, and approach,
the SPL, PNL, and PNLT were calculated for each 1/2 second of the
flight trajectory. The duration time, duration correction and
EPNL for each source and the total EPNL were calculated in accord-
ance to FAR Part 36 procedures,

Based upon static data comparisons, the QCGAT engine demon-
strated substantial reductions in noise compared to the quiet
TFE731-3 engine, which powers the Learjet 35/36 aircraft certified
to be 5 EPNAB below the FAR Part 36 Stage 3 noise limits. How-
ever, the initial QCGAT flyover predictions based upon the previ-
ously described methodology yielded noise levels comparable to the
measured Learjet flyover noise levels. A flyover noise calibra-
tion procedure was thus developed, and is outlined in Figure 7-44.
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A comparison of the predicted and measured in-flight spectra
for the Learjet 35/36 based upon the jet dominated model is shown
in Figure 7-45, Although the static noise predictions are
adjusted to agree with the static noise levels, when taken to
flight the predictions are higher than the measured certification
noise levels. The overprediction is primarily in the low fre-
quency, jet dominated range. At the takeoff condition, the pre-
dicted flyover EPNL is 88.7 EPNAB compared to a measured value of
84.0 EPNdB. Similar deltas between predicted and measured flyover
noise levels were observed for approach and sideline conditions.
Adjusted QCGAT flyover noise predictions were made by applying the
Learjet deltas discussed above.

A second set of flyover noise predictions for the Learjet
certification tests was made based upon the core noise dominated
model. The static TFE731-3 data correlation at takeoff condition
at 2.094 radian (120 degrees) is shown in Figure 7-46. The
resultant flyover predictions at takeoff condition based upon this
method are also shown in Figure 7-46. The predicted levels are
even higher than those based upon the previous model; this is
primarily due to the assumed dominance of core noise for which
beneficial in-flight reductions are not applied.

Table 7-20 and 7-21 compare the predicted component noise
sources and the predicted total with the measured flyover levels
for the takeoff and approach conditions for both methods. The
individual noise .sources cannot be compared directly because the
flight-path position for which the maximum tone corrected per-
ceived noise level occurs is not the same, resulting in a differ~-
ent composition of noise gources. This shift in location of the
maximum PNLT prevents the use of an inflight spectral delta array
to match the measured data as shown in Figure 7~47. The jet and
core noise spectra were reduced so that the total predicted
spectra matched the measured spectra at the point of maximum PNLT.
However, when the adjusted predictions were flown over the EPNL
was still 1.6 EPNdB higher than the measured takeoff EPNL. The
spectral correction approach was thus abandoned in favor of a
single EPNdB delta applied to the QCGAT predictions.

A compariscn of the unadjusted QCGAT coannular nozzle hard-
wall nacelle configuration predictions with the TFE731-2 predic-
tions is shown in Table 7-22 at takeoff conditions. The unad-
justed and adjusted flyover noise predictions based on the NASA
core noise dominated model are given in Table 7-23. The QCGAT
mixer flyover predictions at takeoff, approach, and sideline are
presented in Table 7-24 for both the excess jet noise and excess
core noise models. Each method, with its appropriate adjustment
for the difference between predicted and measured Learjet level
yields similar results, indicating the QCGAT engine to be
2.0 EPNAB below the sideline noise goal, 4.6-5.4 EPNAB below the
approach noise goal, and from 0.2 EPNAB below to 1.4 EPNAB above
the takeoff noise goal.
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Dominated Correlation Method with Measured Spectra
at the Point of Maximum PNLT for the Learjet 35/36
at Takeoff Conditions.
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TABLE 7-20. TFE731-2/LEAR 36 FLYOVER NOISE COMPARISON.

Takeoff at 990.6m (3250 Ft.) Altitude

EPNIL, EPNAB

Jet Nuise Dominated Core Noise Dominated
Noise Source Prediction Prediction
Fan Inlet 78.8 56.5
Fan Discharge 66.1 63.5
Combustion 67.6 89.9
Jet 86.4 85.4
Turbine 42,3 54.2
Total 88.7 90.8
Predicted~Measured +4.7 +6.8

TABLE 7-21. TFE731-2/LEAR 36 FLYOVER NOISE COMPARISON.

Approach At 120.1lm (394 Ft.) Altitude

EPNL, EPNdB

Jet Noise Dominated Core Noise Dominated
Noise Source Prediction Prediction
Fan Inlet 73.5 89.8
Fan Discharge 93.9 92.4
Combustion 79.1 94.0
Jet 8l1.0 1.8
" Turbine 81.7 79.7
. Total 95.9 98.6
Predicted-Measured (92.2) +3.7 +6.4
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TABLE 7-22. QCGAT COANNULAR NOZZLE VERSUS TFE731-2
FLYOVER NOISE AT TAKEOFF CONDITIONS.

EPNL, EPNGB

Noise Source QCGAT TFE731-2 A (QCGAT-TFE731~-2)
Fan Inlet 62.0 56.5 +5.5
Fan Discharge 62.7 63.5 -0.8
Combustion 83.9 89.9 -6.0
Jet 83.5 85.4 =1.9
Turbine 57.8 54,2 +3.6
Total 86.6 90.8 -4.2

NOTE: Predictions made with core noise correlation.
QCGAT levels based on hardwall coannular nozzle
configuration,

TABLE 7-23. QCGAT EPNL PREDICTIONS.

Final QCGAT flyover predictions based on the core noise correlation

procedure.
EPNL, EPNdB
Configuration FAA Part36 Condition Unadjusted Adjusted

Hardwall Mixer Takeoff 83.1 76.0
Sideline 89.0 8l.7
' Approach 91.0 84.5
Softwall Mixer Takeoff 8l.7 74.7
Sideline 87.6 80.3
;~ Approach 88.5 8l1.9
X Hardwall Coannular Takeoff 86.6 79.8
f Sideline 92.0 85.2
” Approach 95.3 88.9
Softwall Coannular Takeoff 87.6 80.8
- Sideline 92,7 85.9
Approach 92.0 85.6
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TABLE 7-24.

QCGAT FLYOVER NOISE SUMMARY.

EPNL, EPNaB

Jet Noise Dominated Core Noise Dominated QCGAT
Configuration Prediction Method Prediction Method Goal
With Lear A With Lear A
Hardwall Mixer Takeoff 79.3 74.6 83.1 76.3
Softwall Mixer Takeoff 77.8 73.1 (-0.2) 81.7 74.9 (+1.6) 73.3
Hardwall Mixer Approach 88.2 84.5 91.0 84.6
Softwall Mixer Approach 86.4 82.7 (-4.6) 88.5 82.1 (-5.2) 87.3
Hardwall Mixer Sideline 5.7 81.7 89.0 82.2
Softwall Mixer Sideline 84.3 80.3 (-2.0) 87.6 80.8 (-1.5) 82.3




7.3.8 Final Flyover Predictions for the QCGAT Engine

The predicted flyover-noise levels for the QCGAT powered air-
craft at the FAR Part 36 conditions of takeoff (no cutback), side-
line, and approach for each separate noise source and the total
noise for both the hardwall and acoustically treated mixer nozzle
configurations are shown in Tables 7-25 through 7-30. In addition
to the effective perceived noise levels (EPNL) for each source,
the maximum PNL, maximum PNLT, slant distance, aircraft altitude,
angle of radiation from the inlet centerline, and duration correc-
tion are given. The flyover levels are based upon measured static
data, with in-flight corrections applied, determined from the pre-
dicted and measured TFE731/Learjet noise data using the core noise
dominated model.

The noise levels for the above conditions are presented in
bar-chart form in Figures 7-48 through 7-50. The effects of the
acoustic treatment on the fan inlet, fan exit, and total noise
levels are shown.

One~third octave spectral plots for each condition at the
point of maximum PNLT are shown in Figures 7-51 through 7-56.

Flyover-noise parametric curves were generated by predicting
level flyover EPNL for various engine thrust settings at various
altitudes. A carpet plot for the total EPNL of the acoustically
treated nacelle mixer nozzle configuration is shown in
Figure 7-57.

7.3.9 Conclusions

The noise levels of the QCGAT engine were markedly lcwer than
those of the TFE731, which is a recognized quiet engine. The QCGAT
engine/nacelle system met or bettered the contract noise goals
based on the jet noise dominated correlation analysis
of measured static acoustic data. Based on the core noise
dominated <correlation analysis, the engine/nacelle system
bettered the sideline and approach goals and was only 1.4 EPNAdB
above the goal at takeoff. It should be noted that a detailed
analysis of the component noise characteristics of the engine
showed that if it were possible to fully suppress the fan com-
ponent noise, it would have a nearly insignificant effect on the
total noise level, with the result that meeting the takeoff noise
goal would still be difficult or impossible.

Based upon the core noise dominated model prediction,
the following conclusions were made:

o The QCGAT softwall nacelle/mixer configuration demon-

strated a 9.1 EPNAB reduction in flyover noise at take-
off condition, a 10.1 EPNAB ceduction at approach, and a
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TABLE 7-25. FLYOVER NOISE PREDICTION - TAKEOFY, HARDWALL.
Slant Aircraft Angle )
Dist.- Alt.- Prom Inlet PNL PNLT Tise Dur. QCGAT
Meters Meters € Radians Max Max Dur. Corr. EPNL Goal
Noise Source (Peet) (Peet) (Deg.) PRdB PudB Sec. as EPNdD zZrade
Pan Inlet 1168.7 924.7 1.04
(3834.3 (3033.8) (59.5) 41.0 46.0 3%.0 2.4 48.5
Pan Discharge 1080.8 1070.7 1.56 -
(3546) (3512.7) (89.4) $5.0 58.0 14.5 2.5 55.5
Combustion 1281.9 1193.5 2.09
(4205.7)  (3925.8) (119.5) 0.1 N6 N0 L9 15-6
Jet 1281.9 11931.5 2.09
(4205.7)  (3915.8) (118.5) 62.0 62.0 40.0 3.0 5.0
Turbine 1201.1 1162.9 1.95
(3940.7)  (3815.2) (111.7) %.2 @2 3 2.3 50.5
Total 1118.7 1116.7 1.77
(3670.3) (3663.8) (101.4) 71.2 74.0 35.5 1.9 76.0 73.3
QCGAT mixer-coupound exhaust systea
TABLE 7-26. FLYOVER MOISE PREDICTION -~ HNARDWALL, APPROACH..
Slant Aircraft Angle
Dist.-~ Alt.- Prom Inlet PuL PULT Time Dur. QCGAT
Meters Meters S Radians Max Max Dur. Corr. EPFRL Goal
Noise Source {Peet) (Peet) (Deg.) PN  PNAB  Sec. as Rds  EFPRdS
Pan Inlet 423.1 130.0 0.34
(1388.0) (426.6) 19.2; 75.8 77.9 9.0 -4.1 73.7
Fan Discharge 112.0 111.6 1.68
(367.3) (366.0) (96.2) 8.3 876 25 -8.9 7.7
Combustion 112.0 111.6 1.68
(367.3) (366.0) 96.2) 86.7 7.9 5.0 -£6.3 81.5
Jet 112.0 111.6 1.68
(367.3) (366.0) (96.2) 65.9 67.6 6.0 -5.8 6l.8
Turbine 116.4 113.4 1.36
(382.0) (372.1) (718.2) 7.8 7.1 5.5 5.4 3.1
Total 112.0 111.6 1.68
(367.3) {366.0) (96.2) 91.2 91.2 5.0 -6.8 84.5 87.3

QCGAT mixer-compound exhaust systeam
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TABLE 7-27. PLYOVER WOISE PREDICTION - NARDWALL, SIDELINE.
Slant Aircraft Angle
Dist.- Alt.- Prom Inlet PRL PULT Time Dur. QCGAY
Meters Meters € Radians Max Max Dur. Corr. EPNL Goal
Noise Source (Peet) (Peet) (Deg.) Mas mds Sec. a8 Erude rade
Fan Inlet 92.3 72.4 0.93
(302.9) (237.4) (55.9) 61.7 66.9 9.0 -4.0 62.9
Pan Discharge 161.0 160.5 1.76 -
(528.1) (526.5) (101.0) 6.9 72.5 7.8 8 6
Combustion 219.0 200.1 2.10 y _
(7118.7) (656.6 (120.2) 79.8 83.3 13.0 2.4 86.9
Jet 205.3 192.2 2.04
(673.7 (630.6) (116.8) 70.9 70.9 16.0 -0.8 70.1
Turbine 192.6 184.3 1.97
(631.9 (604.6) (113.0) 60.7 €0.7 13.0 -1.5 59.2
Total 161.0 160.5 1.76
(528.1) (526.5) (101.0 8l1.5 83.9 13.5% -2.2 81.7 92.3
GCGAT mixer-compound exhaust systes
TABLE 7-28. FLYOVER NOISE PREDICTION -~ SOFTMALL, TAKBOPF?Y.
Slant Aircraft Angle
Dist.- Alt.- From Inlet PNLT Time Dur. QOGAT
Meters Meters € Radians Max Max pur. Corr. RPEL Goal
Noise Source (Peet) (Feet) (Deg.) Puds PRAB Sec. as wrRds zrads
Pan Inlet 1079.5 1032.3 1.4
(3541.5)  (33R6.8) (80.3) 0.0 4.1 uS 3.¢ 4.7
Pan Discharge 1080.9 1070.7 1.6 -
(3546.4) (3512.7) (89.4) 54.2 56.6 14.0 4.0 $2.6
Combustion 1281.9 1193.5 2.09
(4205.8) (3915.8) (119.5) 9.9 72.9 35.0 1.3 74.2
Jet 1281.9 1193.5 2.09
(4205.8) (3915.8) (118.5) 62.0 62.0 38.5 2.8 64.8
Turbine 1281.9 1193.5 2.09
(4205.8 (3925.8) (119.5) .2 4.2 s 2.6 58.3
Total 1281.9 1193.5 2.09
(4205.8) (3915.8) (119.5) 70.7 73.0 36.0 1.7 74.7 73.3

QCGAT mixzer-compound exhaust systeam
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TABLE 7-~29. FLYOVER NOISE PREDICTION -~ SOFTWALL, APPROACH.

Slant Aircraft Angle

Dist.- Alt.- From Inlet PNL PNLT Time Dur . QCGAT

Meters Meters € Radians Max Max Dur. Corr. EPNL Goal
Noise Source (Peet) (Peet) (Deg.) PRdB rudB Sec. as rads ruds
Fan Inlet 423.06 130.0 2.335

(1388.0) (426.6) (19.2) 73.8 75.8 8.5 -4.6 71.3
Pan Discharge ill.9 111.6 1.77 _ -

(367.3) (366.0) 196.2) 1.9 796 35 7.3 72-3
Combustion 111.9 111.6 1.67

(367.3) (366.0) (96.2) 85.0 86.5 6.5 -£.5 79.9
Jet 118.3 109.7 1.97

(388.3) (360.0) (113.2) ¢4.4 662 6.5 5.6 606
Turbine 111.9 111.6 1.67

(367.3) (366.0) (96.2) 77.0 78.6 5.0 -6.5 72.2
Total 111.9 111.6 1.67

(367.3) (366.0) (86.2) 87.2 7.2 %0 5.2 8y W)
QCGAT mixer-compound exhaust systea

TABLE 7-30. FLYOVER NOISE FREDICTION - SOFTWALL, SIDELIRE.

Slant Aircraft Angle

Dist.- Alt.- From Inlet PNL PMLY Time Dur. QCGAY

Meters Meters € Radians Nax Max Cur. Corr. EPRL Goal
Koise Source (PFeet) (Peet) (Deg.) PRAB PRAB Sec. aa EPFads Erude
Fan Iniet 99.7 80.7 1.03 .

(327.1) (264.6) (59.5) 60.2 6..7 9.0 -3.8 $9.8
Pan Dischirge 144.9 144.6 1.60

(475.6) (474.5) {92.0) 67.2 68.5 8.0 -4.8 63.7
Combusgtion 219.0 200.1 2.09

(718.7) (656.6) (120.2) 79.4 8z.4 12.0 ~-2.7 79.6
Jet 219.0 200.1 2.09

(718.7 (656.6) (120.2) 70.8 70.8 15.5 -1.0 69.8
Turbine 192.6 184.3 1.97

(631.9) (604.6) (113.0) 60.7 6.7 135  -L5  59.2
Total 219.0 200.1 2.09

(118.7) (656.6) (120.2) 80.4 82.6 13.5 -2.3 80.3 82.3

QCGAT mixer-compound exhaust systea
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6.9 EPNdB reduction at sideline condition compared to
the TFE731-2 powered Learjet.

o The QCGAT hardwall nacelle coannular nozzle configura-
tion was shown to be 4.2 EPNAB quieter than the Learjet
at takeoff condition although the QCGAT airplane takeoff

| gross weight is 2122 pounds greater than the Learjet

| airplane.

’ o] The QCGAT hardwall nacelle/mixer was 3.5 EPNdB quieter
| at takeoff and 4.3 EPNAB quieter at approach than the
QCGAT hardwall nacelle/coannular nozzle.

o The QCGAT softwall nacelle/mixer was quieter than the
QCGAT hardwall nacelle/mixer by 2.5 EPNAdB and 1.4 EPNdB
at approach and takeoff conditions, respectively.

7.3.10 Recommendatjions

Uncertainty exists with regard to the noise source correla-
tion method that will best match static data to predictions. It
is recommended that additional internal engine to far-field noise-
coherence measurements be made in order to better define a cor-
relation method that will yield accurate flyover predictions. It
is further recoamended that additional in~flight spectral data for
small general aviation turbofan engines be made available so that
the static~to-flight prediction methods can be refined.

174




SECTION VIII

SUMMARY OF RESULTS AND CONCLUSIONS

8.0 SUMMARY OF RESULTS AND CONCLUSIONS

8.1 Engine and Nacelle Design

The design of the QCGAT engine was based on the core of the
AiResearch TFE731-3 engine :ind incorporated several unique compon-
ents specifically for reduced noise and emissions. The core con-
sisted of the TFE731-J low-pressure compressor, high-pressure com-
pressor, and high-pressure turbine, with the TFE731 accessory
gearbox. The unique components includes a low-speed fan, a fan
gearbox, associated ducts and structure, a reduced-emissions com-
bustion system, and low-pressure turbirne.

Two nacelles were designed -- a production flight-weight
nacelle and a "workhorse" nacelle. Only the workhorse nacelle
was fabricated for the program; the flight nacelle was used
primarily to evaluate airplane characteristics and for weight
estimates. Both nacelle designs incorporate acoustic treatment
forward and aft of the fan and a mixer-compound nozzle. However,
the workhorse nacelle also featured replaceable inlet lips and
interchangeable acoustic and hardwall duct liners. In addition,
the nacelle inlet barrel could be replaced with a bellmouth,
and the mixer-compound nozzle could be replaced with a coannular
nozzle system to obtain reference performance data.

8.2 Engine Performance

Performance of the QCGAT engine was excellent throughout all
testing. No serious mechanical problems were encountered and no
significant test time was lost due to engine related problems.
The uninstalled thermodynamic performance of the engine differed
from the contract goals in that the TSFC was slightly higher than
the TSFC goal at rated thrust points (7.7 percent). The installed
per formance was very close to the goal (1.4 percent). These
differences are attributed to lower than predicted fan efficiency
and coannular nozzle thrust coefficient, higher than predicted
mixer-compound nozzle thrust coefficient, and the resultant match-
ing of the engine with these components.

An estimate of the engine's performance at the cruise condi-
tion was made with the engine model. Comparison of this perform-
ance with the contract goals at cruise shows that the engine meets
the thrust goals for both the uninstalled and the installed condi-
tions, and betters the TSFC goal at the installed condition.
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8.3 Noise

The noise levels of the QCGAT engine were markedly lower than
those of the TFE73l, which is a demonstrably quiet engine. The
QCGAT engine/nacelle system met or bettered the contract noise
goals based on the jet noise dominated correlation analysis of
measured static acoustic data. Based on the core noise dominated
correlation analysis, the engine/nacelle system bettered the side-
line and approach goals and was only l.4 EPNdb above the goal at
takeoff. It should be noted that a detailed analysis of the com-~
ponent noise characteristics of the engine showed that if it were
possible to fully suppress the fan component noise, it would have
a nearly insignificant effect on the total noise level, with the
result that meeting the takeoff noise goal would still be diffi-
cult or impossible.

8.4 Emissions

with the engine configured to use air assist at the taxi-idle
condition, the goals for HC and CO were met. The engine exhibited
a significant reduction in Nox level from that of a production
TFE731-3, but it exceeded the "program goal by an EPAP value of
0.9. The measured smoke number exceeded the program goal of 38 by
4 points, however, the engine wasg visually judged to be smokeless.
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SECTION IX

RECOMMENDATIONS

9.0 RECOMMENDATIONS

9.1 Performance

Considerable ground-level testing was conducted to define the
QCGAT engine performance at low altitude. However, it is recom-
mended that additional tests be conducted at simulated flight con-
ditions in order to refine the enyine computer model and to permit
comparison of the engine performance at the cruise design point
with the program goals. It is also recommended that tests be con-
ducted with nacelle hardwall and acoustical panels to define the
duct pressure loss attributable to the acoustical panels and the
effect of that loss (if any) on engine performance.

9.2 Noise

Uncertainty exists with regard to the noise source correla-
tion method that will best match static data to predictions. It
is recommended that internal engine to far-field noise-coherence
measurements be used in order to better define a correlation
method that will yield accurate flyover predictions. It is
further recommended that additional in-flight spectral data for
small general aviation turbofan engines be made available so that
the static-to-flight prediction methods can be refined.
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Dual Nozsle Configuration Station Location.
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Figure II-A. Axial Locations of Instrumentation.

184




oy g

Lv2

LMAX
co

COMB,
EPNdB
EPNL
£i

HPC

HPT

XX
YY
22
ISA
LPT
L/D

1
i
i

APPENDIX II
LIST OF SYMBOLS AND ABBREVIATIONS |

Surge bleed area |
Excess attenuation

Buttock line ]
Coefficient of 1lift at v,
Maximum coefficient of left
Carbon monodixde

Combustor

Eff ective perceived noise in decibels

Effective perceived noise level

Center frequency

Thrust

Thrust at a given power setting, net thrust

High-pressure compressor

High-pressure turbine

X-axis location of center of gravity

Y-axis location of center of gravity
Z-axis location of center of gravity
International standards association
Low-pressure turbine

Lift-to-drag ratio

Mach Number

Rotor speed

Low-pressure compressor and turbine speed
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CR
NOX

t2

P/P
PLA
PR

Prg.3/Pps. 0
QCGAT

t4.2
TO

TSFC
TOGW
TURB

U/ACR
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High-pressure compressor and turbine speed
Critical speed

Oxides of Nitrogen

Total pressure

HP compressor discharge pressure
Pressure ratio

Power lever angie

Pressure ratio

Low-pressure turbine overall pressure ratio
Quiet Clean General Aviation Turbofan
Plug radius [cm (IN.)]

Duct radius [cm (IN.)]

Specific Resistance

Sea-level static

Station identification

Combustion design concept

Fan inlet temperature

LP turhine inlet temperature

Take Off

Thrust spacific fuel consumption
Take-of gruss weight

Turbine

Wheel speed critical velocity ratio
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UHC

V/ALp
W/A%g

Wiy
4.3

APPENDIX II (CONTD)
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Turbine blade tip velocity

Unburned hydrocarbons

Absolute critical velocity ratio
Maximum takeoff gross weight (in pounds)
Relative critical velocity ratio

Complex argument

Mass flow rate (kg/s)([lbm/sec]

Impedance

Impedance

Three-dimensional

Absolute flow angle (deg)
Relative flow angle (deg)
Differential pressure
Differential enthalpy
Specific Work [J/kg (Btu/lbm)]

Pressure divided by Standard Sea Level Static
Day Pressure

Pressure Ratio
Mean work coefficient
Mean flow coefficient

Flow coefficient

Specific reactance

187




	1980012846.pdf
	0011A02.tif
	0011A03.tif
	0011A04.tif
	0011A05.tif
	0011A06.tif
	0011A07.tif
	0011A08.tif
	0011A09.tif
	0011A10.tif
	0011A11.tif
	0011A12.tif
	0011A13.tif
	0011A14.tif
	0011B01.tif
	0011B02.tif
	0011B03.tif
	0011B04.tif
	0011B05.tif
	0011B06.tif
	0011B07.tif
	0011B08.tif
	0011B09.tif
	0011B10.tif
	0011B11.tif
	0011B12.tif
	0011B13.tif
	0011B14.tif
	0011C01.tif
	0011C02.tif
	0011C03.tif
	0011C04.tif
	0011C05.tif
	0011C06.tif
	0011C07.tif
	0011C08.tif
	0011C09.tif
	0011C10.tif
	0011C11.tif
	0011C12.tif
	0011C13.tif
	0011C14.tif
	0011D01.tif
	0011D02.tif
	0011D03.tif
	0011D04.tif
	0011D05.tif
	0011D06.tif
	0011D07.tif
	0011D08.tif
	0011D09.tif
	0011D10.tif
	0011D11.tif
	0011D12.tif
	0011D13.tif
	0011D14.tif
	0011E01.tif
	0011E02.tif
	0011E03.tif
	0011E04.tif
	0011E05.tif
	0011E06.tif
	0011E07.tif
	0011E08.tif
	0011E09.tif
	0011E10.tif
	0011E11.tif
	0011E12.tif
	0011E13.tif
	0011E14.tif
	0011F01.tif
	0011F02.tif
	0011F03.tif
	0011F04.tif
	0011F05.tif
	0011F06.tif
	0011F07.tif
	0011F08.tif
	0011F09.tif
	0011F10.tif
	0011F11.tif
	0011F12.tif
	0011F13.tif
	0011F14.tif
	0011G01.tif
	0011G02.tif
	0011G03.jpg
	0011G03.tif
	0011G04.jpg
	0011G04.tif
	0011G05.jpg
	0011G06.jpg
	0011G07.jpg
	0011G08.jpg
	0011G09.jpg
	0011G10.jpg
	0011G11.jpg
	0011G12.jpg
	0011G13.jpg
	0011G14.jpg
	0012A01.jpg
	0012A02.jpg
	0012A03.tif
	0012A04.tif
	0012A05.tif
	0012A06.tif
	0012A07.tif
	0012A08.tif
	0012A09.tif
	0012A10.tif
	0012A11.tif
	0012A12.tif
	0012A13.tif
	0012B01.tif
	0012B02.tif
	0012B03.tif
	0012B04.tif
	0012B05.tif
	0012B06.tif
	0012B07.tif
	0012B08.tif
	0012B09.jpg
	0012B10.tif
	0012B11.tif
	0012B12.jpg
	0012B13.tif
	0012B14.tif
	0012C01.tif
	0012C02.tif
	0012C03.tif
	0012C04.tif
	0012C05.tif
	0012C06.tif
	0012C07.tif
	0012C08.tif
	0012C09.tif
	0012C10.tif
	0012C11.tif
	0012C12.tif
	0012C13.tif
	0012C14.tif
	0012D01.tif
	0012D02.tif
	0012D03.tif
	0012D04.tif
	0012D05.tif
	0012D06.tif
	0012D07.tif
	0012D08.tif
	0012D09.tif
	0012D10.tif
	0012D11.tif
	0012D12.tif
	0012D13.tif
	0012D14.tif
	0012E01.tif
	0012E02.tif
	0012E03.tif
	0012E04.tif
	0012E05.tif
	0012E06.tif
	0012E07.tif
	0012E08.tif
	0012E09.tif
	0012E10.tif
	0012E11.tif
	0012E12.tif
	0012E13.tif
	0012E14.tif
	0012F01.tif
	0012F02.tif
	0012F03.tif
	0012F04.tif
	0012F05.tif
	0012F06.tif
	0012F07.tif
	0012F08.tif
	0012F09.tif
	0012F10.tif
	0012F11.tif
	0012F12.tif
	0012F13.tif
	0012F14.tif
	0012G01.tif
	0012G02.tif
	0012G03.tif
	0012G04.tif
	0012G05.tif
	0012G06.tif
	0012G07.tif
	0012G08.tif
	0012G09.tif
	0012G10.tif
	0012G11.tif
	0012G12.tif
	0012G13.tif
	0012G14.tif
	0013A01.tif
	0013A02.tif
	0013A03.tif
	0013A04.tif

	notice_poor quality MF.pdf
	0001A04.JPG
	0001A04.TIF
	0001A05.JPG
	0001A05.TIF
	0001A06.JPG
	0001A06.TIF
	0001A07.TIF
	0001A08.TIF
	0001A09.TIF
	0001A10.TIF
	0001A11.TIF
	0001A12.TIF
	0001A12a.JPG
	0001A12a.TIF
	0001B02.JPG
	0001B03.TIF
	0001B04.JPG
	0001B04.TIF
	0001B05.JPG
	0001B06.JPG
	0001B07.JPG
	0001B08.JPG
	0001B09.JPG
	0001B10.JPG
	0001B11.JPG
	0001B12.JPG
	0001B12a.JPG
	0001C02.JPG
	0001C03.JPG
	0001C04.JPG
	0001C05.JPG
	0001C06.JPG
	0001C07.JPG
	0001C08.JPG
	0001C09.JPG
	0001C10.JPG
	0001C11.JPG
	0001C12.JPG
	0001C12a.JPG
	0001E02.JPG
	0001E03.JPG
	0001E04.JPG
	0001E05.JPG
	0001E06.JPG




