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PREFACE

This Final Report describes the work conducted during the period May 1976 through Sep-
tember 1977, by the Commercial Products Division, Pratt & Whitney Aircraft Group of
United Technologies Corporation under FAA Contract DOT-FA76WH-3809. This report
presents the results obtained from experimental and analytical studies of mixers aimed at
reducing noise levels in the JT8D engine,

Acknowledgements are given to Mr. Harold C. True, Program Manager for the Environmen-
tal Rescarch Branch of the FAA, for his participation in guiding and monitoring the perfor-
mance of the program.

This report submitted in December 1977, is in compliance with the report requirements of
the contract schedule and was prepared under the Contractor’s reference No.. PWA 5582,
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OVERVIEW
SUMMARY

A major objective of tnis program was to define an internal mixer for the JT8D engine ex-
haust system that would produce a significant reduction in jet noise, be compatible with the
JT8D engine mounting and structural limitations, be installed with minimum changesto
Boeing 727 and 737 and Douglas DC-9 tailpipe hardware, provide satisfactory performance,
and have an acceptably light weight. Two mixer concepts were studied, one designed to pro-
duce a relatively flat profile at the nozzle ¢xit plane and one designed to provide partial in-
version of the fan and primary exhaust streams. Models (one-seventh scale) of both mixers were

. designed, fabricated and tested under simulated JT8D engine exhaust flow conditions to

evaluate noise and performance characteristics. Design studies were completed and scale
model test results were analyzed to allow the characteristics of possible full scale designs to
be estimated. Based on the results available at completion of contract work, two mixer '
options were defined as having potential for installation into the JT8D engine. These con-
figurations have the following estimated charactenstxcs .

Long Mixer ~ Short Mixes

®  Jet noise reduction 3 to4 PNdB 3tod4 PNdB-
_ @  Cruise thrust specific fuel o . |
" consumption improvement 1.3% - 0.5%
®  Takeoff gross thrust loss | o 8 _'70.3%{".5{ |
®  Weight increase st S iosies.

The Pratt & Whitney Aircraft analysis indicated that bolh mixus wm be compauble with

JT8D engine mounting and structural limitations. However, the long mixer- will require a
new rear engine case and o longer nacelle. The short mixer is expected to fit within the
existing engine case and nacelles with only minor modifications. However, this anatysis”
must be confirmed by the aircraft manufacturers. Based on the noise and performanve
test results in conjunction with the installation considerations, a short mixer design wis
recommended for evaluation in a full scale engine test. All characteristics of the final con-
tiguration appear to be compatible with use in airline service except for the loss in takeoff .
theust, which could have an adverse impact on the operational characteristics of 1‘!‘80-
powered airplanes as takeof! performance would be reduced.

A full scale engine Qlight and static test program is required to verify the estimated mixer
characteristics and to establish that the selected configuration is suitable for airline use. At-
tention must ix paid in the full scale design to elimination of a takeoff thrust loss. If the os-
timated loss of takeoff thrust is confirmed by full scale tosts, a program may be required to
correct the cause of the thrust losses.




L In addition to the Mixer Investigation work conducted, as reguired by contract DOT FA76
4 WA-3809, results from = concurrent Pratt & Whitney Aircraft in-house JT8D model program
1 were made available at no cost to this contract to facilitate selection of the most effective
design to be recommended tor future tull scale tests. The Pratt & Whitney Aircraft program
addressed the characteristivs of a shorter mixer of potentially lower pertormance, investigated

'
uw;wza’m' Yy

3 the effects of details of the exhaust case hardware and flow-field that are peculiar to the
§' JT8D engine family, and the etfects of tailpipe length and § degrees of tailpipe “cant’ on

noise and performance for tailpipe geometries assoviated with specific airplane installations
that ditfered materially from the reference tailpipe speciticd by the contract, Elements of

%2

A

= § 4 the Pratt & Whitney Aircraft program iare presented in this report along with results of the
, 1 contract work in order to provide a complete presentation of all technical material used for
EOg ~ mixer selection. Major results of both the contract work and the Pratt & Whitney Aircraft
b N ‘ ; in-house prosram are presented in the following techunical overview.
- s 4: '- .
- M Under the contract work and the Pratt & Whitaey Aircratt in-howse studies, two basic mixer
I'- designs were selected to undergo tests to determine the noise, exit veloeity profile, and thrust
o characteristics of the miner installed in @ one-seventh scale model I T8D exhaust nozzle, A ser-
ies of moditications to the miner fobe geometry then was tested to establish effects on thrust,

SE noise and exhaust velovtty profiles. An exhaust system patterned after that currently in use

in the JTSD engine was also tested to establish reterence noise and thrust levels.
B i
i MINER DESIGN
i
i Photographs of the basic madel maver designs tested during the programs are shown in Figure
' 1. The shorter miver was used primarily for Pratt & Whitney Atreratt inhouse tests, The sche-
matics in Fyure 2 present the engine owpath as well as one modification of cach miser

tested dugmg the programs. The fong mixer vontiguration has a gradual flowpath convergence

that requires @ moditied outer vase 1o mches longer than cursently is used on the JTSD en-

NS gine. The short mixer uses the current STSD outer case extended approximately 8 inches

: i ©OAFT (Full Svale). The short mixer design was judged to be of a greater tisk in terins of n

H ducing nozele pertommancee, due to high predicted local Now diltusion rates that could -~

k b sult in focal ow separation with accompanying increased pressure losses. Howewer, the
potential advantage of retaining the current outer exhaust vase provided safficient incentive

~tor Pratt & Whitney Aireraft to ivestigate the shorter mixer desipn. In general, the extent
to which aireraft nacelle, reverser, and exhaust case hardware modifications would be te-
quired would be greater with the Tomger miser designs. Details of the iixer lobe tr.tiling
edge grometry madificstions were vstablished by the model test pmwm\

ACOUNTIC AND PERFORMANCE FESTS

Acoustiv tests were vomducted at the Pratt & Wiatney Airctaft lndoor Anechoic Jet Noise
Facility. Exhaust system models were tested over a range of nozzle operating conditions
simulating JTSD-18 opetation at scaled theust levels from approach to takeolt. Tuilpipe exit
plane pressure and temperatue profiles were measured at maximum takeotl and cutback
theust conditions. Nozele performance teste were petformed at the FluiDyne Engineering
Corporation's stativ thrust tacility. A wide range of noszle pressure satios were tested with
primary to fan stream tempetature and pressure splits approximativy those of JTSD-1S en-
gine.

L)




LONG FLOWPATH MIXER ~ SHORT FLOWPATH MIXER -

Figure 1 3&4‘6'1.0»& and Short F&p};}»@th Mivers

- Oneterence svitem

Figure 2 -Sch&mﬁé.ic of Reforenw Exhaust byskm and Long amd Short Flowpath
T Mixers. ’ o _
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The acoustic characternistics of the representative long and short miner contigurations and

the reference exhaust systent, scaled to predict full scale jet noise, are shown in Figures 3
through 6. The peak perevived noise fevels (PNL) are plotted versus estimated tull scale JTRD
engine static gross thrust in Figure 3. The reduction in peak PNL of both mixers relative to
the reference  xhaust system ranges from 3 to 4 PNAB in the thrust range of the engine nor-
mally wse. during takeolt operation (12,000 to 15,500 ths.).

Pervenved noise fevel directivity plots of the 3 exhaust systems are shown in Figure 4 at a
ty pival cutbick takeoft thrust of 12,800 th. The directivity patterns tor the two mixers are
somewhat different, and can be retated to the velocity profile of cach mixer. In both cases,
the Larpest nowse. reductions oceur at the angle of maximum PNL for the reference exhaust
ssstem These results are based on static tests. The eftects of flight velocity on the jet
none of 3 mixer configuration must be determined by a flight test in order to detemine
the reductions in terms of effective perceived notse tevel (FPNL).

One-thind octave band sound prossure kevelLESPEY spectra of the nozzie at 90 and 140 degrees
aie shown m Figures S and o at the 1280010 thrust conation At both angles, the Largest
SEL reduvbons occuy i the frequencey range where the reference evhauss system spectia
peak AL frequencies above 3000 He, the miner configurations generated mors nowse than

whad the eferemoe calaust system Phe specteal characteratios can be pelated to the nogzle

evitvelovity protiles i Fygie ™ that show focal velodity (uormalized by the compuied

amnved vefooity Eas g function of exhaust nozste radins, and gvenaged wang vadues measueed
behuwl two mver lobes Both amvess praduce substantial eductions i the peab flow sebo
ity relitine 1o the meternee system fo provide the fow fregueney sose ieductions: The i

crrae mvelonity near the noezke outer dameter due to the maens would be cypested o

produce shghtly hugher levels of high frequency nowse than the reference svstem: This s von-
firmeed By the measired none spectra

: "o 7 : ‘ : ' : : ' : . . -
Rctmncc systm
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Angle 6 ~ degrees
Figure 4 Perceived Noise Level Direetivity Comparison of Reference Exhaust System

with Long and Short Flowpath Mixers at Cutback Thrust ( with Engine
Secondary Flow Simulation)
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Figure 6 SPL Spectra At 140°; Comparison of Reference Exhaust System with Long
and Short Flowpath Mixers { with Engine Secondary Flow Simulation)
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Figure 7 Tailpipe Lxit Velocity Profiles; Comparison of Reference Fxhaust Svstem
with Long and Short Flowpath Mixers




Performance results for the two mixers are summarized in Figure 8. The results are presented
as a percent change in nozzle thrust coefficient (C;) of the mixer with respect to the refer-
ence exhaust system. The long mixer produced a 0.7% increase (equivalent to a 1.3% improve-
ment in cruise thrust specific fuel consumption, TSFC) with a negligible change in sea level
takeoff thrust. The short mixer produced a 0.9% improvement in cruise TSFC, along with a
0.6% penalty in takeoff thrust.

A follow-on performance test program was conducted to investigate configuration changes
to the cut-back short mixer which could reduce the deficit in takeoff thrust and also elimin-
ate the need for the cylindrical extension between the engine case and the tailpipe. The
most promising short mixer configuration tested demonstrated a 0.3% penalty in takeoff
thrust and a 0.5% improvement in cruise thrust specific fuel consumption relative to the
reference exhaust system as shown in Figure 8. Acoustic testing was not conducted with
this configuration. However, since the design of this improved performance mixer was
quite similar to the design of othei -hort mixers tested, it was judged that the acoustic
properties would, in general, also be similar to those measured for the other short mixers.

l
' 1.3% ATSFC
0.8 at cruise 0.9% ATSFC
% & Cq 0.6 at cruise 0.5% ATSEC
mixer  04- at cruise
minus 02
reference O ~ I Bl T
-0.2(w - N 3 vanegtt
=04/
-0.6L-

Long  Short  Short

mixer  mixer  mixer
with  without
spool  spool
piece  piece

Figure 8  Performance of Long and Sho:t Flowpath Mixers Relative to Reference
Exhaust System

_The acoustic and performance results described above were obtained during model testing in
“which “sccondary ™ flow conditions of the JT8D engine were simulated by including the pre-
sonce of turbine discharge swirl and fan stream pressure distortion as determined from full
seale enging measurementis in both primary and fan streams. Additional testing was conducted
" in the traditional manner of scale model jet noise testing, whereby the axial flow conditions
in both the fun and primary streams are simalated, and non-uniform circumferential effects
are ignored. The engine secordary flow simulation had an important inpact on the acoustic
results, as shown in Figure §. With engine secondary flow simulation, the noise of the ref-
ercnce exhaust system was reduced by 2 PNAB at the takeoff thrust condition and by 1
PNdB at the cutback thrust condition. Conversely, the effect of the engine flow simulation
on the noise with the mixers installed was small. The net result was to reduce the PNL sup-
pression of the mixers relative to the reference syster from values of' § or greater without




cngine flow simulation to the values of 3 to 4 PNAB with engine flow simulation. Since the noise
reductions of' 3 to 4 PNAB described above are based on the results of tests conducted with
engine secondary flow simulation, these results were used to estimate the noise reduction that
could be obtained for the fullseale JT8D engine.

2
g A T 53 2 S e s B i TR

110 ,
] | 1 | L
“Clean” flowpath—|__ |70

: | . 34 N
105 | ; ,%?C’

'
100 .

AN

Peak PNL
at 1200 ft 95 -

™~ Engine flow simulation
- {Turbine exit swirl, turbine |
and fan case struts,

linear Typicial T80 ‘ufan flow distortisn) i
%0 icutback tnrust ’ ,
I JT8D-15 Max takeoff thrust
85 | b - »
‘ | o Froetisld |
l L .‘ 1 ) ® Data T""‘ toJ im0 mLhu sire
806778 9 0 1 12 13 1w 15 16 17

Thrust ~ 1000 ibs

Figure 9 Ufect of Engine Secondury Flow Simudation on Reference Exhaust System
Noise

I contrast with the reduction in noise benetit due to the miner when the secendaey flow
comditions were simukated, a positive thrust inerement was obtained, associnted primarily
with removal of the residuat tuebine ow swirl present i the eeference system, This eftect
wais toted fromn the maodel test pertormanee tesubts i which the incremental improvement
i aer versus reference system pectormanee inereased by 0010 o 0289 when the models
were tested with sweel struts and distortion. The magnitude of the improvement appeared to
be assoctated with the speedic e contipunation. Phe mereniental improvement of the
whier with sunubated engine eftects was used to estinnate full seale engine performance b
cause it is believed to be amore accuriate indeztion of the improvenent available.

Toests were conducted to evatuate the effect of a0 8 degree canted tailpipe on the referenee
exhaust system amd on one miver Figure 1O illustrates the eftect of the § degree tailpipe
vant on the peak PN of the reterence sind the cutback scatloped tong miser at both takeolt
theust (15,500 1bs ) amd cutback throst (12,400 Hh) The tailpipe was canted away (rom the
microphone to sunukite an overhead flyover The efteet of the S degree cant on the noise of
the reference system was sovdl, with e clange at the higher theust and a 0.5 PNAB decrease
at the tower thrust. The noise of the miner eshaust system with the canted tailpipe was 1
PNUB fess at takeotTand 18 PNOB fess at cutback thrust than the noise of the noncanted
tailpipe maser. Falaust system performanee was anattocted by tailpipe cant when thrust
was evitluated usinge the resultant foree vecton.
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Figure 10 Effect of 5 Degree Tailpipe on Peak Perceived Noise Levels of Reference
Exhaust System and the Cutback Scalloped Long Flowpath Mixer (without
B Engine Secondury Flow Simulation)

Results of tests with a tong tailpipe showed that the veference exhaust system noise Tevels
were reduced by 0.5 PNAB and by 1 PNAB tor the one miixer systean tested relative to the
reterence (standard length) tailpipe. The fong taitpipe had only a slipht eftect on absotute
fevels of performance and a negligible change w thrust of the mixer relative to the referenee
system.,

CONCLUSIONS

Based on encouraging acoustic and performance results and the minimum impact on engine
structure and installation, the shorter mixer is judged to be the design best suited tor appli-
cution in the JTRD-1S engine, provided that the small loss in takeott thrust can be corrected.
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1.0 INTRODUCTION

i

1.1 BACKGROUND

oot

The Pratt & Whitney Aircraft JT8D turbofan engine powers a large percentage of the world’s
short and medium range commercial jet aircraft fieet, including the Boeing 727 and 737
airplanes and the McDonnell Douglas DC-9 airplane. Although current production models

of these airplanes meet noise certification requirements established under FAR part 36, the
possibility exists of providing reductions in the jet noise through the use of an internal mix-
er exhaust system. The application of a mixer to the JT8D engine exhaust system was in-
vestigated under this contract.
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The noise of the JT8D engine at cutback and takeoff power is dominated by jet noise which
is related to and influenced by the jet velocity of the hot primary core exhaust at the tail-
pipe exit. One approach for reducing the jet noise of the JT8D engine involves the concept
of internally mixing the primary and fan streams within the common tailpipe. The poten-
tial noise reduction that may be achieved using this concept has been predicted to be on

the order of 3-4 PNdB in Peak Perceived Noise Level (PNL) under static conditions. The
effects of airplane forward velocity on the noise reduction due to internal mixing cannot

be accurately predicted. Therefore the expected noise reduction due to internal mixing in
terms of Effective Perceived Noise Level (EPNL) of a JT8D powered airplane during a fly-
over has not been established.
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A major impediment to the practical application of an internal mixer to the JT8D engine

has been the adverse impact on performance that was projected based on early mixer studies,
Recent analytical and experimental programs conducted at Pratt & Whitney Aircraft includ-
ing full scale engine mixer tests, have shown, however, that internal mixer technology has
advanced to a state such that the incorporation of a mixer could provide performance im-
provements relative to the current JT8D engine.
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Based on the desire for reducing the jet noise of the JT8D engine without major engine mod-
ification and the recent advances in internal mixer noise and performance technology. this
program was formulated to define a mixer configuration that has potential for application

to the JT8D engine.

1.2 PROGRAM DESCRIPTION

The basic objectives of the program were to develop a mixer design that would provide re-
ductions on the order of 3 to 4 PNdB in peak PNL without impairing engine performance.
The mixer design was to be consistent with full scale JT8D engine structaral limitations

and also had to be practical in the sense that the modifications to the engine and nacelle
should be minimized. In addition to the contract work completed, Pratt & Whithey Aircraft
conducted company-sponsored tests of scale model JT8D mixers that complemented the
tests conducted under this contract, Test results obtained from the Pratt & Whitney Aircratt
program are reported along with the contract results. Specific activities completed under
each program are summarized below.

n
s ,w.wA%awwmw R aisiciison

-
_

b e G A e S 4 P Fapa

1!




T N e

ERAY e

1.2.1 Contract Activities
JT8D Mixer Design Study

Design studies were conducted of concepts applicable to the JT8D engine, and compatibil-
ity with tailpipe hardware was investigated for JT8D-powered airplanes. A series of mixer
flowpaths was designed requiring engine case extensions of up to 21 inches. It was con-
cluded, based on the design studies, that a mixer which would provide satisfactory noise and
performance would require a new engine outer case that !2ngthened the engine by 16 inches
to provide lower rates of diffusion of the flow through the mixer, and therefore minimize
performance losses due to possible regions of local flow separation. Although such a design
would require an extended nacelle, it would still be compatible with existing DC-9, 727, and
737 tailpipe and reverser hardware. This design was supplied to the airframe manufacturers
for review early in the study.

Scale Modei Nozzle Design and Fabrication

Based on the above studies, one-seventh scale model mixers were designed and three sets
fabricated to allow modifications during the test program as required to produce a relatively
flat profile at the nozzle exit planc, Also, an one-seventh scale reference exhaust system was
designed and fabricated. A reference tailpipe was fabricated that was representative of the
length and flowpath lines used for 727 and DC-9 installations.

Scale Model Acoustic Tests

Noise and exit velocity profile characteristics were measured on mixed and reference model
hardware tested with individually controlled fan and primary stream airflow pressures and
temperatures to simulate operating conditions of a JT8D engine. The acoustic test facility
provided an ancchoic environment above frequencies of about 150 Hz to allow the measure-
ment of free-ficld jet noise over a range of ungles of interest. Tests were conducted of cach
model exhaust system over a range of at least 10 conditions simulating JT8D sea level oper-
ation, including approach, takeoft and cutback operation. Nozzle discharge traverse tests
were conducted at two operating conditions for cach exhaust system. The reference system
was tested with both streams at the same conditions to define the noise characteristics of a
100% mixed Vlow. Data were scaled to simulate a full size JT8D engine under static condi-
tions and extrapolated to 150 foot radius and from 400 to 6000 foot lincar distances.

Although it would be desirable to present results in terms of Eftective Perceived Noise
Level (EPNL), which is the noise parameter used for airplane noise certification, invorma-
tion concerning the effect of airplane forward velocity on the jet noise is required to per-
mit a meaningful value of EPNL to be calculated. Since flight effect information for the
mixer configurations tested in this program is not available, the results are presented in
terms of Static Perceived Noise Level (PNL). A flight test is necessary to detesmine the
EPNL reductions due to a mixer,

Analvtical Support and Data Analysis
The noise reduction potential of the various mixer contigurations was established by com-

parison with the 1007 mixed flow condition and by comparing the results of the mixers
with the refercuce configuration. -
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Inverted Profile Mixer

One model mixer was modified by cutting back the lobe scarf angle to direct more primary
air to the nozzle outer diameter and thus “iavert” the flow relative to the normal co-axial
exhaust where the bot primary flow is in the center. The nozzle was tested using the same
procedures as were used for mixer nozzles, and the noise reductions were compared with re-
sults trom other vontigurations,

Scale Model Performance Tests

Two mixers and the reference system were tested by the FluiDyne Engineering Corporation
to provide avcurate measures of thrusts and tlows at conditions that simulate JT8D opera-
tion at takeoft and cruise. Cold tlow tests also were conducted to evaluate pressure losses
of the mixer systems to provide an additional basts for performance assessment.

1.2.2 In-House Program Activities
Dexign Study

Although the design of @ miner that could be contained within the existing XT8D-powered
atrplane hardware was judged to be outside the Hits of current technology due to predicted
eacessively tarpe pressure gradients ad possible tlow separation, there are several obvious
mstattation beaetits for such adesn, Accordingly, Pratt & Whitney Atreraft initiated an
i-house design sundy to evaluate “short™ miner designs that were outside of the range of
experivnee but weuld minimice changes to cngine case hardware. A series of mixer flow-
pathy was designed o it within the current JTRDY engine outer cuse. “'Spool piece™ exten-
sions to attach the mixer to the engine were designed with lengths that ranged torm 0 Gi.e.,
po extension) up to 10 inchwes, with the 2ero ength extension most desirable tor case of
mstadiation, but aving the greatest risk of unaveeptable performanee. The candidate de-
sipns were consistent with JT8D engane structural and mounting limitations, and alt aliowed
the retention of existing tailpipe/ thoust reversers curreatly used on Boeing 727, 737 and
Doughis OO airplanes,

Model Nog dhe Design and Fabrication

Scale models inone-seventh size wee tabrivated of the short mixer designs, Also, additional
hardware was fabricated o simubate the 737 talpipe, winch is signiticantly longer than the
referenve tailpipe that simdatod the length of 727 and DO tailpipes used tor the contract
studies amd o 8 degeee canted tailpipe tengine and tailpipe centerlines intersect at a § degree
angled of 127 and DO feagth to altow evatuation o this eftect, whuelis relevant to 727 and
DY instattations.

Seade Model Acoustic amd Pertormance Lesgs

Tests of Pratt & Whatney Areeatt's m-house tiodes were conducted using the sanwe tacilities
and provedures used for the contract testing. e addition, as part of the inhouse progeam,

the effects o noise of tan and tuebine case struts and residual swid low in the primary tlow
were evatuated for bath baseline amd miner vonfigurations. Tt was found that these features
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produced @ noise benefit for the baseline exhaust system, but the eftect of struts and swirl
on the noise of the mixer contigurations was not significant.

1.3 RECOMMENDED FULL SCALE MIXER DESIGN

A tinal mixer configuration was selected and evaluated under the contract. Results of the
Pratt & Whitney Aireraft in-house program were made available tor this selection along with
contract results and provided increased contidence in predicted perfortance and noise char-
acteristics of a full scale device. Weight, structural durability, and installation compatibility
estimates were based on design study results, The characteristies ot the recommended tull
scale design are discussed in Section 6.0

1.4 TECHNICAL DISCUSSION

Signiticant technical results from these programs are presented in the tollowing sections, The
results of both the contract program and the in-house program ace presented, as required, to
provide techuteal clarity.

Various elenments of the program are reported in the tollowing Sections:

Section 2.0 contains 4 description of the Mixer Design Studies, and presents the rationale for
the selection of the basic mixer design as well as a detinidion ol the test hurdware,

Sevtion 3.0 deseribes the Acoustic and bBxit Traverse Test program, and provides a deserip-
tion of the test tacility, the acoustic and profile data acquisition and processing systems,
and presents the operating condition matrix used for the tests,

Section 4.0 contains a descrption of the Nozzle Performance Test Program. The Fluibyne
Thrust Facility is deseribed brietly, (A complete description is included in Appendix D.)
The performance parameters are deseribed and the operating condition matrix used for the
tosts is Jetined.

Section S.0 contains a presentution and discussion of’ the acoustic, protile amd nozzle per
formance results obtained during testing,  neluded in this section are results obtained dur-
ing inchouse testing, which have impottance in applying the results ot this program to select
a mixer design tor a tull scale JTSD engine.

Section 6.0 presents the mixer design selected Sor application to the JTED eagine and sume-
mariees the projected aoise ceduction, nozzle pertocianee, weight and the impact on the
engine and mcelle of incorporating this mixer design in the full scale engine,

Section 7.0 contains the conclusions derived from the ettoets ot this program,
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2.0 MIXER DESIGN STUDY
2.1 AERODYNAMIC DESIGN

The primary consideration in the aerodynamic design of an exhaust mixer for the JT8D en-
gine was the exhaust discharge plane velocity profiles required to achieve both acceptable
acoustic properties and engine performance. Fortunately, exhaust profile requirements for
noise and performance both are best served by a relatively tlat velocity profile st the exhaust
plane. In addition, pressure loss, weight and existing engine dimensional constraints must be
considered. The acrodynamic design ot the JT8D mixer flowpath was, to a large extent,
predicated on experience developed through tests of other engine models and, in particular,
from cxperience with refanned derivative JT8D mixer configurations. This experience
guided the establishment of basic criteria for the convoluted mixer flowpath design. Refer-
ring to Figure 2-1, these design considerations are:

a)  Determination of the required total annulus arca at the discharge of the mixer. Enlarg-
ing this area reduces the local Mach number which may be related analytically to a re-
duction in momentum pressure loss. Existing fun case dimensions, external drag and
installation constraints will limit the diameter ot this outer case.

b)  Lobe coverage, which detines the circumferential separation ot the lobes and therefore
the number of lobes, is derived trom cpirical information relating the degree of mixing
and pressure toss to the coverage,

¢)  Lobe penetration, which defines the height of the mixer lobe in relation to the total
annulus height, also is determined empirically.

d)  Mixer-plug gap. which is defined by the ratio of annulus arca between the mixer and
the plug to the total primary stream arca at the mixing plane, is chosen to eliminate
large regions of hot gas at the inner radius of the stream,

An additional engine match-retated restriction is that the static pressure of the engine and
tan streams be equal at the discharge of the mixer. This requires that the ratio of the areas
at the mixing plane of the two streams be selected such that the Mach numbers (and hence
the static to total pressure ratio) of the two streams compensate for any difference between
total pressures that may exist. Failure to establish the proper pressure balance could result
in a mismatch of the compressor and turbine systems with possible undesirable effects on
engine operation or performance.

The arca ratio, in conjunction with lobe coverage, penctration gap and the total annulus
ared at the mixer discharge, essentially defines the mixer configuration with exception to
the basic geometrie shape of the mixer tobes. Parallel, radial, and curved wall mixer de-
signs have been investigated in the past. For the JT8D engine, a radial wall design is de-
strable because of the inereased fan stream tflow area in the innermost portion of the lobe
trough that this design provides.

Mixer lines upstream of the discharge plane are determined primarily on the basis ot achiev-
ing an acceptable gradual change in local and stream average turmning and dittusion rates to
discourage local tlow separation.

15
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Figure 2-1 Mixer Flowpath Design Parameters

A 12lobe convoluted mixer, shown in Figure 2-2, was designed for the FAA JT8D program
in accordance with the aforementioned criteria, aimed at achieving a flat velocity profile

at the tailpipe discharge, and having conservative acrodynamic lines to avoid excessive pres-
sure loss, This mixer flowpath required that the outer exhaust case be modified to a more
gradual convergence slope and extended 16 inchos axially rearward in order to achieve the
desired diffusion rates, The shorter mixer, which required a 7.6 inch case extension, was
generated for a Pratt & Whitney Aircraft funded test program. This shorter mixer design
was undertaken in an attempt to reduce the impact of the mixer on the aircraft installation
and, in particular, the requirements for extensive nacelle and reverser modifications.

The potential for separation (and accompanying high pressure loss) was evaluated analytic-
ally for the fan flow in the region botween tho mixer lobes. Flow properties in this region
were evaluated by analytically creating an annular duct whose inner radius matched the
mixer flowpath in the valley and whose outer radius yielded a duct cross-sectional area
cquivalent to the area on the fan stream side of the mixer (Figure 2-3). This duct was then
evaluated as an annular diffuser. Prediction of boundary layer thickness and shape was re-
lated to skin friction coefficient (C,) which, in turn, indicates a potential for separation

it it approaches a value of zero. A comparison of C, values for the 16 inch and 7.6 inch ex-
tension mixers (Figures 2-3(a and b) indicote that the increased potential for flow separation
was inherent in the shorter mixer design,

16




e

,/ 515
/ 0887 R-

Eng. par tormance
messurement 12 Lodes
Strut,
su;‘" Cutient NASA
l New case UMW tlange gy
tiange ; location .
| Statien X
: oW Case
Station 8
W Godias o MachNos
i Agy 87nm My, 040
- Rad|us Apyy 421 ° l.» ,039 B
: Ay 450 ) 4
- inches bi 4% g 0¥
. _ » .
:. | WU S 1oocd 1t L FURINE & W
il 1§ 10 5 0 S 10 15 A8 W
j XYY 1L,
Length from "M’ flange ~ inches
-
38 Figure 22 Eull Nize JTSD Mixer Design with L6 inch Engine Case Fx tension
i
g 3
& § The basie design of cach mixer vonsidered the possibility of scalloping the mixer lobes by

removing nonsteuctural wall sections, Scalloping has been shown to invrease minmg by as '
; , tuch as 10% with an insignitivant inerease in pressure loss with miver model conligurations
5 4 for other higher bypass ratio engine models, Scalloping provides two benelits: (D it in-

" creases the Now interface perimeter at the miner discharge plane, and () the remaining
fobe extensions act as litting airtoils and create tip vortices that promote minig,

The angle of the tobes at the mixer dischange plane s also detenmined empiocally . Retianned
derivative JTRD moddel test enperience has shown that overturning the engine low radully
inward will promote mixing due to impingement of the engine flow on the portion of the

fan fow that “fills™ the trough between the minet lobes. The derivative experience idwated
that overturning angles of 12 to 13 degrees provide optimum mnning. The detaited scalfoping
and fobe angle tor a “*best” mixer tor the JTSD engine would be deternmned duting the
testing.

Thus, a miner design was evolved for the contract Based on producing a high degree of nuy-
ing with low surtiaces consistent with producing little chance of low separation.
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2.2 ACOUSTIC CONSIDERATIONS

Achivving a tlat velocity profile at the nozzle exit was considered a primary design goal for
a mixer that would provide etfective noise reduction for the JT8D engine. Since a flat pro-
file would be achieved with complete mixing, the acrodynamic design criteria discussed in
the previous section are consistent with an effective mixer tor noise reduction purposes.
Previous mixer investigations at Pratt & Whitney Aircraft have indicated that velocity profile
having maximum local velocities on the order ot 109 or less above the ideal mixed value
produce noise reductions on the sanie order as completely tlat profiles, Also. previous re-
sults have indicated that velocity profiles having inverted characteristics, i.¢., having
maximum local velocities at the outer perimeter of the tailpipe, sometimes have produced
noise reductions greater than those achieved with an exhaust having a flat profile. One task
of this program was to determine it an inverted velocity profile would produce additional
noise reductions tor the JTRD cycle.

Inverted flow could be produced with the mixer evolved from the design study by a relative-
Iy simple moditication to the lobe geometry. The exact modification would be dclemm\ed
using the velocity profile results obtained dunng the initial testing.

2.3 JT8D COMPATIBILITY

Coneeptual studies of the mechanical structure of the 16 inch engine outer case extension
mixer were conducted to verity the practicality of the desired flowpath. Throughout this
analysis it was assumed that the turbine case would remain unchanged trom the current de-
sign. L oading requirements dictated that the entire mixer and plug should be supported

by the outer cuse with toads transmitted through aerodynamic struts, Fairings and slip
joints would be required at the turbine inner and outer diameter to avoid steps in the tlow-
path and to compensate tor difterential thermal cxp.mawn causal by tcmpcmuw dtffer-
ences between the tan and primary stream,

As these design studies were being conducted, contact was vstablished with The Boving Com-

pany and Douglas Aireratt Corporation te solicy mm judpements on the impact of the

revised engine external lines on aireradt Fandware and operation. Both airframe companics

respomded based on the results of uu\ur\ mmlyun andd stressed the m\mﬂamc ol attempt-

ing to develop nuners which requite minimum-change of the eagitie lines. Recognizing the

problems sssociated with establishing an sceeptable miser Bowpath within the-existing tuil

pipe vonstrants, some estimites of impact on the installation were made. Fstinated modif-

ications to the wacelie atid reverser were considerable, and it whs noted that extensions in S
exeess of Lo mehies could impact aircealt l.nkwtt mmmm .m;.lc on u'mun aircratt, thus L
necessitating & fonger Gakeol? roll: ' - R

24 SC ALI \lOl)LL ll ARDWARE"
Duc-wwml. svale mudcl\ u: the mines il refereece \vhttvr c\h\m»n wslcn were dv-zigt\m _ : '
amd fabricated at Pratt & Whitney Adreratt and FluiDyne Fngatcenng oq\\xmtmn. A pho- -
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past experience with airflow and heat addition capabilities at the FluiDyne force measure-
ment and Pratt & Whitney Aircraft acoustic test facilities. A typical mixer installation, in-
cluding adapting hardware, is shown in Figure 2-5. All model hardware was designed for
operation at temperatures up to 1 200°F and fabricated from steel. Allowances were made
tfor ditffercatial thermal growth so that proper allignment would be achieved at the desired
operating conditions.

OUTER CASE SUPPORY

Figure 2-4 One-Seventh Scale Model Hardware for JT8D Reference amd Mixer
Exhaust Nystems
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Figure 2-8 Schematic of TESD Mixer Exhasst System Model
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The model exhaust systems simulated the D-1 to D-17 versions of the JT8D engine. A ref-
erence tailpipe was selected to provide 2 compromise between the lengths and flowpaths of
the Douglas DC-9 and Boeing 727 installations.

The bulk of testing was conducted with flat pressure and temperature profiles in each stream
at the *‘charging station™ location upstreem of the nozzle where gas flow properties are

: measured. However, previous JT8D derivative engine model tests had indicated performance

effects due to an interaction of turbine flow residual swirl with turbine case struts and/or

fan pressure radial distortion. These “secondary™ flow effects were simulated for portions

) of the test program. Swirl vanes were fabricated and inserted along with simulated JT8D
exhaust case struts to simulate the JT8D turbine discharge swirl determined from full scale
engine testing. A radial pressure profile was created in the fan stream by the insertion of
perforated plates to simulate the full scale fan discharge pressure profile and boundary layer
development in the fan duct.

Three separate models of the long mixer configuration were fabricated. This was done to
accommodate simultaneous testing at Pratt & Whitney Aircraft and FluiDyne, to allow for
variations in mixer schemes that were investigated to optimize mixing and pressure loss and
to investigate the effects of partial inversion ot the nozzle velocity profile.

Instrumentation for the model inclhuded total temperature and total pressure rakes installed
at axial stations wheh approximate the measuring stations in the full scale engine. These
measuring stations are identitied in Figure 2-5, and were defined as the charging stations
for this series of model tests. Pressure at each probe head was measured individually to
facilitate mass averaging of tlows with distorted pressure profiles,

Detailed drawings of all model hardware are provided in the Fluidyne Report, Appendix D.
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3.0 ACOUSTIC AND EXIT TRAVERSE TEST PROGRAM
3.1 JET NOISE TEST FACILITY (X-206 STAND)

The Pratt & Whiiney Aircraft Anechoic Jet Noise Facility, X-206 stand, was used to obtain
both acoustic and exit velocity profile measurements required for the program. This facility,
located at the Andrew Willgoos Turbine Laboratory, was specially designed to provide an
accurate simulation of jet engine exhaust nozzle characteristics using scale model nozzles.

3.1.1 Test Chamber

The test chamber, illustrated in Figure 3-1, with a volume of approximately 12,000 cubic
fest, is lined on all surfaces with specially constructed anechoic wedges to provide an ane-
choic environment for frequencies above 150 Hz. The walls are constructed with an air pass-
age between the concrete block outer wall and a perforated sheet inner wall. Blowers are
used to provide a slight inflow of air through the perforated wall in order to eliminate sec-
ondary air currents induced within conventional test chambers by the flow from the test
nozzle. A honeycomb exhaust silencer further reduces the potential for secondary air cur-
rents as well as eliminating the transmission of outdoor noise sources into the stand. Cham-
ber temperature, relative humidity and pressure are recorded for each test point.

The test nozzle is situated in a vertical position directly beneath the exhaust stack. Labora-
tory compressors provide the two air streams to the coannular test nozzle. The two flows

are individually controlled for pressure, temperature and flow. The flows are heated by nat-
ural gas tired heater burners with a maximum capability of 150G°F at nozzle pressure ratios
up to 4.0. A schematic of the air supply system is shown in Figure 3-2. Accurate weight

flow measurements are provided by calibrated choked flow venturis. Test nozzle pressures
and temperatures are measured by multiple probe rakes located at the nozzle charging station
as illustruted by the rig scheamtic in Figure 3-3.

3.1.2  Acoustic Data System

3.1.2.1  Acoustic Data Acquisition

Acoustic signals are detected by a polar array of 0.250 inch diameter Bruell and Kjaer mi-
crophones (#4135) positioned at normal incidence to the centerline of the test nozzle exit

planc at a distance of 15 feet. Microphones were located every 10 degrees from 60 to {60
degrees relative to the upstream jet axis. This array was shown in Figure 3-1.

The signals are transinitted to the control room and recorded on magnetic tape with a
Honeywell system 96, 14 channel Wide Band Group 11 tape recorder. During the test, se-
lected acoustic data are monitored on-line by o B&K #2107 one-third octave band sound
analyzer. All microphones were calibrated prior to the tests by a procedure traceable to
the National Burcau of Standards. Daily calibrutions were performed by a B&K #4220
Pistonphone. The frequency response of the entire date acquisition system is essentially
flat up to 80,000 Hz.
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3.1.2.2  Acoustic Data Processing

The tape recorded data are processed in the Data Reduction Center on a General Radio
1920, one-third octave band analyzer, and the raw data are recorded on digital incremental
tape. The incremental tape is then processed by an IBM 370 computer. In the computer
processing, cable and microphone response calibration values are added. Atmospheric atten-
uation corrections are applied in order to adjust acoustic data to a standard FAA day (77°F,
70% relative humidity). Data in this torm are contained in Appendix B. The data are then
scaled for size and extrapolated to the desired distance to predict the free field jet noise of

a full size JT8D eagine using the standerd scaling and extrapolation procedures, Extra
ground attenuation corrections were not applied to the data. The data scaled to predict
JTRD full scale engine noise for all test contigurations aiso are contained in Appendix B,

Both the model and seated data inleude one-third octave band sound pressure level (SPL)
spoctra at all measured angles. Also provided on cach data sheet are the overall sound
pressure level (OASPL) at cach angle, integrated sound power level (PWL) speetra (model
data only) and overall power level (OAPWL) (model data only). The scaled data also cone
tain the PNL at cach angle at linear distances ot 400, 1200, 2000, 4000 and 6000 feet.

Each data sheet also contains a complete tabulation of all pertinent exhaust system oper-
ating paramoters.
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3.1.3  Exit Traverse Data System

A diagnostic tool used to provide a direct determination of the amount of radial or circum-
ferential mixing was the result of spatial traverses of pressures and temperatures in the ex-
haust plume directly behind the nozzle discharge. Data acquired from these traverses are used
to calculate velocity profiles that can be used to guide geometric modifications required to
achieve desired profile shapes and to relate acoustic and performance data trends to the noz-
zle discharge profiles.

The integrated pressure and temperature traversing system installed in the Anechoic Jet
Noise Facility is illustrated in Figure 3-4. A probe head (Figure 3-5), which senses total
and static pressure and total temperature, is automatically positioned to 148 locations in
the nozzle exit plane (Figure 3-6). These locations are preseribed on a punched paper tape
that is read by a console located in the control room. Measured probe radial and angular
coordinates are also obtained at cach sampling location,

3.1.3.1  Traverse Data Acquisition

A portable data unit is utilized to read out and record on magnetic tape all readings of tra-
verse instrumentation as well as the probe location at cach sampling point, The magnetic
tapes are processed vn a Xerox SIGMA 8 computer that converts raw millivolt data acquired
from pressure transducers and thermocouples to engineering units and applies appropriate
calibrations to the pressure data. The SIGMA 8 generates a hard copy printout of the data
in raw millivolts and engineering units, data validity information and punch cards containing
the calibrated data in engineering units.
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3.1.3.2  Traverse Data Processing

The punch cards are loaded into an IBM 370 computer that is linked to remote interactive
graphic terminals where pressure and temperature data from the traversing are edited and
used to generate cor tour plots of exit plane stream properties. A tully expanded velocity

is calculated from the measured total pressure and temperature at the exit plane and the
static pressure in the test cell. Curves oi the circumferential and radial average values of pres-
sure, temperature, and velocity are also plotted.

Overall averages of the parameters measured by the fixed instrumentation are calculated
and used to determine the average mass tlows, pressure and temperature splits, and expan-
sion ratios that existed in cach stream during the traverse. The average temperatures, pres-
sures, and flows are used to calculate the ideal fully mixed pressure, temperature, and vel-
ocity which serve to normalize the traverse results for cach configuration and account for
slight difterences in upstream tlow conditions.

3.2 ACOUSTIC AND TRAVERSE TEST CONDITIONS

Each model configuration was tested at ten exhaust system operating conditions selected to
duplicate those of the JT8D-15 engine sea level static operating line on a 77°F day. These
conditions are defined in Table 3-1. Pressures and temperatures at the model charging sta-
tion represent the fan and primary stream properties at the inlet to the splitter in the full
scale reference configuration. The pressure ratio presented in this table is engine total pres-
sure «t the charging station divided by ambient pressure. The jet velocities are bused on the
JT8D-15 engine simulation customer computer deck and take into account measured engine
performance characteristics.

e st BB Rt ettt o ki i 3

Exit profile measurements were pertormed for points C and F, which represent the JT8D-15
takeoft (sideline) and cutback (overhead) thrust levels, respectively,

The reference and mixer nozzle were tested at the above operating conditions. On the basis
of noise and profile results of the mixer, the lobe discharge geometry was modifivd three
times to produce various degrees of profile flatness. Hach modification was subsequently
tested at the same ten operating conditions. A further lobe moditication, which would pro-
vide a partially inverted flow profile, was also tested at the same conditions.

Mixed temperatures and velocities were also caleulated for each point, and the reference
exhaust system with those conditions int both the primary and fan stream flows in order to
provide reference noise characteristios for an ideatly mixed jet.
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4.0 NOZZLE PERFORMANCE TEST PROGRAM

The impact of various mixer schemes on exhaust system performance was determined by
measurement of exhaust nozzle forces at simulated JT8D nozzle operating conditions at the
FluiDyne Engineering Corporation Medicine Lake Aerodynamics Laboatory. This facility
was selected because it provides the high degree of accuracy and repeatability required for
determining the relatively small differences in performance between the mixer and reference
exhaust systems. All work was performed under subcontract to Pratt & Whitney Aircraft.

i
3
E—

4.1 EXHAUST NOZZLE THRUST FACILITY

The FluiDyne Channel 11 facility, which is illustrated in Figure 4-1, is a static thrust stand
capable of simultaneously testing two streams operating at different temperatures. For the
JT8D instailation both streams were ducted through concentric flow passages that fed the
mixer or reference splitter and discharged through a common tailpipe. A typical mixer
model installation is shown in Figure 2-5. Nozzle forces and mass flow rates, temperatures
and pressures for each stream were measured at the facility.

Cold
bypass Cold
flow flow [‘
Ait Flow 3.component
heater ; i moeters L force balance
) Hot flow,™ > e I =il AR
| P — 3

lcummt’s
Facility < madel

Figure 4-1 FluiDyne Engineering Corporation Channel 11 Dual Flow Exhaust Model
Test Facility

An in depth description of the FluiDyne Facility, the force data corrections, and data pro-
cessing is contained in Appendix D.

4.2 PERFORMANCE PARAMETERS

Of primary concern in the FluiDyne testing was the determination of the gross thrust out-
put of the various exhaust systems investigated. Every effort was made to run each model
configuration at exactly the same charging station operating condition to facilitate compari- g
son of thrust performance. Nondimensional thrust coefficients were calculated to allow a 5
valid comparison of {orce output. Exhaust system performance is assessed at the pressure
and temperature measuring station upstream of the mixer instead of at the nozzle discharge
plane. Therefore, internal pressure loss and skin friction drag and mixing are included within
the nozzle coefficients. Thus, this method provides an evaluation of total exhaust system
performance.

31
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4.2.1 Thrust Coefticients

Thrust coefficient is defined as the ratio of the measured thrust to the sum of ideal thrusts

obtained by isentropically expanding separate fan and primary streams to the static pressure
surrounding the exhaust nozzle:

H
Cr = F, +F,

1 1

Since the ideal thrust defined here assumed no mixing and a thrust increase due to mixing
does occur within the exhaust system, thrust caefficients of greater than unity are possible.
A detailed discussion of nozzle thrust coefficient calculation procedures is contained in
Section 4.5 of Appendix D.

4.2.2 Discharge Coefficient

Nozzle discharge is defined as the ratio of the actual gas flow through a nozzle to the ideal
flow at the same temperature and nozzle pressure ratio. In order to determine a discharge
coefficient for two streams discharging through a common nozzle, ideal flow per unit areas
is calcualted for each stream and the sum of the two values is proportioned to the total
measured tlow divided by the measured exhaust nozzle area :
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A detailed description of discharge coefficient calculation procedures is presented in Section
4.3 of Appendix D.

4.2.3 Determination of Mixing and Pressure Loss

A technique has been devised for separating the thrust gain due to mixing from the thrust
loss due to the additional pressure loss that results from the presence of the mixer. Because
the sensitivity of engine performance to these two parameters varies as a function of flight
condition and engine power setting, this determination is necessary to allow performance
predictions over a range of conditions. The technique requires separate tests of the exhaust
system; first with both streams at the same temeprature (cold test), and then with the
streams at simulated engine operation temperatures (hot test), With both streams at the
same temperature, the velocity difference (due only to the pressure split difference) is very
small, as is the potential thrust gain due to mixing. Because the cold test stream Mach num-
bers approximate those of the desired operating conditions, the pressure losses tend to ap-
proximate those that occur during running with streams at different temperatures. A com-
parison of thrust and discharge coefficient measured from cold flow tests of a mixer config-
uration with those for the reference exhaust system will allow the mixer pressure ioss to be
determined.
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The cold test results are used in conjunction with hot flow results to establish percent mix-
ing achieved by the mixer. To detenuine the degree of mixing achieved by a specific contig-
uration an incremental change in thrust coefficient due to the pressure difference between
the two cold streams is determined analytically (a small effect). This increment is combined
with the ideal mixing thrust gain calculated for the temperature and pressure split of the
hot flow test. The total increment is then applied to the adjusted cold tlow baseline to os-
tablish a theoretical thrust coefticient level tor 100% assumed mixing with hot tlow. The
ditferences between the thrust coefficients measured by hot tlow tests and adjusted cold
flow baseline thrust covfticients, divided by the ideal thrust coefficiont change due to mix-
ing, is then defined as the percent mixing. This concept is tllustrated in Figure +4-2.

Percent mixing =

Actual ¢ ¢
Thry§t thust ET?M:‘ Tcggld
coefficient coefficient ~ ' mixed — “T cold

increase

Cr
Cold tlow

{deal thrust contticient increase
for mixing streams at
hot flow test conditions

Nozzle pressure ratio (Ptp /P amp)
Figure 4-2 Definition of Percent Mixing for Dual Strewm Exhaust System

4.3 NOZZLE PERFORMANCE TEST CONDITIONS

The reterence oxhaust system, the miser and the mixer/inverter exhaust syStems were tested
for thrust peeformance so that increments between the suser amd reterence exhaust system
could be established, Test conditions were seleeted to simulate FJUSD-1S engine operation
al takeott and cruise. In addition, & range of test points was selected tor the reterenee ol @
mixer exhaust system that permitted thrust performance sstintates to be made for a vnge

© of pertormance paints that apply to the JTRD-LS, - 17, and -17R engines.

The hot and cold low nozze operating conditions tested are tisted i Table &3 Pach test

©“point is defined with & fan to primary total pressure ttio and total temperatune ratio aata

primaty to ambient total pressure tatio. The hot How test powts simulate JVSD enpdne tlow
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properties in the fan and primary streams at the engine measuring station. These properties
are measured at comparable locations in the model hardware. Cold flow tests are included
in the test schedule in order to determine the pressure loss of the mixer and mixer/inverter
relative to the reference configuration.,

Flow measurement and thrust measurement accuracy and repeatability were verified using a
standard ASME nozzle. Test points were sclected to have flow properties similar to those
included in the test matrix.

TABLE 4-|

NOZZLE OPERATING CONDITIONS FOR MODEL
PERFORMANCE TESTS

D No. ot
u Points/ Total
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>0 RESULTS AND DISCUSSION

The expertmental data obtained during the test program are of three basic types: wooustic,
traverse, and peeformance. The acoustic data are dmm terized by various parameters. The
paameters discussed in this .wutmn are:

. ()nv-third octave band spcc.tm at 130 £t radius
®  Perceived Noise Level (PNLY at 1200 £t loear distance
@ Foak l"r\-cwéd Noise Level at 1200 {t. &inc;xr,d}stunqé

* The acoustic w\ulh pn‘\cx.tud in this section are bawd on mudxi dm svaled to- pmmt mll
st }lhl) engine jet moise. A data are free fiehd dmt thmmw do not include eround re--
Hection or ywum{ .\ttcnu.mun cHects that would be present in fullscitle engine noise mea
surempnts mads in the presence of 4 geound plane. Perceived Noise Levels (PNLY: weore cal-
~onlated for the scated data extrapolited to linear distances of 400, 1200, 2600, 4000, and -
© o000 feer. The PNLs of an witernal mixer decrease monrapidhy with distauve than those
o of the reference oxtaust systen dug to spectral thfh‘fu\\‘t‘\ and the effect of atmospheric
- dbsorption onnoiwe. Thus, the PNE rednctions due 10 a mixer terease with dixtanee. The
PNLs and the 3 PNLs pre; sented in this repart are those valealated, for the 1200 ttdistanee
int this sty paeal nunimuam sivglane- iu—nmmp! one distanee. that \\ould te present dunng -
) s ;mwvmi airplane certitization tests. To detosminie the et noise PNU reductions -
o 'nt het du .m\c\. 2he !‘M msmm‘wbulatmusumtmu d iy A,q\pg mw_x B ;hx__\;;}«i be uz_«‘q.

Traverse dita \\'cw'u\'m“ m"i"a‘k wlat © mm*m pwmwﬂmt are pxm nm;t m thw\ \\,us YT T
~ 30 degre ¢xIoF are confone mf.ms W nh His ut constant w&mh R E3) Fals® anad valley NJM[ S
svelowtty pmh!m and (N wlm iy dMnb\xsxun Bt mtum of mm,xiahw HRLY ﬂm\ Pos S

T fosntanee s, prw‘n(cd e tertis ol nog ok thmxt \\\H'\ mm u. ﬁmm ~m‘uh\ luci cun\um- e
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5.1 REFERENCE JT8D EXHAUST SYSTEM

" The currznt JT8D engine incorporates an aerodynamic splitter (free mixer) having an area

ratio sefected to provide proper compressor and turbine matching. Although this configura-

tion was not designed specifically to mix the exhaust flow, the bluff base of the splitter, in

combination with the relatively steep angle of the outer exhaust case, provides a moderate
amount of mixing at a low level of pressure loss.

A contour plot showing nozzle discharge velocity at simulated takeoff conditions is pre-
sented in Figure 5-1. Local velocities, determined from measured total pressure and tem-
perature by assuming isentropic expansion to test cell static pressure, are presented
normalized by the calculated ideally mixed velocity. The steepness of the velocity profile is
evidenced by the close spacing of velocity contour linies. To assist in interpreting these con-
tour plots, two additional curves are provided. The radial velocity distribution provided by
averaging traverse data measured downstream of two lobes is presented as a function of noz-
Zle radius in Figure 5-2(a). The lack of distinct definition of the interface of the two streams
indicates that some mixing is occurring. Velocities at the nozzle exit vary substantially, rang-

- ing trom 25% below to 19% above the ideally mixed value,
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Figure §- 1 ailpipe Exit Velocity Contour Map of Reference E.\hmm System [ without

Engine Secondary Flow Simulation)

The second curve (Figure $-2(b)) presents the tnilpipc velocity distribution on a cumulative
mass flow hasis. This curve was obtained by caleulating locat velocities and mass flows for
cach of the individual points in the nozzle traverse, ondering the velocities from lowest to
highest and plotting these velocities against the cumulative total of calculated mass flows.
Bor example, Figure §-2(b) indicates that 63% of the flow of the reference exhaust system
had velovities kess than 10% balow the average value. Conversely, the curve siiows what per-
cent of flow has velocities higher than a specified value. For example, 23% of the flow had
velocitios greater than 10% above the average value. Contour plots of constant pressun and
temperature lines show trends similar to those of velocity. These plots are presented in Ap-
pendix €.
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Figure 5-2 Tailpipe Lxit Velocity Profile and Cumulative Mass Flow Distribution of
Reference Exhanst System

The 1200 foot linear free field peak PNL, as a tunction of caleulated equivalent full-scale en-
gine thrust, is shown in Figure 5-3, Pecceived Noise Level directivitios at takeoft and cutback
thrust fevels are shown in Figure S-4. Note that the angle of peak PNL s 140 degrees for

both thrust conditions. The third octave band SPL spectea at the two thrust levels are shown
at angles measured trom the engine upstream jef centerline ol‘(Ui) = 90 and 140 degrees in
Figures S-5(a) and 5-5(b). Typicat of jet noise spectra, the 90 degree spectea is broader and has
its peak SPL fevel at higher frequency than data at 140 degrees. The PNL and spectrat data
will be used in Section 5.2 to compare with the mixer nozzle results,

Thrast coetficient data for the desived FT8D stream temperature ratio (hot test) and for a
temperatere ratio of unity (cold test) are presented as a function of engine stecam pressure
ratio in Figure $:0. The hot test data are used in Gater sections as the basis for performance
comparisons between various mixer configurations and the current FE8D exhaust system.
The caleulated pereent mixing for the reference contiguration also is presented in Figure
§-0. As stated previously, this configuration provided a moderate amount of mixing (ap-
proximately 307,

The data presented in this section were obtained for the FTRED reference exhaust system and
were used as reference Jata against which some of the mixer data were compared. However,
it should be noted that these data were generated by a so-catled “clean™ configuration that
accurately modeled the flowpath and operating conditions of a JTED engine exhaust system,
but did not simulate the secondary flow effects introduced by the vombined effects of tur-
bine exit case swirl and struts and Gan duct pressure distortion. In a lates section, 8.3, the
results obtained by testing the reterence exhaust system and certain mixers with the real en-
gine secondary flow simulation will be presented.
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Figure 5-6 Performance of Reference Exhaust System (without Engine Secondary
Flow Simulation)

5.2 LONG FLOWPATH MIXER
§.2.1 Basic Design

Design considerations for the long miXer were described eardier in Section 2. 1. Sinee the basic
intent of this design was to achieve a high degree of mixing with low pressure loss, mixer lines
were gradual, resulting in a long mixer requiring a 16 inch extension to the exhaust case. The

exhaust case upstream ot the tailpipe attachment was also revised to a more gradual slope.

A schematic of this mixer design is presented in Figure 5.7,

The contour plot of velocity (Figure §-8) indivates o substantial tlattening of .the velocity
profile due to the mixer compared to the reference exhaust system, However, pockets of resi-
dual high velocity can be seen indicating that the design objective to provide & tlat profile
was not achivved. Velocities ranged from 200 below to 11% above the theeretival ideally
mixed veloeity.

Velocity distributions tor the basic long mixer and the reterence exhaust system are come-
pared in Figure §-9. Both plots indicate that the mixer flattened the profile, with tocal

peak velocitivs at the outer wall equalling those at the center of the streany. Locual peaks
cover only a small portion of the stream with only a tew pereent of the flow being more
than 109 above the ideally mixed value, The minimum and maximum velocity values ot the
cumubative mass flow velocity cutve do not agree exactly with those ot the radial velocity
profile plot since the former plot includes data trom the entire 150 degree data of tailpipe
are measured during the traverses, while the latter plot was generated from only the first two
lobes and valleys.
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Figure 5-7  Schematic of Basic Long Flowpath Mixer Design
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Tailpipe Exit Velocity Contour Map of Basic Long Flowpath Mixer (without
Engine Secondary Flow Simulation)
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Figure 5-9 Tailpipe Exit Velocity Profile and Cumulative Mass Flow Distribution;
Comparison of Reference Exhaust System and Basic Long Flowpath
Mixer (without Engine Secondary Flow Simulation)

The acoustic results of the long mixer indicated a sizable noise reduction relative to the re-
ference system, The peak PNL versus thrust plot of Figure 5-10 shows approximately a §
PNdB reduction at maximum takeoft and cutback thrust levels. (it will be shown in Section
5.3 that the noise reduction for a JT8D engine is expected to be less than § PNAB, based on
model results with JT8D secondary flow characteristics simulated). Comparisons of PNL
ditectivity 8t maximum takeott and cutback thrust conditions tor the basic mixer and refer-
ence system are shown in Figure S-11. At maximum takeoft, the noise reductions are sig-
nificant from 120 to 140 degrees, while at cutback thrust the noise reductions are large tor
all angles aft of 120 degrees. The directivity shapes for the basic mixer will be seen in later
sections to be generally characteristic of all the mixer configurations.

Comparisons of SPL spectra for both the basic mixer and reterence nozziv at 90 and 140 de-

grees are shown in Figure §-12(a and b). At 90 and 140 degrees, the basic mixer substantially re-

duced the noise at low frequencies at both thrust conditions. This result is consistent with
the profile data that showed substantial mixing of the streams, At higher frequencies (1000-
4000 Hyz), however, the mixer generated stightly more noise than was present in the ceference
exhaust system spectei. This extra noise was believed to be due to the presence of high velo-
city “'pockets” of primary exhaust flow behind the lobes which did not completely mix with
the fan flow. It will be shown in a later section that, in these JT8ED model tests, this extra
noise decreases as the high vetocity “pockets”™ in the velocity profile are “smoothed out™ by
moditications to the mixer.
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Thrust coefficient data for cold testing of this configuration are compared with the reference
exhaust system data in Figure 5-13. The additional pressure loss for the mixer, relative to
the reference, was calculated to be 1.1% based on the thrust coefficient differences. Com-
bination of the hot and cold flow data (Figure 5-14) resulted in calculated percent mixing
ranging from 65% at takeoff to 80% at cruise. This result compares favorably with the 75%
predicted for unscalloped mixer configurations. The net effect of increased mixing and pres-
sure loss is shown in Figure 5-15 which compares the hot thrust coefficients of the basic
long mixer and the reference exhaust system. Thrust coefficients at takeoft indicate a 0.25%
loss in takeoff thrust with the mixer. Cruise performance indicates an increase of 0.65% in
C; . which equates to a 1.2% improvement in thrust specific fuel consumption (TSEC).

_ Thus, compared with the reference exhaust system, the basic long mixer provided signiticant
i noise reductions along with a cruise TSFC improvement and a small loss in takeoff thrust.
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Figure 5-15 Performance Comparison of Reference Exhaust System and Basic Long
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5.2.2 Effect of Scalloping Mixer Lobes

" Results of previous mixer exhaust system tests conducted by Pratt & Whitney Aircraft have

indicated that improved mixing may be achieved by removing a portion of the lobe sidewalls,
resulting in “scalloped” lobes. Therefore, based on the profiles of the basic mixer shown in
the previous section, the mixer was modified by cutting scallops out of the lobe sidewalls, as
shown in Figure $-16.

Analysis of traverse data (Figures 5-17 and 5-18) for the scalloped and unscalloped
schemes indicated that the peak values of velocity were slightly decreased and the location
of the peak velocities moved inboard, compared with results from the unscalloped mixer.
The peak-to-minimum velocity variation, however, actually increased over that for the un-
scalloped configuration indicating less overall mixing.

The effect of scalloping on peak PNL noise reduction varied with engine thrust, as shown in
Figure 5-19. There was a 1 PNdB reduction in level at cutback thrust and no change at
takeoff thrust relative to the unscalloped mixer. PNL directivity for the two thrust levels

are shown in Figure 5-20. The scalloping produced little change in the takeoff thrust PNL
directivity, but at cutback thrust, the scalloping reduced the noise at stde and forward angles
by 1 to 1v2 PNdB. Spectral comparisons are shown in Figure 5-21(a and b). The scalloping reduced
extra noise generated in the 1000 to 4000 Hz frequency range, which is consistent with the
profile results. Scalloped mixer performance is compared with that of the unscalloped confi-
guration in Figure 5-22 Performance data from the scalloped configuration indicated a de-
crease in mixing from 10% to 15% relative to the unscalloped mixer with a resultant Jdecrease
of 0.2% in takeoft thrust and an increase of 0.4% in cruise fuel consumption. Pressure loss re-
mained at the same level as for the unscalloped mixer.
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5.2.3 Effect of Cutting Back the Lobe Scarf Angle

The results shown in the previous section indicated that scalloping did not produce as flat a
profile as was desited. Therefore, the lobe scarf angle was decreased in an attempt to reduce
the radially inward turning of the engine flow exiting the mixer near the top of the lobe. The
lobe seart angle was moditied to be slightly negative, as shown in Figure 5-23. Since model
hardware used tor the scallop festing was also used in this test, a shallow scallop remained

in the cut_]yiwk mixer lobes. This configuration is called the cutback, scalloped mixer,

- Cuthack scalloped

~

~
.~ N~ Scalloped

~/

Figure 5:21 Schematic of Cutback Sealloped Long Flowpath Mixer

Contour plots (Figure 5-24) of velocity indicated that reducing the discharge angle provided
asubstantial improvement in redistributing cneegy between the two streams, This Dattening
of the velocity profile was accompanied by u slight inversion of the low (Figure §-25(a) with
the lghest velocitios appearing at the outer wall of the noszie. Peak velocity was reduced to
7.5 above the caleulated ideally mixed value, approximately the same tevel as that for the
sealloped mixer without the sutback lobes, Overall variation in peak to minimum velocity
was, however, educed substantiatly with the cutback sealloped configuration (Figure §-25¢b).

The effect of reduced lobe seart angle on peak PNT was significant, as shown in Figare §-26,
The cutbhack miner was up to F PNAB quieter at high thrusts (O 15,000 Ihs) and up to | PNAB
tauder at lower thrusts, The PNU directivity shown in Figure 5207 shows large ditferences.
Ihe large cutback angle tends to incrcase PNL at forwand angles, and decrease PNL at aft
angles. The shape of the directivity curves cause the crossover in peak PNL shown in the
previous figure. At high thrust, the peak PN s tocated at 140-150 degrees. The large re-
duction in noise at the att angles tans dececased the PNL refative 1o the noncutback mixer,

At the Jower thrust value, however, the peak PNL s at g more forward angle. The increase

of noise in the forward angles due to cutting back the mixer lobe caused the peak PNL to
increase, The SPL spectea plots in Figure 5-28¢ and b)Y show that at hyeh theust the eeduction of
noise in the lower frequeneies is responsible for the peak PNL dectease, while at cutback
thrust the inercase in nodse at higher frequencies is cesponsible for the mcrease in peak

PNL . The data indicate that the mioderately mveeted profile of the cutback mixer is ne-
sponsible tor the deerease in low frequeney noee and the merease in high frequeney noise
relative to the deep sealloped miver, These speetral changes, in turm, cause the differences in
peak PNL behavior of the two mixer configuriations,
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Performance data for the cutback scalloped configuration indicated an increase in thrust
coefficient due to improved mixing over the scalloped configuration. Thrust coefficient
levels were essentially the same as the unscalloped, basic long mixer configuration discussed
in Section 5.2.1.

Figure §-29 compares the performance of the three basic mixer geometries. The basic

mixer and cutback scalloped mixer achieved a cruise fuel consumption improvement of 1.2%
, with a 0.25 percent penalty in takeoff thrust, while the scalloped mixer with reduced mixing

improved cruise performance by only 0.8% while suffering a 0.45% loss in takeoft thrust.

Pressure loss for the three configurations was at the same level.

<] = =S

Basic mixer Scalloped Cutback scalloped

0.8 -y 2pavSFC 1.2%A TSFC

Thrust 081 0.8%A TSFC
coefficient 0.4

change ,,
ACt %

(mixer- 0: _ @ \\\\

reference) [ Cruise
\ Takeott

Figure 5-29  Summary of Long Elowpath Mixer Performance Relative to Reference
Exhaust System at Cruise and ‘Takeoff Conditons

.

T

r

3 Thus, sealloping and cutting back the mixer tobes produced relatively s‘mul\. chm\gc@:. t§» the

1 noise, profile and thrust pertormance cluracteristios relative to ‘tlw l\a§w mixer, lt.ts impor-
i ant to note that these results were based on model tests that did not mclml\" the simula-

: tion of engine secondary flow etfects stich as turbine exit swirl, tuebine ‘a‘nd fuan ‘.mct struts
and tan Now distortion, The next seetion presents results where these JTSD engine secondary
flow details were simulated on selected conligurations.

n
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5.3 EFFECTS OF ENGINE “SECONDARY" FLOW SIMULATION

The traditional method of coniducting scale model jet engine exhaust nozzle noise tests has
been to simulate the internal flowpath of the exhaust system starting at a position down-
stream of the turbine exhaust case. The models used in this program were designed to dupli-
cate the nozzle flowpath in the traditional manner. However, limited test experience on re-
fanned derivatives of the JT8D have indicated an effect of the distorted and swirling *‘sec-
ondary” flow characteristics on exhaust system performance. Based on these results the Pratt
& Whitney Aircraft in-hcuse program included testing to determine the impact of simulated
actual engine secondary tlow on noise and performance. These flow details included: (a) tur-
bine exhaust case struts, (b) turbine discharge residual swirl, (¢) fan case struts, and (d) fan
stream radial pressure distortion. Devices were fabricated to simulate the fan stream distortion
and turbine exit swirl levels which were determined from previous JT8D engine tests. Figure
5-30 illustrates the model hardware used to simulate tlow details and Figure 5-31(a and b) pre-
sents the radial swirl and pressure profiles simulated by this hardwate.

As will be shown in the following sections, the engine secondary flow simulation produced
important ctfects on both the acoustic and nozzle performance characteristics.

Fan stream
tangential
struts (8)

Fan radlal pressure
distortion device

Primary stream
switl vanes

dmary stream
oxit guide vanes

Figure 530 Schematic of Engine Secondary Flow Simulation Model Hurdware

5.3.1 Traverse Results

Modest changes in nozzte discharge profiles occurred in both the reference splitter and mixer
configurations. The most signiticant change was warping of the concentric ring pattern
exhibited by the reference configuration into a dizmond shaped patteen (Figure §-32),
Similar patterns have been observed in full scale JTRD engine traverses (Reterence 1),

The ettect of secondary low ettects on the miser exhaust system profiles is illustrated in
Figures §-33 and §-34 tor the deep scallop and cutback scallop mixers, respectively. The
changes to the profiles are relatively small for both mixers, although g slight improvement in
mixing did oceur.
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5.3.2 Acoustic Results

The engine secondary flow simulation produced the largest effects on the reference exhaust
system noise and had only small effects on the mixer results. The presentation and discussion
of the acoustic results is divided into two parts. The reference nozzle results are presented in
Section 5.3.2.1, followed by the mixer results in Section 5.3.2.2. Thrust performance results
are presented in Section 5.3.3, followed by a discussion of the implications of engine secon-
dary flow simulation in Section 5.3.4.

5.3.2.1 Reference Exhaust System

The effect of the engine secondary flow simulation on the peak PNL of the reference ex-
haust system is shown in Figure 5-35. The peak PNL is significantly reduced (up to 1.7
PNdB) relative to the same exhaust system without the engine flow simulation. The PNL
directivity curves are shown in Figure §-36 at the maximum and cutback takeoff thrusts.
At both thrust conditions, the engine secondary tflow simulation caused significant PNL re-
ductions in the aft angles (6; > 130 degree) and slight increases in the forward angle PNL

levels.
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The SPL spectra at 90 and 140 degrees are shown in Figure 5-37( und b). In cach case, the noise
was reduced at low frequencies and increased at high frequencies. Since the aft angle PNL

levels are controlled by the noise at low frequencies, the spectra changes are consistent with

the reduced PNL"s at the aft angles shown in the previous figure. At 90 degrees, since the PNL

is controlled by the noise fevels at the higher frequencies, the spectral changes are consistent
with the increased PNL at forward angles shown in the previous figure, :

Considering the spectral changes in refation to the velocity profile changes, it is possible to
postutate a possible mechanism of the-noise reduction. First, the spectral changes are cons
sistent with the oftfocts observed from the addition of an external multi-clement daisy nozele
jet noise suppressor on turbojets, which reduce tow frequency nolse at the expense of increased
noise at high frequencies. As was shown earlier iiv this section, the veloeity profite produced
by the engine flow simulation was quite distorted, This type of profile i similar to the flow
downstream of a suppressor nozzle with four fobes, Thus, both the acoustic and profife results
suggest that the presence of the engine flow mnulauon prodmes. a jetoxhaust having external
daisy nozzle characteristivs, :

~ Tt is thought that the interuction of the swirl Now with the turbine exit case struts causes
strong secondury vortes flow patterns to be set up inside the tailpipe. These flow pattems
have also been observed in fuil scale FUSD engine wsts (Reterence 1), The vortex flows are
thought to be responsible for the distorted velocity profiles and the resulting noise redustions.

ol




R I T FROF S S U I 4
~190 ft radius;, 10 o

; l ! . ,:~-~ )

i
. 1
i
1

83 i e B e PN

i-—— Without engine secondary flow simulatiw

--= WIth engino secondary flow simulation
iy RS SRR I -I B

: Taknoﬂ tlsrus:.i
YERRE 1o

i) ‘_gcutback tmust_f'f‘f

1

1.
Ly

CeFetoid L
s-o Data scaled to JTBD--
= ina slze -

Figure 5-37%a)  Effect of Engine Secondary Flow Simulation on SPL Spectra at 90 Degrees
of the Reference Exhaust System

RITY. 7 O S S U WU C b v s v e e s
: ‘ ' 150ﬂ :adlus ' | T T I
aﬂ - T~ - Without engine sacondsy ﬂow slmuiation
— ’ N~~~ With angine secondary flow simulation -

1

i
. H
» .- .
e £ T S RIES SRt -.T.,A e e
1 N ; . o
- v
H < Co
]

. r~ﬁ1....l.~‘.=.. ?_‘L.,: « vy
- v n.“..,,.....:..... ...-.i,..,. v e e ne ® F'.’".ld :
' * Data scaled to JT8D

engine size
Lo y ¥ A i Fy . . F N

,'qa' 128 260 500 1K 2k 4K 8K,
1
ONE ‘THIRD OCTRVE-"HRND GENTER FREIJ Wz =

S Figure 3-35bT SPL Spectra at 140 Degrees




Vigure §-38 shows a comparison of the model and JT8D engine spectra at 140 degrees

Since the model data obtained with the engine secondary flow simulation agree well with the
tull scale data at frequencies important for jet noise, it appears that the engine secondary
flow simulation data provide the most realistic JT8D engine jet noise simulation.

Refarence exhaust system
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$ - W
115
Madet data scated to predict JTHR lwn.
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- N0 onging secondary fiow simulstion
* == with angine secondary tiow simedation
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The effeets of engine flow simulation on noise and performance of the deep sca!loped fong
miser wnh and mmonl the tobe cutbaek are pmemcd i this section.

Figure 5-39 shows the effect of engine ow simulation on the peak PNL of the cutback

deep scalloped long mixer. There is nepligible effect below 13,000 1b. thrust, und a noise in-
crease of | PNUB at maximum takeoft thrust of 15,500 tbs. At kigh thrast, the PNL directi-
vity curves (Figure S<30) show slightly incecased levels at all angles, with the differences
inceeasing with angle. At cutback thrust, duta at identical nozz2le conditions were not avail-
able, The comparisons shown- indicate a ditference in peak PNL that is attributable to the
test condition thrust differences. At more aft angles, however, the PNL levels were increased
with engine secondary flow simulation. The SPL speetra comparisons in- Figure S 1 and b)
show that at 90 and 140 degrees and at both thrust levels, e main effect of the engine flow
simutation was to invrease noise at the higher frequencies.
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The effect of engine tlow simulation on noise of the deep scalloped mixer without cutback
was slightly different than for the cutback version. The peak PNL was decreased by up to Y4
PNdB at thrusts below 14,000 Ibs., and slightly increased at the very highest thrust levels, as
shown in Figure 5-42. SPL spectra at 90 degrees show decreased levels at low frequencies
and no change in high frequencies at the cutback thrust condition, but at the takeoff thrust
condition the low frequency levels were unchanged, while the high frequencies were increased,
as shown in Figure 543(a). However, at 140 degrees the spectra shapes were unchanged, as
shown in Figure 5-43(b).

Thus, the effect of engine secondary flow simulation on 2oise was relatively small and incon-
sistent for the two mixers evaluated, while the effect on the reference system was substantial,
The net result of engine secondary flow simulation was to decrease the noise reductions due

to a mixer relative to the tests conducted without the simulation of the secondary flow de-
taiis. '
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5.3.3 Performance Results

Performance data from the reference configuration indicated a small decrease in thrust coefti-
cient that resulted from the increased pressure loss of the engine secondary flow simulation
devices (swirl vanes and struts) between the charging station and the nozzle discharge. Analy-
tical estimates were made of the contribution from each of these effects and are shown in
Figure 544, Approximately 2/3 of the thrust loss coefticient resulted trom increased
pressure loss, and the remaining 1/3 was associated with residual swird.

Several mixer configurations were tested both with and without the simulated secondary
flow effects. Since the pressure loss of the flow simulation devices was small and equal for
all the mixer configurations and the reference system, the change in performance levels caused
by the mixers are on a consistent basis. The general trend in the results was that the presence
of the engine secondary flow simulation increased the performance improvements of the
mixesstelative to the reference system. These pertormance improvement increases varied
with mixer configurations, and were caused primarily with the conversion of tangential mo-
mentum (associated with the swirl) to axial momentum which provided increased thrust,
The reference splitter has no means for this conversion of momentum. It is possible that te-
distribution of the distorted flow profiles and mixing changes may also be contributing to
this improvement.

1.00 Estimated effect —Without simulated

engine flow etfects

0.80+——— %.
»

Thrust

coefficient ggs simulated engine._.
c‘ ' flow effects
Estimated effect ot
097 increased pressure loss

0.98

14 i.l 22 26 30 34
Nozzle pressure ratio (P p/Pamp)

Figure 44 Effect of Engine Secondary Flow Simudation on Cold Flow Pecformanee
of Reference Exhaust System

A comparison of petformance of the cutback scallopead miser with and withont simulated
acondary flow ettects is presented in Figures S48 and $-40. As shown, a slight increase
(0. 5% in pressure loss and a 1% gain in mixing can be attributed to the secondary low ¢f-
tects. In combination with the eftects of vigine sevondaty flow sinlation on the reference
configuration, a net improvenent of 0.3% i takeott thrust and Q.19 cruise el consumption
i the mixer minus refervnce sysiem pertormance increment was realized with the sevondary
tlow simulation.
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5.3.4 lwplication of Engine Secondary Flow Simulation Results

Since the reference exhaust system results obtained with the engine tlow simulation are con-
sistent with full scale JT8D engine noise measurements, it appears that the engine tlow simu-
lation data from this program should be used to project the JT8D engine full scale effects.
Accordingly, the major conclusions obtained trom this program were based on results from
tests conducted with the engine secondary flow simulation. These results are judged to be the
more appropriate for projection to predict JT8D engine noise and performance. Tt is expected,
therefore, that noise reductions of 3 to 4 PNdB and cruise TSEFC improvements of approx-
imately 1.2 to 1.3% would be obtained tor a JT8D engine installed with full scale versions of
the tong tlowpath mixer tested during this program.

54 SHORT FLOWPATH MIXERS
5.4.1 Basic Design

As discussed previously in Section 2.0, an alternate shorter mixer model was designed, tabrica-
ted and tested under a companion Pratt & Whitney Aircraft in-house program. The intent of
this program was to evaluate g mixer scheme thiat would reduce the impact of the mixer on the
atrctaft installation even it some sacrifice in pertormance and acoustic propertios was necessary.
Figute <47 compares the mixer flowpaths for the long and short winers. Note that the slope
at the outer vase tor the long miner is much more gradual than that tor the short suser which
cmploys the existing exhaust case. Fotal length of the exbaust system wae increased for both
configurations, but the alternate mixer system s 8.4 inchies shortes than the long miner de-

sign when projected to o tull seale JESD engine.

——— Long mixer
Vs

——— Short mixer
u.u "iﬂ.'

ST

Pigure 347 Schematic of Basic Long and Short Flowpath Misers
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Based on the experience gathered from the long mixer program, similar studies of lobe discharge
turning angle and scalloping as well as the effects of engine flow simulation were investigated
for the short mixer. The moderately cutback short mixer with essentially no lobe overturning
yielded overall velocity distributions similar to the cutback, scalloped, long mixer as shown in
Uigure 5-48. Peak velocities were slightly higher at 8.5% above the ideally mixed value. The
radial velocity profile differed from the slightly inverted profile of the long mixer to a profile
that peaked at the center of Jhe stream as well as at the nozzle wall.

— Cutback moderate short mixer
-~ Cutback scalloped long mixer

1.2
L—»Lobe /
v 10 \ L =Vallay .
local oS~ F,_:,/
Viix
0.8
‘: SU T .
0.6 l J
, 0 20 40 60 80 100 0 20 40 60 80 100
| Percent radius Percent of cumulative
mass flow having
the indicated value
{a) Velacity protile ~ (b) Cumulative distribution

Figure 543 Comparison of Tailpipe Exit Felocity Profil and Cumulative Mass Flow
- Distribution; for Moderate Cutback Short Flowpath and Cutback Sealloped
Long Flowpath Mixers {with Engine Secondary Flow Simudation)

The-shart flowpath mixer provided excellent noise reduction at all thrusts, as shows in the
peak PNL curves in Fi ure §49. The short mixer produced about | PNUB more NOise e
duction than did the long wmixer at maximum takeoft and cutback theusts.

Performance of this configuntion showed., as expected, 108 improvement than did the tong
winer (Figuse §-50)% There was o 0.3% inceease in pressure loss aecompanied by a modest
reduction in mixing. A act loss of 0,359 takeoft thrust and an improvement of 0.9% fusl
consunption were obtained relutive to the refereace contiguration. -
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5.4.2 Severe Cutback Mixer

Although the basic short flowpath mixer configuration would have a less severe impact on
the airframe installation than the long mixer, some nacelle extension to install this mixer
would be necessary to provide adequate mixing length and yet avoid interference with the
thrust reverser doors of the Boeing 727 installation. In an attempt to explore the possibility
of still shorter mixer schemes having less installation impact, the mixer used in the Pratt &
Whitney Aircraft funded program was cut back so the lobe outer diameter ended at the in-
terface of airframe and engine hardware (‘"M flange) (Figure 5-51). This configuration was
then tested for noise and performance. It may be possible to install this mixer on a JT8D cn-
gine without the necessity of an outer case extension, thus simplifying the task of incorporat-
ing a mixer on existing JT8D engines.

“N'" flange

e

Severe
cutback

—-——Moderate cutback
——- Basic

Figure 551 © Schematic oj Short Flowpath Mixer Showing Moderate and Severe Cutback
l«ub«‘s '

Traverse results tor this configuration showed the velocity profiles to be essentially the same
as those of the moderate cutback con figuration, but with shgmly higher velocities ovcurring
© at the center of the stream,

The noise results from this configuration were very encouraging. Figure $-82 shows a

~comparison of peak PNL for this configuration compared to the other designs tested as well
as the reference exhaust system. The noise levels of the severe cutback short mixer com-
pared favorably with the other mixers tested. Although it did not provide the largest noise
reduction, the noise reduction of 3«4 PNOB mwets the goals of the program and the potential
Case of imorpuming it iu the JTBD engine deems it an :mr.mivc configuration.




15 N S S R I A N T
—0— Reference exhaust system ; R
ol X" Severe cutback short mixer | i ¢ 1

& Moderate cutback short mixer:
D Scalloped long mixer : ; !
105|— Q Cutback scalioped long mixer |- -0 i
R V.ol N
: P AR\ L
Peak PNL 100 — 5" E .
at 1200 ft ro Lo
; A B S
linear b ;

P

90 o -T R

! ‘e Frasfisld
854 e “-—+e Data scaled to JT8D:
Lo engine size ;
6 7 8 § 10 11 12 13 4 5 16 1

Thrust ~ 1000 tbs
Figure 5-52  Peak Perceived Noise Levels of Severe Cutback Short Flowpath Mixer

Comparison with Results of Other Mixers Tested (with Engine Secondary
Flow Simulation)

Performance data indicated a substantial reduction in thrust at takeolf conditions amounting
to a 0.6% penalty relative to the reference contiguration, Cruise performance was not com-
promised, with a 0.9% improvement in cruise TSFC still apparent, equal to the result tor the
moderately cutback short mixer. A comparison of performuance of the severe cutback and
typical short and long mixers is shown in Figure §-33. Cold flow data were not avquired
and. therefore, the split between mixing and pressure loss could not be determined for the
severe cutback configuration. '

Figure 5.53
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54.3 Performance Diagnostic and tmprovement Program

The results presented in the previous sections indicated that a short mixer contained within
the current JT8D engine case hardware could meet the 3<4 PNAB noise reduction godd for
the JTED engine. However, the .65 toss® of thrust at the takeof? condition was considered
unaceeptable since it would have an adverse impact on the operational characteristics of
JTSD powered atrplanes. In addition, the need tor a 7.6 inch spool piece extension to the
engiie case was deemed a detritment to @ commercially practical installation ot a mixer on
the JTSD engine since such an extension would require a nacelle re-design.

Thus, there was strorg motivation to reduce the take-oft thrust loss of the short mixer and
to remowve the spool piece trom any JTSD mixer design. Removal of the spool piece would
result in a mixer which has g high probability of fitting within present nacelie lines; but the
impact of removing the spool piece on the mixer pertormance had to be determined. In ad-
dition, removal ot the spool niece would move the thrust severser of the Boeing 727 instal-
Lation closer to the mixer. The flow tield induced by the thrust reverser during reverse
thrust operation could interact with the mixer primary and fan ttows and adversely atlect
the engine match, '

Data requiired to assess the impact of spool piece removal on mixer pertormanee and eagine
wateh changes caused by mixer/thrust reverser low Tield interaction was not obtained in
the program deseribed i the previcus sections. T addition, date was not available to inldi-
cate ways of changing the mixer design to reduve the takeoft thrust loss. Thus an add-ox
program was defined with the intent of providing the requined additional test dam. This
add-on program and itsresults are discusscd o .ms mlmn

The detailed objccﬁws of the add-on program were the following:

1. Assess the impact of the miaer on the engine m;udi ol a Boeing 727 nevenser configura-
Hion without the spoal-pices eatension ducing roverse thrust operstion. The effect on - )
cigine nuateh would be based on changes w dw elfective mm.n ared, a8 quantitied e s

tenms of the discharge voettic tcm

Dctmc the effect vn shurt sm\cf pet t\\mmzm of wmmuu. the spm‘l PRVE ¢ evtension, c

,
3 Provide diagoostic mturm.mun m tdmm\ rmzqhtv muue\ o wam ti t}w shun uuwt I
usmg PIOssuRe surved s aind ﬂow nsu.alw.umt' nwﬂ.x\l\. L AR I o
e lhu\! o the dm.mum wtormation, Mumw .md tost wnm.m.mou madilie .mom sh»
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5.4.3.1  Mixer-Reverser Compatibility

For DC9 and 737 aircraft, the thrust reverser is mounted aft of the tailpipe exit. The result-
ing large axial distance between the mixing plane and the reverser would preciude any aero-
dynamic interaction betwe :n the mixer and reverser, and thus any effect on the engine r “tch
during reverse thrust operation. However, in the 727 installation, the reverser “‘blocker uoors™
which reverse the exhaust flow direction, are located within the tailpipe relatively close to “M”
flange. Thus, during reverse thrust, the presence of a mixer might alter the normal flow-field,
and possibly change the eftective discharge area, indicating mixer/reverser incompatibility.

Any reduction in effective discharge area would result in a higher tan operating line and could
compromise engine stability during reverse operation.

In order to determine mixer/reverser compatibility, a 1/7 scale model which simulated the
flow field of the internal clam-shell thrust reverser used on many Boeing 727 airplanes was
mounted behind the severe cutback short mixer, as shown in Figure $-54. Two additional
configurations were tested with the reverser: the reference exhaust system was tested in
order to establish the effect of the reverser on the discharge coefficient of the exhaust system
without mixer present, and, a slightly fonger version of the short mixer was tested to deter-
mine how a mixer having lobes extending into the reverser discharge would affect the dis-
charge coetticient. (The motivation for testing the longer mixer was based on data that had
indicated that as tixer tobe length was increased. mixer nozzle takeof? thrust tended to ap-
proach that of the reference exhaust system, as shown in Figure 5-55). Schematics of the
three configurations tested with the reverser are shown in Figure §-56.

M
{ ot Yoy
: WAL AT A
ADRBI R KUY,
RS
= ’ _orvaw
B AL T LIV B .
B EMANN LAV SmERL
Yl
aw WL RN RS

f

® Al TN S A

T sl PN wﬁum-{; T
- - : -.-, ) =0 .

.._.-.;.\, 't o

v n;-;«fa‘.«;- Y F N t‘Q'DN;ehi‘\iﬁ!
v b : | S ) ; 3 )
R i"“"‘““ g
. ' \"’
M'\l él.“’l.lhvb'“
T Fiaer €*4 - Hm!sk-xi( lanulwll Rcwm'r \lu.l.*l Configuration Showing l lmdww Instad

R L &mnu ié ith Sévere Lmbml \lmrt \mwr

0

Ut L e IR N et ] B W g e e A




N FLANGE

\&L THINCH (PULL SCALET SPOOL PECR

Q-

04 puu
g-u
S
o 1 ) ] 1 ) ) 1
¢ + ¥ 3 4 Ky

¢

AXIAL POSITION OF MIXER DISCHARGE RELATIVE
FO W FLANUE * INCHES FULL SCALR

BUXER-FEF

PERCENT YAKIOFF

-
P Y

Figure 5-55 Effect of Lobe Length on Takeoff Thrust of Shoret Mixer With 7.6 Inch
Spool Pece

LAY

. \% SIVERT CUTGADR MILEA 7 , ] R

e, , SOERATE SUTRACK MNUR |

e A 4 adanoc

f GRRANLICE SMIT TR

- 3 . . % N +
Schemativs of Reference Exhaust System wnd Mixer Model Configurations

Figure 5-56 _
Tested With Hooded Clamshell Reverser

7n




All configurations were tested at simulated takeof! conditions. Discharge coefficients, Cry,
were determined as follows. For the reference exhaust configuration, the addition of the
reverser caused a small change in the flow (< 1.0%). This change was assumed to be due to

a slight error in positioning of the reverser, resulting in an improper discharge area. A new
discharge area was calculated to account for this small effect and was defined as the discharge
area for all of the reverser configurations.

\ 6 : A Discharge coefficients for each configuration were then calculated by using the standard
' formula given in Section 4.2.2.

R The results of the testing are shown in Figure 5-57. la this tigure, the percent change in

: discharge coefficient, % A Cp,. due to the presence of the reverser is plotted against the dis-
tance of the splitter or mixer relative to M flange. The decrease in discharge coefficient (or
decrease in effective discharge area) due to the reverser was .3% tor the severe cutback mixer,
while the longer moderate cutback mixer caused an 8.8% decrease. -
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Figure 537 Effect of Mixer Discharge Position on Hooded Clamshell Discharge Coeffi-

ciént

Using these results, it was judged that the mixer lobes could be extended to the npstream
location of the reverser discharge opening without adversely affecting the ¢ffective area. A
nixer with lobes extending beyond the reverser discharge was considerced to be unaceeptable
-in this regard. Sintce the earlier peeformance vesults had indicated that longer mixer lobes
- provided improved performance, the mixer was modificd by extending the mixer lobes to the
727 reverser discharge planc. This modified mixer, called the intermediate length miser, is
illusteated on Figuee 5-88. (The mixers huving longer lobes than those of the interwdiate
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length mixer are considered to have an adverse effect on discharge area during reverse thrust,
while shorter mixers are judged to have poorer performanae). Thus, it was established that
the mixer/reverser compatibility was satisfactory (without the presence of the spool-picce
extension) for a miner having lobes not eatending beyond the reverser discliarge plane.

‘M OFLANGE BOEING 1237 REVERSER

/‘/ IMSCHARGE PLANE (YO

o INTERMEDIATE LENGTH

e 8T VERF CUTHACK

NODEFRATE
memmem { UUVRALK

Pigure $-58 Seliematics of Short Flowpath Mivers

SARY  Etleet of Spook-Piece Fatenston On Performance

The previous performance tests of the short mixers (without reverser) had been conducted
with the spool-picee extension inserted between “M™ ange and tadipipe. The reverser tests
deseribed in the previous section indicated that the nuxer/reverser compatibility was satistac-
tory without the spool-picee extension i the miner lobes diad not extend beyond the everser
discharge plane. Sinee it was extremely desisable to evolve a final nuser design aot requiring
the spool piece extension to the engine, it was necessary (o deteenane the eftfect orvamixer
performance due to the rentoval of the spool-picee,

Since pertormance vesults tor the toderate cutback mixer with spool picce were available,
it was retested without the spool-picce to determtine the impact of the spool-piece temoval
an the pertformanee of a given mixer. Fyaure S-89 presents a comparison of proeformanee
test results for the moderate cutback miner with ad withowt the spoolpicve. These results
indicate that the removal of the spool-picce caused o perforbnee penalty refative to the
mixetr with the spool-picee. The takeott thrust coefticient deveeased by 3%, amd cruise
TSEC increased by 4% The removal of the spool-picce also resulted ma $9 incredse in

by passs tatio and essentially no cluinge in nozale discharge coettivient,
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Figure 5-59 Effect of 7.6-Inch Spool Piece on Moderate Cutback Short Mixer Perform-

ance ( With Engine Secondary Flow Simulation)

Testing of the intermediate length mixer (also without the spool-picce) resulted in perform-
ance essentially equivalent to that of the moderate cutback (without spool-piece) mixer, as
shown in Figure 5-60. The intermediate mixer without spool-piece was tested with both

hot and cold flow so that the data could be used to define mixing and pressure loss in order

to help determine the cause of thg performance loss due to eliminating the spool-piece.

1,00, -
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Figure 5-60 Performance Comparison of Moderate Cutback and Intermediate Length

Short Mixers, Without Spoo! Piece
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Since the intermediate length mixer had not been tested with the spool-piece, mixing and
pressure loss with and without the spool-piece could not be compared directly tor this specific
configuration. However, as the performance levels of the intermediate length and moderate
cutback mixers without spool-picce were essentially identical, it was assumed that the mixing
and pressure loss of the moderate cutback mixer were equal to those of the intermediate
length mixer. Using this assumption, the mixing and pressure loss of the intermediate leagth
mixer with and without spool-piece could be estimated. These estimates are compared in
Figure 5-61 and indicate that the thrust coetficient reduction caused by the removal of

the spool-piece could be attributed to an increase of 0.25% in pressure loss and a 10% de-
Crease in mixing,

B MODERATE CUTBACK SHORT MIXER WETH 26 INCH SPOOLU PIECE

0 INTERAEDIATE LENGTH MIXER WITHOUT SPOOL PECE
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Figure S-61 Comparison of Mixing and Pressure Loss of Moderate Cutback and Com-

promise Length Mixers

Since the removal of the spool-pivce decreased the total distance from the mixer tobe dis-
charge to the nozale exit (i.e., it reduced the length over which mixing could take place),

4 test was conducted with the long 737 tailpipe in order to obtain additional data on the
effiect of nozzle to lobe discharge distance (i.e., mixing length). Using this additional

data in conjunction with existing data, a plot of nozzle thrust coefticient versus distance was
obtained, as is shown in Figure §-62. The thrust coetticients are approximatety equal for

the tong tailpipe and the reterence tailpipe without spool-piece. Although the long tailpipe
wost likely increased the mixing due to its increased length, it also probably increased the
pressure loss due to the flow scrubbing the inereased surtace of the long tailpipe (aggravated
by high wall velocities due to the somewhat inverted nature of the flow), These two effects
could cancel cach other, producing no net change in performance. 1t is possible that the
optimum performance could occur for a lobe-to-nozzle distance betweon the values present

in the long and reference tailpipes. To qualitatively investigate this possibility, data trom the
moderate cutback mixer, tested with the reference tatlpipe with and without the spool-piece,
are also shown on Figure §-62, As can be seen, an optimum vatue of thrust coetticient seems
to exist at a mixing lengeh of between 60 and 70 inches. This conjecturve ot withstanding, the
advantage of not having the spool-piece is considered important enough to aceept the perform-
ance loss shown on Figurne $-62 tor the no-spool-piece case.

81




Therefore, a contiguration was identitied (intermediate length mixer) which eliminated the
spool-pivce, increased the mixer lobe length and produced a takeett thrust loss of 7% and
an improvement of (5% in cruise TSFC relative to the reference exhaust system. Therefore,
the diagnostic and pertormance improvement testing conducted i the next phase of the pro-
gram concentrated on the contigurations without the spool-picee.

t_\ MODERATE CUTRACK SHORYT MIXER WITH 2.8 INCH SPOOL MECE. 5° CANTED TAILPIPE
0 MODERATE CUTBRACK SHORT MIXER, 8° CANTED TAILPIPE

INYERMEDIATE CUTBACK SHORT MIXER. 5% CANTED YAILPIPE
g INTERMEDIATE CUTBACK SHORT MIXER, LONG STRAIGHT TARPIPE
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MIXER DISCHARGE-TO-NOZZLE DISTANCE, INCHES (FULL SCALE)
Figure 5-62 Effect of Mixer Discharge-To-Nosale Distance On Mixer Performance

Diagnostic Testing

Diagnostic testing ot the severe cutback mixer and the intermediate length mixer using flow
visualization and pressure surveys was conducted in an attempt to isolate the cause or causes
of the takeott thrust loss and provide guidance for design changes which would itnprove per-
tormance. Flow visualization testing using cold flow were condueted with the intermediate
tength mixer at a pressure atio simulating takeoft theust conditions. The model was painted
white for buckground contrast and spots of a lampbdlack and oil mixture were liberally dabbed
on the mixer plug and tailpipe. The photographs in Figures 3-03(a, b, and ¢) show the results of
this testing. Figure S-63(a) shows that the fan flow over the mixer was generally well

behaved with no indication of separation in the mixer valleys, Al of the boundary layer flow
on the inner wall of the tun stream did, however, appear to be accumulating in these valleys
based on the high density of “streamlines™ in the valley regions. This behavior could lead to
hugh loss in this location of the mixer.

Flow in the primary stream (Figure $-63(b) also appeared to be well behaved. The dis-
persion of the lamplack and oil on the plug is probably due to wakes produced by the plug
“truts, The shadowed regions on the outer case behind the tobes indicate that the high
velovity primary flow was impinging on the outer case, a potential area of high loss.

The flow along the outer case (Figure S-03(¢) appeared to stagnate or separate as evidenced
by the oil spots in the area of *M™ tlange which were not dispersed by the Qow.




Figure 5-63

{b)

{a)

{c)

Flow Visnalization Results; a) Tailpipe Removed: b1 Viewdng
Upstream From Ewd of Tuilpipes ¢ Viewing Downstream Into ‘Tailpipe
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PsrocaL

The flow visualization resuits are partially substantiated by the results of wall static pressures
measured on the severe cutback mixer configuration. These data are presented as a ratio of
local static pressure to average upstream total pressure on Figure 5-64. The sudden in-

crease in outer case local static pressure at “‘M” flange could be an indication of separation

at this point. Similar results are evident for the flow near the discharge of the fan valleys.

FANSTREAM PRIMARY STREAM

‘M' FLANGE
‘ ' ‘NJ‘:LANGE

o . _AVALLEY 1.0
w .
g ' () OUTER CASE INSTRUMENTATION PLANE
g (3 of [
osp RN : ' ' VALLEY
(Y ] O o 0.8 :
é _ N T o , CROWN
Ay - : o , - : LOBE SIDEWALL
07 \ \ , )y -LOBE SIDEWALL , o n N o N ; 1 ‘
e \ 2 ) 4 - 8 ‘0 [ .2 3 4 ]

AXIAL DISTANCE FROM MIXER A!‘TAOHMNT FLANGE ~ INCNES NODGL SBM.E)

Figure 5-64 . Results of Wall Static I’ressuro Survey For Severe Cutback Shoﬂ Mtxer
at Takeoff Thrust

Based on the results of the diagnostic testing, it became evident that mixer flowpath im-
-provements should be ir.corporated to avoid stagnation of the fan {low impinging on the
mixer lobes, to attempt to improve the flowpath area distribution through the fan stream,

to prevent flow separation along the outer wall, and to eliminate the primary ﬂow implnge- :
ment on the outer case. '

Mixer Modifications For Performance Improvement

Three modifications to the mixer designed to improve the fiowpath were investigated. These
included: a) a fairing to cover the mixer crown on the fan stream side in order to eliminate
the fan flow from impinging on the mixer lobes, and b) a filler to smooth out the sudden
convergence in the outer case upstream of “‘M** flange thereby improving the area distribu-
tion in the fan stream, and ¢) the penetration of the compromise length mixer was reduced
at the mixer discharge to redirect the high velocity primary flow away trom the outer case.
These modimations are mustmtod in Figure $-65.
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FAN DUCT RECONTOUR

MODIFLED
. LOBE
. PENETRATION

© Figure 5-65° " Flow Revisions Dmgvned 10 Impwve l‘a'rjummm’o t?j lmvnm'dmw macn‘v :

Mn.wr

The results of the tests of'the mixer with the lobe fairings and reduced penetration indicated

a substantial improvement in takeoft performance with no change at ernises The adduiem
- of the outer usw fitior providgd no further pcrturmanw umxmvemcms

-To sumnarize the tesults of this “add-on" perfornunce pmg\rmm 8 wuummon ol the peb h
formance obtained 'on the short mixer configurations is shown on Figure 560, The im-
provement in cruise TSFC and the loss in takeof? thrust is shown for three basic contiguras -

- tions, The severe cutback mixer with sjoobpioce, which was the “stasting” configuration

~for the add-on tests, had a cruise TSFC iniprovenyonit of 9% and a takeofT thrust loss of 655
relativo to the reforence exhaust system. Eliminating the spool-piece and extcmtuu. g the lobe
length (intermediate longth tixer) reduced the cruise TSFC benefit fiom 0% to.5% und had
little eftect on takeoft thrust. The mixer moditied to reduce tosses mdw.d the m.eufl thmst
luss to .3% whilv having negligible effect on cruisc TSFC. :

In addition, satisfuctory mixer/reverser compatibility was dvmmmram without the spool-
piece oxtension, implying that this mixer could be incorporated in cugines installed in-DC9,
737 und 727 airplanes without major engine/nacelle moditications. The rosuds ot model

porformance tests described in this section were significant i the mixer configuration yecam-

~ wended for incorporation in the full scale JT8D engine, us discussed in Section 6:
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..} 5.5 EFFECT OF CANTED TAILPIPE

~Current JT8D exhaust systems are canted from 3.5 to § degrees from the enging centerdine to
©_align the thrust vector below the uirplane centers of gravity of the Douglas DC-9 and Bocing
7727 aircraft and to increase the engine ground clearance during takeoff rotation of the 7.
To accomplish this cant, 2 wedge shaped flange is inserted at the interface of the engine ex-
‘haust case and airframe supplied tailpipe. Since the reference exhaust svstem and nixer de-

- signs investigated in the FAA program were tested with tailpipes aligned paratiel to the engine

" wentorline, tests were conducted to investigate the effect of cant us part of the Pratt & Whit-
~ney Alreraft in-house program. The: engine secondary flow details discussed previously were

- not simutated in theso tests. A comparison of the canted tailpipe and the tailpipe used for the
o /FAA prograny s illustrated in Figare-$07.  ~ o - : - B

FR
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Cutback scalloped tong mixer
- - - Reference tailpipe
—= Canted tailpipe

Original “M™ flange location —5° cant
’/
R ———
} +e—Straight
) ! ! |
N ' } B
> e

Figure 567~ Schematic of 5° Canted and Reference Fuilpipes

- Teaverse results from the reference exhaust system (Figure 5-08), indicated that the privary
© stream was essentially unaftected by the canted tailpipe, while the annular tan stream was
distorted to conform to the nonconcenttic passage caused by the tailpipe cant. Traverse e

* sults from one mixer configuration tested with a caated tailpipe showed a general distortion
~ of the velocity profile, but the bulk effect was to cause a redirection of the flow along the

- canted centerding direction. :

- Forthe acoustic measurements; the tailpipe was canted § degrees away from the wmicrophones

in order to simulate the overhead position of an airplane at the takeoft noise certification
~ pottt assuming the engine conterline is horizontal®, The test sctup is illustrated in Figure
568, Only the reference exhaust system and the cutback deep scalloped miser were aceus-
teally tested with the canted tailpipe. . ' '

CFor thie e forence exhaust system, only « slight effest on peak PNL was caused by the tail- -
- pipe cant, as shown in Figure 578 A slight increase (< 0.5 PNJB) was seen af low thrust,
T and a slight deervase (< 90.5 PNUR) occurred at higher thrusts. At a thrust of 13,4001, a
comparison of perceived nodse directivities, Pigure $71, show that the canted tailpipe
caused a slight distortion to the directivity pattern. The spectral comparisons of Figure §-72
(a and b) show a slight change to the spectrum, where the noise is reduced slightly at low
Trequencies and inereased stightly at high frequencies. .
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Figure 5-68
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The canted tailpipe had a significant effect on the cutback scalloped long mixer peak PNL,

as shown in Figure 5-73. PNL reductions of up to 1-%2 PNdB occurred. The noise reduction
was relatively consistent at all angles, as shown in the PNL directivity curve at 12,500 Ib.
thrust in Figure 5-74. Since the noise reduction was uniform for all angles, the effect of the
tailpipe cant was not simply the result of redirecting the noise angularly oy ta¢ amount of
cant. It appears that the canted tailpipe improved the noise suppression mechanisms pro-
vided by the mixer. The SPL spectrum were changed as shown in Figure 5-75(a and b). At
99 degrees, the noise was reduced equally at all frequencies, while at 140 degrees there was
significant reduction in the level at low frequencies with negligible change at high frequencies.
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Thus, for both the reference and mixer nozzles, the canted tailpipe caused changes to the jet
noise as compared with that measured with the standard tailpipe installed. These effects were
more dramatic on the mixer configuration, with resultant noise reductions of 1%2 PNdB com-
pared to %2 PNJB for the reference nozzle. It must be noted, however, that since these parti-
cular data were obtained without engine secondary flow simulation, the results may not be
directly applicable to a real JT8D engine.

Performance results indicated no significant difference in thrust output duc to tailpipe cant
when vecior resultant forces were used to evaluate thrust coe{ficient.

5.6 EFFECT OF TAILMPE LENGTH

A significant variable in detennining the degree of mixing obtainable from a mixer is the
length and volume of the tailpipe beyond the mixer discharge plane. These dimensions de-
termine-the residence time of gases within the mixer, and thus the amount of viscous shear-
ing and mixing that can take place. In general, the longer the tailpipe, the more nearly 100%
mixing theoretically can be obtained.

On at feast one airplanc type (Bocing 737) powered by JT8D engines, the engines are fitted
with taifpipes significantly longer than the reference tailpipe used for this program which ap-
proximated those used on Boeing 727 and Douglas DC-9 aircraft. Therefore, as a part of the
in-house program, the effect of tailpipe length was investigated on both the reference exhaust
system and the cutback scalloped fong mixer. As in the canted tailpipe tests, engine secondary
flow simulation was not included in these tests, Schematics of the long and reference t.ulmpus
are shown in Figure §-76.

= = = Reference tailpipe

Original “M” tlange location

e
e e

Figure 576 Schematics of Reference and Long 1 'ailpipv;

Traverse results for the reference exhaust and the cutback scalloped long mixer indn.amt
improvements in mixing with the long tailpipe as indicated by the veloeity contouss iy
Figures $:77 and 5-78. The profile for the mixer with the fong tailpipe was the flattest prov
file obtained in the test program wem pwk velocitios at apprmimatcly 3% above the ideally
mixed value.

93




r

0 e gt AL ASBEN

Reference tailpipe
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The long tailpipe decreased the peak PNL of the reference exhaust system by 2 PNAB across
the thrust range, as shown in Figure 5-79. The spectra at 90 and 140 degrees in Figure 5-80
(a and b) show only negligible changes due to the long tailpipe. (Since the data points of
the two tests did not exactly coincide, the spectral levels ot the long tailpipe data must be
adjusted down by about 2 dB to make a direct comparison of noise levels). The slight de-
crease in noise level, with no change in spectra shape, is consistent with the increased mixing
seen in velocity profile data.

15
110

—O—Reference tailpipe 1
105 --@--Long tailpipe i

Peak PNL 100

at 1200 ft 7
% i

linear
_~
0 —17 o Fresfisld
./ o Data scaled to JTED
85 engine size

o No engine secondary
10 flow simulation

6 7 8 98 10 1 12 13 4 % 16 17
Thrust ~ 1000 tbs

Figure 5-79  Effect of Long Tailpipe on Deak Perccived Noise Level of Referenee Exhaust
: System
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The long tailpipe reduced the peak PNL ot the cutback deep scallopid miner by as much as

1 PNdB, at thrust below 16,000 ibs., had negligible eftect at higher thrust as shown in Figure
S-81. The effect on the 90 and 140 degree spectra is shown in Figure $-82 (aand by, The
main effect was to reduce the high frequency noise, with negligible effect on the noise at
tow frequencies. This result s expeeted since the velocity profile data indicated a reduction
of the high velocity “pockets™ present at the tailpipe exit plane.
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Test results tor the reference exhaust system amd the cutback scalloped mizer indicated -
creased mixang for both configunitions Fayure 3-83 detaids the incteased nxing {oe the
reference contiguration amd indicates & 1S inerease e movng wath thrust coetticient in-
creases of Q18 and 002347 at takeot® and crise respectively. Miniog imereases encountered
with the mixer exhaust svstem were essenttally of the same magnitude as those of the reter-
ence system Pherefore the pertormance nnprovement merenent remamed the sae as that
for the shorter tilpipe.

Thuy, the eftect of the Tong talppe was to provade small nowe reductions and thrust improve-
ments on both the baseline and miner nozzles consistent with the inereased nuatng achieved
i the ontea length of the fong taitpipe. However, as wis the case with the canted tatpipe
tests, the acoustie data with the long talpipe were obfained without the engine secondary
tlow stmulation and thus may not be applicable divectly to the JTRD engine.
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5.7 MIXER/ENGINE MATCH IMPLICATIONS

Incorporating a mixer in the JT8D engine will increase mixing and pressire joss of the ex-
haust system, vausing the effective drea of the jet nozzle to be reduced. Thes reduction in
nozzle ared is predicted to suppress the engine mateh and raise the fan operating line for the
JTRD. Since this increase in operating line could detract from engine stability. an increase

i physical area will probably be required tor the jet nozzle and for the revaser discharge

tor a JTSD engine incorporating an internal mixer. For the intermediate length mixer recom-
mended for full scale demonstration tests (See Section o), the predicted decwasc in etfec-
tive area at takeott thrust is 3.1% based on the model tests. As shown e Figure 5-84, 2%

of the decrease is due to increased pressure foss of the mixer, and 115 is due to the increased
mining. This discharge coetticient decrease transtates directly into a requirement for a 3.1%
jet nozzle or reverser darea increase in oeder 1o nutintain engine mateh.

0 O g
ESTIMATED EFFECT OF INCREASED MINING
210, DECRE ASE REVERENCE
- L EAMAUST SYSTEM
‘ .

0 04 e ‘ ! ’ //// /

COMPROMISE
LENGTH MINER

DISCHARGE COEFFICIENT ~ Cp,

ESTIMATEORN I ECT OF
INCHE ASE L PRESSURE LOSS -

LAY OFF ' T enumse
o S 1 al |
’4 1a a2

A KRS Y

NOZZLE PRESSURE RATIO ~ P L,

Figure 8-84 Ffectof Compromise Length Miner on Effective et Nocele or Reverser
Disclarge Coeflicient
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6.0 MIXER SELECTION FOR JTSD ENGINE

A magjor ubjective of the FUSD miner mvestigation was to detise an internal mner that could
be weorporated on the JURD engine and hase the tollowing characteristics: produce a sig-
mficant reduction et nose (3 to 4 PNABR)Y, be compatible with the YTRD engine structatal
timitations, be instabied with mumium changes to Boeing 727 and 737 and Douglas DUV
tailppe hardware; provade aceeptable performance and have acceptably hight weight. In the
course of ths FAA prograo and the independently tunded PWA progeam, tlm‘c Dasie miIner
dt‘\tz..m have beerivestgated.

6.1 CANDIDATE MINER DESIGNS

The farst design, shown in Figure t-1a), achweved acceptable acoustic reductions (3 to 4
PNAR) and demonstrated acceptable pertormanve with a 135 unprovement an enuse PSEC
atd no rapact on takeof? thrust. Thas design wordd requine a new egne outer vase resalting
wa to-nch downstream movement of the cigme aeralt intertace Qange UM thnge). A
mNSt sy stem reeuirng these changes wouhl substantially inercase engine vost amd would -
crease cigine weaght by approvimately 187 1 Inaddition, the increased length ot the es.
haust system envelope would have a substantial inpact on the nacetle; teverser design with

an accompany g werght wcrease amd coubd it aseeraft takeoft rotation angles tor sane
JIRD powered mrvratt

The second candidate design, shown i l"u.m'v O- 1L, was designed to be compatible with
the current JTRD outer case and utilezes a T oanch o mdecal spool prece downstieam of

M thange for maer support. Model testing of this design actiesed a0 34 PNUB somse redue-

—twon but sacufived some perforiinee telative 1o the longet nnset desipn. A neg loss of 9285

W taheort thrust atd an suprovement ot .95 m eruse TSEFC Grelative to the teference exe

- haust system) were evident trom the testing. The werght icrease over the current engine

extuaust syster was estimgted to be 128 1bs Alhough the inpact of thas configuration on -

L aireratt hardware is fess thaw for the lomg et vontiguiation, substantial moadinvatum to
~atreralt hardware still appears secessaty.

The third configuration (Eptare 61001 was desiened te have the nuninim possitle anpact
ot c\Mm;~ cngne andaretalt hardware  Plus design incorporates o than suppat oing an-
serted at ‘M’ flange to support the miner  Phe ezhiaust systen envelope would not \h.m;.c
torward of "M’ tange and would stutt searward only stightly (0 18 @0 0. 28 e W aftof '\

C fange. b addition the miver lobe Temgth wis chiosen to it the sdverse etfect of the anset

on theast reveeser effective low atea tor itensl clamshieldl eveser systems similar to the
227 dosign Tins speaific desyn was not tested for nose, but sined s design fell within the
geametne cavetopes of other masers that produced 34 PNOR reduction, it also was projectad

C o produee stntlar nose reductions. Relative to the reference exhaust system, taheof 1 theust
was pradicted to be decreased by -3 and vonse FSEFC was estunated o be 087 based on the

seale model testing. The weight of this nuner exfaust system is estunated (o be 108 thsomore
than the werght of the current exluust sy stem
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6.2 MIXER SELEFCTION

Based on the results desenbed above, the third alternative s recommended as the candudate
design for full scale mixer development. Since all three designs are predicted to produce

-4 PNAB noise reductions for the JTRD engine., the lower weight and less severe projected
hardware changes required for the ‘zero-length extension” miner were considered to outweigh
the potential performance advantages of the longer niser.

Although the 0.3 defictt in takeott thrust indicated by the model test is a concern, there
is & possiality that thus deficit will not eaist in the engine. The lower Reynolds numbers
of the 177th scale models result i less boundary iver turbulence intensity which make the
muodels more prone to separation and pressure loss than would be the tull scale miner

6.3 GENERAL ARRANGEMENT OF RECOMMENDED MINER DESIGN

The general arrangemient of the recommended puver desigr wsheavn i Figuee 622 This
prelminary design tcorporates a handwall tadpiug with a slip-omt at the forward end, a
tobed, curved-wall, conveluted miner with a stip-omt front Qange., and an outer support
nng (with cantidesered figers) which supports the complete mver system through struts.,
The steuts would be welded to the anver tobe crown and bolted to the support niog fingers.
Thas design would permnt installation of th mixet exhaust system without twe need toore-
place enisting engine cases with new cases  The capatibity to remove the system as-a single
wiit would enhance mamtamahty — Allowance Tor difterentual thermal prowthaili v
vonsnderad i the design o the ship omts Side-wall curvature i the lobes masy e wcorpots

Coeoated e pe panet vibration and senstinaty o theomal aod pressure gradicnts.
ated to mumnnee panct vibration and sensitivaty (o theemal and pressure gradient
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Struts at the 1D would be designed to provide support tor the talplug, and OD struts would
provude system support. In addition, the struts would provide eccentricity and circumter-
ential prtch control to produce the most aceeptable mixing profile The convoluted aluaminum
tan duct tainngs would be attached to the maner by a segmented ring.

An ouater support ning, sandwiched between the fan exhaust duct (ange "M’ in Figure ¢-2)
amd the customer revense flange, must be sized to absorb the enine maneuver, blow-oft and
thermal loads. The matenial of this outer support would be titanum to be ‘ommnble with
current exhaust ducts and to nmnimiee llxe \ascu.hl impact. '

The talplug would be suppurted by the mixer through acrodynamiv struts welded to the
miner D lobes This method of support will facitate modwdar assembly and prevent the
lowds of the tadpiug from ‘wng apphied 1o the’ turbine exhaust vase inner flange. The tail-
plug would be structuzally supporteds by a nog ‘with ac Tosdyiaie standup feet whaoh are
wehded to the struts. The sheet metid viig on the tarbive oxuust case inoer Mange will pro-
vide 4 Hexible wterface with the plug dand additsonat stability to the system. An ol dmm
4t the l\\mu'n centerhine af the. p}uk \mum ;xmndw f e utes\

Ineo 028 15 g--gm ui:dnm < s mx for, ﬁ\c nixer, tm{p!ug amd iner and :mm Struty
boviuse of gy Tught a’rengm at 200°F, poad tormaBility, weldability, asmabxtm and g
RS puh.c m&t rms.e tmo b.,S a!sm hag ::xwllmx reg\.mal\tiat» pwm‘ttws i the twm
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7.0 CONCLUDING REMARKS

A scale model experimental program was conducted to detenmine the noise reduction and
the impact on propulsive performance that would result from installing a multilobed inter-
nal mixer on the JT8D engine, Various mixer designs ranging trom short to long were fab-

ricated on /7 scale and tested along with a model of the JT8D reference exhaust system.

The results obtained during the program support the following conclusions:
MODEL MIXER RESULTS

1) Lo-g mixer designs reduced peak PNL by 3-4 PNdB, reduced cruise specific thrust
consumption by up to 1 3% and had no impact on takeoft thrust. However incot-
poriation of this type mixer into the JT8D engine would require a new engine outer
case 1o inches fonger than the current design and would require extensive modifi-
cations to the current engine/nacelle instaliations.

2} A sshort length mixer reduced peak PNL by 3-4 PNdB, reduced cruise specific
tuel consumption by 0.5%, but decreased takeoft thrust by 0.3%. This type 1aixer
could be incorporated into the JT8D engine without a new outer case and would re-
quire relatively minor modifications to the current engine/nacelle instatlations.

RECOMMENDATION FOR FULL SCALE MIXER DESIGN

Based on the noise and performance results of the mixers tested during the program, in.con-
junction with instatlation requirements, a short length mixer was selected as the "
best candidate design tor application to the JT8D engine since it produced acceptuble noise
reductions and cruise performance beneties and would require relativety minor modifica-
tions to the current engine nacelle. However, the possible adverse impact of the small take-
oft theust loss measured during the model tests, if present in the full seale engine, muist be
assessed in terms-of engine and airplane operation procedutes,

ADDITIONAL SIGNIFICANT RESULTS

1) The jet noise and performance were affected by incorporating turbine eXit swirl, tur-
bine case struts, fan stream distortion and fan case struts. These real engine “secondary™
flow effects tended to deerease the noise reduction and enhanee the performance
‘changes due to the mixer. ' __—

2)  For tests conducted without the real engine “secondary™ flow effects, i tailpipe

santed § degrees to simulate that used for some airplane installations caused an
additional noise reduction for a mixer of up to ¥ PNAB for the overhead condis
tion assuming that the engine centerline is horizontal. A tong tailpipe, simuluting

the Bocing 737 installation, caused an additional noise reduction tor a mixer ol up to
Y2 PNJB.
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OSPL
OASPL

PNL
PNJB

°R
SPL

TIC
T/O
TSEC

P
0;
Subscripts
4, amb

f, fun

i

NOMENCLATURE

area
centerline
skin friction coefticient
thrust coefficient
nozzle discharge coefficient
decibel. re. 0.0002 Y%
cm
thrust or force (1bf)
degrees Farenheit
acceleration due to gravity (32.174 t‘t/sccz)
measured model force (1bf) ‘
Hertz (cycles/sec.)
engine/aireraft intertace flange
Mach number
Model data Overall Sound Pressure Level, trom 100 to 30 kHz, in dB
Overall Sound Pressure Level, from 50 to 10 kHaz, in dB
pressure (psia)
Perceived Noise Level, in units of PNdB
Units of noise for Perceived Noise Level
rudius
degrees rankine
sound pressure tevel, in dB
temperature
thermocouple
takeolT
thrust specitic fuel consumption (Ibm/lbi/hr)
velovity (ft/see)
mass flow rate (tbm/sec)
incremental change (delta)
density (bm/itd)
angle relative to upstream jot axis (degrees)

ambicnt

fun or bypass stream
ideal
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NOMENCLATURE (Cont'd)

J jet

p. pti primary or core stream

] " static

t total

T engine axial station at inlet to mixer or splitter
8

. engine axial station at dischargg of mixer or splitter

(131} *““*-‘P)& e
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