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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 Research 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 changes to
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 exit 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 characteristics:

Long Mixer Short Mixer

* Jet noise reduction 3 to 4 PNdB 3 to 4 PNdB

* Cruise thlust specific fuel
consumption inprovement" 1.3% 0,5%

* Takeoff gross thrust loss 0. 03%

* Weight increase 157 lbs. l• lbs.

The Pratt & Whitney Aircraft analysis indicated that both -mixers will be compatible with
JT8D engine mounting and structural limitations. However, the long mixer will equire a
new rear engine case ane a longer nacelle. The short mixer is expected to fit within the

j existing engine case and nacelles with only minor modification& However. this analy"
must be confirmed by the aircraft manufacturers. Based on the noise and pefforma1we
test results in conjunction with the installation considerations, a short mixer desigi-.n as

jrecommended for evaluation in a full scale engine test. All characteristics of the final coi-
figuration appear to be compatible with use in airline service except for the loss in takeoff
thrust, which could have an adverse impact on the operational characteristics of JTi..
powered airplanes as takeoff performance would be reduced.

A full scale engine flight and static test program is required to verify the estimated mixer
characteristis and to establish that the selected configuration is suitable forairline use. At
tention must be paid in the full scale design to elimination of a takeoff thrust loss If the es-
timated loss of takeoff thrust is confirmed by full scale tests, a program may be required to
correct the cause of the thrust losses.

iI



III addition to thle Ntixer lIneStigation Work condlucted. as required by Contract D)OT FA76
WA-3809, results front. concurrenit Pratt & Whitney Aircraft in-house iT81) model programt
were made available at no0 cost to this contract to facilitate selection of thle most effective
design to be recommended ((or future full scale tests. The Pratt & Whitney Aircraft programn
addressed tile characteristic\ of, a shorter mixer of potentially lower performance, investigated
thle effects of details of the exhaust case hardware and flow-field that are peculiar to the
J,181) enlgine family, and tile effects of tailpipe length and 5 degrees of tailpipe "cant" on
noise and perfoma nce for tai lpipe geometrties asociatedtwith specific airplanecinstallations\
that differed materially from thle reference tailpipe specified by the contract, Elements of
thle Pratt & Whitney Aircraft program are presented in this report along with results of thle
contract work in order to providec a complete presentation of all technical material used for
ixer s.election. Ma1jor results of both thet contract work and the Pratt & Whitney Aircraft

in-houise program are presented in the following technical overview.

Under tile conitract work and thle Pratt & Whitniey Aircraft in-hiom.; studies, two basic mixer
-eigns were selected to uindergo test's to determline thle noise, exit velocityprfladtus

characteristics oft the mlixer installed in a one-seventh scale model J T81) exhaust notukl, A ser-
ies of odfctnsto thle mnixer lobe geomeitry then was tested to establish effects oil thrust.
noise and exhaust Velocity profiles, An exhaust system patterned after that currently in use
inl thle 1181 engine m-as Also tested to establish re ferencve noise and thrust levels.

M INEIR DESIGN

Photographs; of thle hasic modiel mwxr desiigns tested during file progranis are shown in Figr
I Ulle shorter mIn~wt Was used primarily (tir Pratt & Whitney Aircraft in-house tests. The schc-

lilaties in Figure 2 present thle engine ilowpath as well as one mlodification of eavih nhixse
tested dutimng thle programs. the long miINr configurationl has a graduial flowpatl' coltyergeace
that tetluires a inodified outet c:aw. 1r iches. longer thani currently is used onl the JTSt) enl-
ginle. The Short 1ixer uists thle current J1'81) outet case extended approximately 8 inchles
AFt -'ull Svcl'til e short ixe\r tiesqui was judged to bie of a greater risk it% terms of t-
ducing nottle perfontiance. Jue to high predicted local flow tW.Tusion rates that .ould *

* suit in local flow separation with acompanying increased pressure losses. However, thce
* ikotential advantage or retaining the current outer exhaust mwe provided sufficient itteentivo

(tir Pratt kk Whitny Aircraft to investigate thle shorter inixer design. tin general. tilt extent
towhich aircraft nacelle. revrse, and exhaust case hardware modificiations would be fe-

quired would tie greater with thle longer mlixer designls. D~etails tic the tiixer lobe trailing
edge geomletry modifications weft established bly thle tnodel test program.

Acorstitc tests were conducted at the Pratt & Whitney Alr-raft Indoor Atechtoic let Noise
Facilit. F Xharist .q sten models were tested over a ranlge of nroileoprtgcsiton
Sim~ulating JTSII)- I S opveration at sualed tut levels front a~proach to takeoff. Titilpipe. C% t
p'lane piressuire and temperaltre profiles were nieasured at maximum takeoff and cutback
thrust conditions. Nottle Iterformuance tests: weft. erformled at the Fluil)ymte Fingineeing
Corporfation's statil, tht faiiy. A wide range of irottl pressure c iswr etdwt

rrilliaty to fait Stmasi 10111llerjture and Immaure splits approxiniat isg those of' 1181).15 ell-
gillo.
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I'he acousti i~.arac teristik.s ot' tile reprtesentative long and short inixer conftigurations and
tile leferclce exhaust systen. scaled to predict ftill scale jet noise, are shown in Figures 34. through ti. The lvak percrived noise levels (PNL) are plotted versus estim~ated full scale JTS)
engine static grs thrust in Figure .The reduction in peak PNI. of both mix~ers relative to
tile tfrcrnc, .haust system ranges front 3 to 4 PNdlI in the thrust range of tile engine nor-
niath iw-' during takeoff olvrition ( 12,000 to 15,500 lbs.).

Vcckeiod noise level directivity plot,. of thle 3 cxhaust systems arc shown in Figure 4 at a
t 11Cc~i utbi-A tAkeoff thrust of 1 2,800 lb. lie t1irectivity patterns for thle two mix~ers are
%ollcwhat different, and call be related to the velocity profile of each inixet. lin both eases,
tilt largest noise. reduction., occur at thle angle of maxiiuni M1. for the refrec 'a~ust

MC IeII Thse results are basedt onl static tests. Tile effects of flight velocity on th et
Ooise otf a nlii~erconfiguration niust be deerined by a flight test in order to detcrne
tit- tediutfions in'terms of effective plerceived noise level 4ITNIA.

shIn-.111 J octmew band souiiul l'retc- te ci (SPI I spectra of the notle at Ah) and 140 klvgtvcs
%JImei III~ in Furv% 5 and 0 ilt tile 1 .800 lt, thrust %conditioli .\t both angles, thle h~rgeet

w4~rductiol\ kWCUr In the freuIuemnct3 rige \% here thle relene c~latist s \tern Spekta
1, .1ik At I eun~above 3000 lit.. thle tnier con igurations gimeAted Miom, noise thanl
Old the rvefence. as sstirIxeta Vhaahirie cIV be latod to thle tIkkle
exit \VloV1.t% V101,00% in l"Igiuc , thal %Il)u loc-al velocIIN Onortia.1'ek M tile comlpu led

Vv4-d1 1.lct 1%a a functAlin ki e~liust nol'tle fAius.\ anld a'eiaged t.ing %.tile% Inc.1\14ied
NbehtnIJ to ii' iot tohe% ltivill tiltelr Inrodute mibsttittal redet lo)%II inte IVAL Ilim %elo'
kith .rdatie to the relerencev k Wtein Ito 1ovidfe thle loss ftesluleic 1101se IVdlutlt0I% The in
tvl it) \eloits near the noltle outer kimetcr due to thle imiet\ sknild be tevpeeted to)

1rioducew -lighti igherT lvsels of high lreslueics nois, than the reernix 's %teI this is %,00
iiriiwdi fN tile iuvaitVJe nows sieCtra

Retemence system V
105

Long mix* with cutback and sao~
100 d eagi cane extindso 160 A

* Peak PHI
Ap at 20 f mixe with severe cutback

linear $n nbownecllo
90 f itwpth 6104110h

65 0 bsWSt $1 qMi

80 76 S 0 11 12 13 14 16 17

Thrust -wtoo ibs

I %P jo;4 and .%hrr * -'Jkts1%t1 AIi .. e 14 u ftI *i~lptc % Neostdarv I 4Iow St.1tiPtof~n
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Performance results for the two mixers are summarized in Figure 8. The results are presented
as a percent change in nozzle thrust coefficient (CT ) 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.

1.2-
1.0 - 1.36 ATSFC

0.8 at cruise 0.9% ATSFC

% 0.6 at cruise 0.5% ATSFC

mixer 0.4 at cruise
minus 0.2

reference 0 , -
-0.2 -

-0.4

Long Short Short
mixer mixer mixer

with without
spool spool
piece piece

Figure 8 PerJormance of Long and Shot Flowpath Mixers Relative to Reference

Ixhaust System
SThe a:ou-tic and performance results described above were obtained during modl testing tn

which "sccondary" flow conditions of tht JT8D) engine were simulated by including the pre-
snce f turbine discharge swirl and fan stream pressure dislortion as determined from full
scale engine measurcmens in both primary and fan streams. Additional testing was conducted
in the traditional manner of scale model let noise testing, whereby the axial flow conditions
in both the fan and primary streams are sunulated, and non-uniform circumferential effects
are ignored. The engine secoodary flow simulation had tan important Inpact on the acoustic
results, as shown in Figure 9. With engine secondary flow simulation, the noise of the ret-
erence exhaust system was reduced by 2 PNdB at the takeoff thrust condition and by I
PNd8 at the cutback thrust condition. Conversely, the effect of the engine flow simulation
on the noise with the mixers installed was snal. The net result was to reduce the PNL sup.
pression of the mixers relative to the reference systern from values of 5 or greater without

7



eniginle flow sillationl to thle valuies ot' 3 to 4 PNd13 with enigie flow siilationl. Sincee thle nloise
reductions ot 3 to 4 PNdil described above are based oil thie reslts ot tests conduicted With
eteinet seconidary flow simulllationl, t hese result.s Were used to estimate the nioise reductiont that
Could lie obtallned Iom thle 1rull-scale i'lieginle.

105"C M lean" filowpath -

100 I 0t

Peak PNL 01 '-Engine flow simulation
at 100 f 95(Turbine exit swirl, turbine.

Typcand tanO cafl e struts,
liea anfo distortbh1llier 90 cutba ck tnr ust a

JTBD-15 Max takeoff thrust

Data scaled to JTID engine, size
6 7 8 9 10 11 12 13 14 15 16817

Thrust -1000 lbs
Q Ict tit Fipwn S nciilatv Flo 1 0 ii~ehothj 1A Rettta - I .01h4.'t Systemn

\oise

II contrast Witl Owth redluction ill noise benefit dite to thet tlni~er whenl the Secondary flow
condkitionls were sliliulated. a positive thrust inicremnt \% as obitainled, asmicillted primaily
with to reovial of, tilt rk-oiuatl turbinie f'low swirlI vresenotiut the re-ference systemt, 'h1is effect
Was noltd fromi tile mlodel test perf'orman~e it'e'tilts ill Which tile incvremenvital illilrovelent
in tinmer veistis referenice systm per fornlianlce inicreilsed bli 0. tO to 0. 251" whenl tile Ilodels
were tested Withi swirl struts andt dis-tortionl. The mlagnittude of thle improvement appeared tit
be associa ted with the speci tic li wI\ con tiguratioll.Vtle nceetlintprowenwnet of thle
uti sr withI uul e eninett elfects was uised to estimatte fuill scaile enigitie tpertoritiatKw IV-
causeW it is believed to 114 at ithirv accurte inick,4toii %A tlie illplrovelietit availablle.

1'"ts were eonldutedk to vulute1 thle effec t' t a derree, canted tailpit'e on the refrenoce
eXh1atst Ssvill atid onl one imt wr tirv 1) illustrates the effect of the 5 degree !.ailplipe
c ant on the peal, tIN I oit the referenetce mid the ctback scalloped long niser tit both takeoff
th1rust tI S,500 Ills Ian1d cutback thruist I 2 ,400 tHis. IThe tailpipe Was canIlted away frol thle
inicrolihione to %imuate anl overhat loe 1 feto h erecn ntenieo
lte referene vSytem wats smlall, witl% no chamige at the higher thrust and it 0.5 PNI dcase
a It the lower thrust . Ihe itoise of thle m1i ier ve\hauist Steml with Ithle canlited tailpiple Was I
PNMI less ait taketfl and I1.5 PINdI1 less at cuitbiatk thrust thait the nloise ot thle m1ioncititet
t- iiie tmer. Fshtaust svsten pertOrnIamice1k W3%s uat teeted IV tilplipe Cant Whlei t hrust
wili vualiatei 14%ing thle resiltait force vvctom



Refernce sstemNote: Tailpipe canted away ftrm microphonesRefernce sstemto simulate overhead flyover

10 15,500 lbis thrust 12,400 lbs thrust

106
Peak No cant

PHI 104 Long mixer Cne

at Reference system

1200 f t 102-

linear
100

Long mixer

I ipure 1 I.Jjce of!s l)(-gree( lailpipt, opt Peak PrevdNoist, Leve. fR'Iri
1 Ihueiast S Vetcn aend tilt, 04 back St-alloped Lorig' Ulowpate Mixer i witliou

IieeSec-ondary Flow Sitrulation .

Results of' tests Witlli i long tailpipe shoiwed that thle letel'e! exhaust systeml nloise levels
were reduiced by 0.5 PMiiland by I PNMI for thle ow't mixer system tested rd-ltive to thle
reference (standard lenigth) tailpiple. The long tailpipe had only a1 slight 1011ed oII allotl
levels of pertormiance and a neogligibloelhanlge Inl thrust ot, thle mixer relative to tile releorenice
system,

(ON( .IISIONS

Based onl encouralgingi acoustic and perormnitce results and thev titininilni imipact til enlgineo
s-tructure andI installation, lte shorter mixer is judged to lie the design best suited to ~ti'
Cation inl tile JU81 IS eniginle, provided that tile smiall, loss inl takeoff thrust can Ile corrected.
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1.0 INTRODUCTION

1.1 BACKGROUND

The Pratt & Whitney Aircraft JT8D turbofan engine powers a large percentage of the world's
short and medium range commercial jet aircraft fleet, 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.

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 34 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.

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.

Based on the desire for reducing the jet noise of the JT8D engine without major engine mo0'-
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 & Whitney Aircraft
conducted company-sponsored tests of scale model JT8I) mixers that complemented the
tests conducted under this contract. Test results obtained from the Pratt & Whitney Aircraft
program are reported along with the contract results. Specific activities completed under
each program are summarized below.

I~ ~~~~~i A :. !i. :,r
, ',. . . . • ..,.; ..:
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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 btudies, that a mixer which would provide satisfactory noise and
performance would require a new engine outer case that lengthened 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 Model 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 plane. 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 JT81) engine. The acoustic test facility
provided an anechoic environment above frequencies of about i50 Ifz to allow the measure-
ment of free-field jet noise over a range of angles of interest. Tests were conducted of each
model exhaust system over a range of at least 10 conditions simulating JT81) sea level oper-
ation, including approach, takeoff and cutback operation. Nozzle discharge traverse tests
were conducted at two operating conditions for each exhaust system. The reference system
was tested with both streams at the same conditions to define the noise characteristics of a
100% mixed dow, 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 linear distances.

Although it would be desirable to present results in terns of Effective Perceived Noise
Level (EPNL), which is the noise parameter used for airplane noise certification, infomia-
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 determine the
EPNL reductions due to a mixer,

Analtical Suplwrt and iData Analysis

The noise reduction potential of the various mixer configurations was established by com-

parison with the 10Y7r mixed flow condition and by comparing the results of the mixers
with the re'e-ice configuration.
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i: i'erted Profile Mlixer

Onle mlodel mixer was modified by cutting back thle lobe scarf angle to direct more primary
air to thle nozzle outer diameter and thus -iivcrt' thle flow relative to thle normal co-axial
exhaust where the hot primar\ flow is in thle center. The nozzle was tested using tile same
procedures as were used for mixer nozzles. and thle noise reductions were compared with~ re-
suilts from other con tigurations.

Scale Mo1 del Peru rmanc Tests

Tlwo mixer". and the rt ference sytem were tested by thle Fluil~yne Enigineering Corporation
to provide accurate measures of thrusts and flows at conditions that simulate JT8I) opera-
tion at takeoff and crulise. C'old flo)\% tests also were conducted to evaluate pressure losses
otf thle mixer systems to p rov ide ant additional basis for pcrfO rnialncc assessment.

1..2in-House, Program Activities

~Sgn Studl.

Although thle design ot'ia mixer that could be Contained within thle existing 2'l'81)-powered
airplane hardware was judged to be outside thle limiits oft Current tfi'clology dute to predicted
excessively large pressure gra'k'ieits and possible flow separation, therc are several obvious
Installation benlefitN for such aI dlesgn. Accordingly, Pratt & Whitney Aircratt initiated anl
inl-house design stokdv to evaluate "short" mixer designls that were outside of thle range of
vexpetivuce butt would minimi,_e chanig-s to engine case hardware. A series of mixer flow-
pthls was designed it, fit within the cuirrent Jll81) enigine outer case, "Spool piece'* exteil-
Molls to attach thle mixer to tilt engine, Wore dlesigned with~ lengthts that ranged l'otil 0 (i.e.,

nexten.in pt 1 nhs with thle tero length extension most desirable (tor ease of
nIstaliat ion,. but having thle greatest risk of unavcptable per'orntiatce. T'he candidate tic-
signis were Consistent with J 181) engune structurlal and mounlmlig limitations, and all allowed
tile retenitionl oft existinlg tailpipeithmusit revesers currently used on hloeintg 7217. 737 and

-. lougls l)-'~aitplances.

&cOle models. In olic-sevenit site were fabricated otf thle short mixer designis. Also. additional
ltardiware was fabricatedI to simulate the 7P7 tilpipe. which is significantly longer thami tile
referencee tailpipec that simuitlated tile lengpth oft 7 and 1)('-Q tailpipes used for the contract
studiesi and a 5 degre~e can1ted talliipe' (engine ilnd tailpipe cenitertlnes intersect at1 a 5 degree
anglel of '1 17 andl DOO- length to allow evluiationl oft thlis effect, whicil is relevant to 727 and
)CA inlstallations.

q Scuat .lAde U4. Aousfile and Perlirmantt ve ASts

Tecsts oif Pratt &Whitnecy Aircraft's Inhouse mnodels wetre conduclted using thle samei facilities
and procedures used1 for (tie conltract testig. In addition, ila part of the In-house program,

jtile et~ects onI nloiise kit, tall and turbine case struts and residual swirl tlow in the primnaty flow
were evaluated for both btseiine and mIixer conifiguirations. It was found that these features,
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*produced a1 noise benlefi! f'or thle buselinle exhaust System, but thle effect of struts and swirl
*onl thle noise of' thle mlixer configurations Was not significant.

1.3 RECOMMNENDED) FULL SCALE MIXER DESIGN

*A filial mixer configuration was,. s elected and evaluated nunder the contract. Results of' the
* Pratt & Whitney Aircraft in-house program were madle availaible f'or this selection along with

contract results and provided increased confidence inl predicted performanlce and noise char-
acteristics of a f'ull scale device. Weight, structural durability, -id installation compatibility

esiae wr aed onl design study results. T'he characteristics of thle recommnended tfull
scale design are discussed inl Section (1.0.

1.4 TECHNICAL D)ISCUSSION

* Significant technical results from these programs are presented in the following sections. The
results of both thle contract program and the in-house programl aie presented, as required, to
provide technical clarity.

Various elements of'the program are reported inl thle following Sections:

Section 2.0 contains a description of'the Mixer D~esign Studies, and presents thle rationale f'or
* thle selection of'the basic mixer design as well as a defintion of' thle test hardwarv.

Section 3,0) describes the Acoustic and I'xit 1'ravvrse Test program, and provides a descrip-
tion of' thle test f'acility, thle acoustic and ptof'ile data acquisition andl procestaig system11s.

Sanid presetst tile operating condition matrix usvd (or the tests.

Section 4.0 contains a descriptioni of tile Nottle Performance Test Program~. 'Te FVluie~n
Thrust I-acility is described briefly, (A complete desciiption is included in Appendix ID.)
T1he pert'ormance paramleters are describeicd anld thle ope'rating condition matrix used for tile

tssis dfnd

ISection 5.0 contains a presentfation 'lnul discussion of tile acoustic, profille anld nozzle per,-
t'ormiance resuilts oblainled during testing. In1cludled ill thtis section are results obtained dur-
ing inl-house testinig, which have importanlce inl Applying thle results (if' this Pr'ogram to select
a mlixer design for a f'ulscale YVl'81) engine.

Section Ku) presenits thle mlixer dles ign selected for applicautionl to the JTl81) enlgine and sumll-
mfariti tlte prqiected noise reducwtion., niolle perro'ianice. weight and thle impact Onl tile
engine and nlacellke of' incorporating this mlixet design inl tile f'ull scale en~gilic.

,ectionl 7.10 contalins thle coclson erivedl fromll tile efforts of' thtis program.

* 14



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 flat velocity profile at the exhaust
plane. In addition, pressure loss, weight and existing engine dimensional constraints must be
considered. The aerodynamic design of the JT8D mixer flowpath was, to a large extent,
predicated on experience developed through tests of other engine models and, in particular,
from experience 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 area at the discharge of the mixer. Frnlarg-
ing this area reduces the local Mach number which may be related analytically to a re-
ducti-t; in momentum pressure loss. Existing fan case dimensions, external drag and
installation constraints will limit the diameter of this outer case.

b) Lobe coverage, which defines the circumferential separation of the lobes and therefore
the number of lobes, is derived fron empirical information relating the degree of mixing
and pressure loss to the coverage.

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

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

An additional engine match-related restriction is that flie static pressure of the engine and
fan 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 ntunber- (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 mislatch of tile compressor and turbine systems with possible undesirable effects onengine operation or perfrtance.

The area ratio, in conjunction with lobe coverage. penetration gap and the total annulus
area at the mixer discharge, esmentially defines the mixer configuration with exception to
the basic geometric shape of the mixer lobes. Parallel, radial, and curved wall mixer de-
signs have been investigated in the past. For the JT81) engine, a radial wall design is de-
sirable becaus, of the increased fan stream flow area in the innermost portion of the lobe
trough that this design provides.

J Mixer lilies upstreami of the discharge plane are deternined primarily on the basis of achiev-
ing an acceptable gradual change in local and stream average turning and diffusion rates to
discourage local flow separation.
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A I 2 lobe convolutvd mixer. shown in Figure 2-2. was designed l'or the FAA JT8D program
in accordance with the aforementioned criteria, aimed at achieving a flat velocity profile
at the talpipe discharge, and having conservative aerodynamic 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 inches 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 between tile 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
equivalent 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 (Y which, in turn, indicates a potential for separation
if it approaches a value of zero. A comparis.)n of C, values for the 16 inch and 7.6 inch ex-
tension mixers (Figures 2-3(a and b) indicate that the increased potential for flow separation
was inherent in the shorter mixer design.

V.
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2 ACOUSTIC CONSID)ERATIONS

Achieving a flat velocity profile at tile nozzle exit was considered a primary design goal for
V, ;a mixer that would provide effective nioise reduction for tile JT81) engine. Since a flat pro-

file would be achieved with Complete mixing, tile aerodyniamic design criteria discussed in
the previous sectioni are cmnsistent with an effective mrixer for nioise reduction purposes.
Previous mixer ivestigationis at Pratt & Whitnecy Aircraft have indicated that velocity profile

Sihavinig m1aximuitm local velocities onl thle order of I (Y(' or less above thle ideal mixed value
produce nioise reductions onl thle sanr~z korder as completely flat profiles. Also. previous re-
suilts have inidicated that velocity profiles having inverted characteristies. i~e., having
maximum local velocities at tile outer perimeter of thle tailpipe, sometimes have produced
noise reductionis greater thani those achieved with an exhauist having a flat profile. One task
of' this program was to determinie if an inverted velocity profile would produce additional

~ (I noise reductiou% for the JiSI.) cycle,

j Inverted flow could lie produced with the mixer evolved from the design study by a relative-
IV simple mlodificationl to thle lobe geometry. The exact modification would be detertinited
using the velocity protile results obtainied during thle initial testing.

2.3 JT8I) COMPATIBILITY

Conceptual studies of tile mechanical structure of thle lb inch engine outer case extension
mixer were conducted to Verify the practicality of thle desired flowpath. Throughout this
anialysis it was assumed that thle turbinle case Would remain unchanged fromt thle current de-
sign. I oadlitg N-quireinents dictated that the entire ier and plug should lit supported
by thle outer case- with loads tr-ansmitted through aerodlynamic struts, Fairings and slip
joints Would bie required at thle turbine ininer aiiid outer diameter to avoid steps in the flow-
patth and to compensate for difforeittial thrmial expan~sion cauk.ed by temperature differ-
enics betweent the fanl and primary stam.

As these design studies wvere being codcecnatwsettablishoed With The Bocing (oni1-
panyv anid Douglas Aircraft Corporationl tw mlli t: thr 016frnnt on th4 imlpact of tile

ree eginle externial lutles on ai~rt ~ww n r16i1. lhoth airframei coinpanks
responided based onl tilt result,. tt'ursoory ~iall'an 4rssd the importanic of attempt-
inig to developl 11ieim Which require inunuii change of the ctigitwe timiS. Recogniling the
plrobklmssctd with cstablishing ail 0oetal ~ixrf path' ithin theerxisting tail-

4.pipe const r st -ssome e.%timates of 0inipact ol the installatioti .Were mwde. Fasinlated niidif.
ictosto thle n1acelle, andreer were cnirable ad it *as noted that extensions in

excess of' lo nce could impact aircrift takeoff rotati0on angle on certaini. aiirraft, thus
niecessitating a loniger Wtkf tohll.

2.4 SCALE. M~ODEL It JR1WAJW

One-seventh scale models ofile illker andl re'erer'ce mplitter exhaust %Ys.towl~wer deicni
and fabricaited at Pratt & Whitney Aircraft and Fluil~yne i:tpitnering Cti oratioll. -A pho--
tograph of'the basic hardlware- i% shown ini I igure .-4. I'le cIle. cOvtt1i wag buselt oil



past experience with airflow and heat addition capabilities at the FluiDyne force measure-
nient 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 teniperaturcs up to 12000 F and fabricated from steel. Allowances wort made
for differcritial thermal growth so that proper allignment would be achieved at the desired
operating conditions.

MITIEII CASI sufOPIT

ior Jt .- 4 hiete*11eth scije Mthle .L I1rdwtu, fo~r I 1St Rer tilts. .zd Mixer
Exhau~st $sVtetS

1 C"RAOIPI STATION PR1ESSURiEj4 ANI) 11MKHIAtURk RA~&S
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The model exhaust systenis simulated the D-I to )-17 versions of the JT8D engine. A ref-
erence tailpipe was selected to provide a 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 upstream of the nozzle where gas flow properties are
measured. However, previous JTSD 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 }luiDyne, to allow for
variations in mixer schemes that were investigated to optimize mixing and pressure loss and
to investigate the effects of partial inversion of the nozzle velocity profile.

Instrumentation for the nodel included total temnperature and total pressure rakes installed
at axial stations whch approximate the measuring stations in the full scale engine. These
measuring stations are identified 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 nass averaging of flows with distorted pressure profiles.

Detailed drawings of all nodcl 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 & Whitney 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 Wiligoos 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
feet, 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-
url gas fired heater burners with a maximum capability of 15000 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 illustrated by the rig scheamtic in Figure 3-3.

3.1.2 Acoustic Data System

3.1.2.1 Acoustic Data Acquisition

Acoustic signals ar 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 nozze exit
plane at a distance of 15 feet. Microphones were located every 10 degrees from 60 to 160
degrees relative to the upstream jet axis. This array was shown in Figure 3-1.

Tite signals are transuiitted to the control room and recorded on magnetic tape with a
Honeywell system 96, 14 channel Wide Band Group Ii tape recorder, )uring the test, se-
lected acoustic data are monitored on-line by a B&K #2107 one-third octave band sound
analyzer. All microphones were calibrated prior to the tests by a procedure traceable to
the National Bureau of Standards. Daily calibrations were performed by a B&K #4220
Pistolphone. The frequency response of the entire date acquisition system is essentially
flat up to 80,000 HIz.
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13.1.2.2 Acouistic lData Processinig
The tape recorded dlata aire pnocessed ini the D~ata Reduiction Ceniter onl a Generalt Radio
19~20, onec-third octave hanid anialyzer, anid the raw data are recorded onl digital inicremienital
tape. Vic inicreiiental tape is theni processed by anl IBNI 370 comipuiter. Ini the comtpuiter
processinig, cable anid icrophonie response calibrationi valuies are added. Atmospheric atteni-
uiationi corrections are applied inl order to adjutst acouistic data to at standard FAA day (77'F,I70%Y relative huidiittity). D~ata iin this Vt\im art! conitaied ini Appendix 1B. The data are theii
scaled for size anid extrapolated to the desired distanice to predict thte free field jet nioise otf4 a fuill size 3T81) enginle uising the standard scaling and extrapolation procedutres. Uxtra
grountd attenutation corrections were niot applied to the data. The data scaled to predict
JlTl) futll scale eniginev noise for all test conifiguationis also are conitainied ini Appenidix B.

Both the mtodel andt scilled data inileudte onie-third octave hanid somnd pressuire level (SPL)
splectra at allt nicamured anigles. Also provided onl eachi data shecet are the overall soundit

iisre lee OSL)a at nlitgated sountd power level (PWI.) spectra (mod0(el
data ontly) anid overall power level (OAPIWL) (miodel data onily). The scaled data also cowi
ti the PNL at eacti angle ait linecar distanices ot 400, 1200, 2000. 4000 anid WOO( feet.

Fach datal sht alo conitainls a complete tabulationi of all perftient exhauist sletas ystemt oper-
atinig paramneters,

25



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. l)ata 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 3-0). These locations are prescribed 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 each sampling location.

3.1.3. I Traverse )ata 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 each sampling point. The magnetic
tapes are processed on 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 four plots of exit plane strean properties. A fully expanded velocity
is calculated from the measured total pressure and temperature at the exit plane and the
static pressure in the test cell. Curves of 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 flows, pressure and temperature splits, and expan-
sion ratios that existed in each 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 each configuration and account for
slight differences in upstream flow 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 770F 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 at the charging station divided by ambient pressure. The jet velocities tre based on the
JT8D- 15 engine simulation customer computer deck and take into account measured engine
performance characteristics.

Exit profile measurements were performed for points C and F, which represent the JT8D-I 5
takeoff (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 modified three
times to produce various degrees of profile flatness, Each modification was subsequently
tested at the same ten operating conditions. A further lobe modification, which would pro-
vide a partially inverted flow profile, was also tested at the same conditions.

Mixed temperatures and velocities were also calculated for each point, and the reference
exhaust system with those conditions in both the primary and fan stream flows in order to
provide reference noise characteristics for an ideally mixed jet.
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TABLE 3-1
NOZZLE OPERATING CONDITIONS FOR ACOUSTIC TESTS

Mixed

Primary Fin tam

ThutTt v Tt V Bypass V Tt
(1000 fbi)

Condition (togisl.) PtoP'afnb ("k) (fps) Ptp 'Pamb 1 (fps) Ratio Ifps) IR")

A 16.4 2.16 1615 1990 2.01 700 1240 0,97 1620 1164

1 16,0 2.13 1610 1910 1.99 700 1230 1.00 1600 1155

Takoolt C 15.5 2.081 1570 1917 1.96 690 1209 1.0 1559 1130

0 141 2.00 1525 1800 1.89 635 111 1.06 1476 1093

E 13,0 1.87 1470 1110 1.79 670 115 1.12 1396 1041

CutbaC6, F 12.4 1.81 1440 1650 1.15 665 1090 1.16 1349 1021

6 1135 1,74 1410 1584 1.70 655 1051 1.20 1293 995

Hi 6.5 1.49 1320 1330 1.51 625 920 1.33 1096 926

Approach 1 1.6 1.44 1300 1210 1.47 620 865 1.36 1048 908

1 6.0 1.3 1260 1018 1.36 600 192 1.45 900 869
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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.

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 theI JT8D installation 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 Coldflow flow

. Flow 3-omponent

beater fmtors torce balance

Facility- Imodel
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 FlulDyne 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-
son of thrust perfortnvnce. Nondimensional thrust coefficients were calculated to allow a
valid comparison of force 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 -' - ,.__ _ _ _ _- .
mOD.IGPAWELk



4.2.1 Thrust Coefficients

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
CT = F +F

pi f

Since the ideal thrust defined here assumed no mixing and a thrust increase due to mixing
does occur within the exhaust system, thrust coefficients 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 flow divided by the measured exhaust nozzle area

meas.

CD- (W7  W8)l+
A7  A8  IDEAL

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-I.uration with those for the reference exhaust system will allow the mixer pressure loss to be
determined.
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The cold test results are. used inl cotijunction with hot flow results to establish pweent mix-
ing achieved by the miixer. To determine thle degree of mnixin achieved by a speific config-
uration in incremental change in thrust coefficient due to tile pressure difference between
the, two cold streamis is determined analytically (a small effect), This incemient is combined
with the ideal mixing thrust gain calculated for the temperaturv and piessurev split of thle
hot flow test. The total increment is then applied to tho adjusted cold flow baseline to es
tablish a theoretical thrtust coefficient level for 1001.',( assumied mixing with hot flow. Thle
differences; betweeon the thrust coefficienlts mleamsured by hot flow tests and adjusted Cold
flow baseline thrust coefficients, divided by thle ideal thrusa coefficient change dite to mix-
ing, is then defined as thle percent mnixing. This concept is illustrated in Figure .4-2.

IdeallY mixed\ Hot flow

Percent mixing

Thrust CT hot -CTcold
co elf ici18 t coefficient Cdcl

Ideal ttuust coefficient Increase
for mixing streams at
hot flow test conditions

Nozzle pressure ratio IPtp /PaMbi

A Fi'4 ure 4-J' lVefitnitA', o'Percent Aiixiq~ ft'p l)..a Stre~im Fxhii~r Svstem

4.3 NOZZLE PURFORMANCE TEST CONIINS

The reference exhaust "ysteml, the mlixer and the mnixetlinverter eXhaulst systems~ wqere tote
for thrust perfornikance so that inceremlents, betweenl thle mixer and referetce Csxllutst s'YStem
could be cstablikhed. Test conditionti wert, selevcd to simuitlate 31,81Y- I engine opletatiomt
at takeoff and crtlise Inl addition,. a range of test pIt was selected for thr reference In a

ortprfttrilanto Points that apply to thle J'8 -. 17. and -17K~ engines.

The hot andld lwnul praigcnii tested avo lite tTable 4-1 hwht test

1o061t is defined with a ranl to primlary total presur ratio and total tepea111atoa1
primary to amibient total pressure ratio. The hot flow te old t siult !,81) enlgile flow



properties in the fan and primary streams tit 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 selected to have flow properties similar to those
included in the test niatrix.

TABLE 4-1

NOZZLE OPERATING CONDITIONS FOR MODEL
PERFORMANCE TESTS

~1114 Met
P~ IT Points/ Tetal

FTPP~m Pf/PP ~f/ypConfi&. points

[wt..xiit14000 1,000 2
system & scalloped .6 2.2 0470 2

tOlehas 0.440 14~

10 0410
0.330 04 4gl

11.2 21 -4 . 0 4 0 4 o

1 030 0.4 IS

2 [m113~~t 2.2 03380 0.440 2 htte

$ . . Melee I (Sell piecew,,t litteffperatef elle is testeg AL...
toit ec4h ppltamb title.

2 Scalloed milli lckailt $villa soly
3 Not olaiwt 4vtte only
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* A) R13SLUS AND D)ISCUSSION

The experimental data obtailick during tile test program art'kitf three basic types: at oustic.
traverse and performance. Thie acoustic data are characteriied by various parameters The
paianmcet icussed ill this sioctikin ate:

* One-third octave banld snectra at 15S0 ft radius

0 * Prcived Noise Level (PN1L) at 1200 ft. lAiear distance

Fe,~i It tttzved Noise Levtl at 1 '00 11~. Ainear distanc&

1 h ~Lu~i~.reslt r~t'nvdin ~this Sk-tin areJ)Zised oni tuodzelduta sealett to pledict full.
ei StgUlic let liklse. All dat;ar fitl~ field kit)hee'oe.d not inlld 1. unti re-

Aletton or got'u atte nuationx efft's thait w~ould bie prvsent ill full-scale elngile noise. 11Ca-
suremVills lwtkl fin lhi presence ot ,t g )tund plaiw. Perceieid Noise ILevoli IfNL) uvrc cal-

Ma ted for tlht scawk da t. otrapohte to hnleardsacso 400. 1200. '26k 4000, and
Z1000t fol l't PMU of amt 1interal miixer dterease rivoerapidh\ widtli st.Aaut thanl those
of tile tfo ice evftJLLt sytmdiw tos"crldleecsand tile eftect of tmshei
&,~orr~~ ntio ' I hus, thv 11M. rtkulrw kiw lo a mixer increase %0hl distance. Ilhe

'PNLs andl the A PNI_ rtesoritvd in tis wpoit ar those cdtatttil e I2NO ft dAistance
i s a it hpwa im initimnii tetoucpt ml,. kdi~tuce that IoVl teprset durin

iiN~vowrt~ ~mp tn' ~li~awintt~~. o dtttilw thAe 'i no*s P redtimki% at

lhP~ r~ i ~ ~~et n'etIk ~ucleu ~ ~~oil-; proltv alie tAp t~m iI B-imk thvc wd

150 dq re an: coit' I*. ra ilf ~ oklit i t' t ev'nis t 1,6 x~us .'ci t 'ndunI
vvctto it i " n't o ~~r'Mv P ' 01d 1 'itt imttxiw~Ih t 'r1I

Jrt ~ ~ kwt tit rktdi ecit

aore deioithais. eto nent 0 e~~~oi itIlont~t'at~fl~e irl ttu

prt'~~~~'.raiit~O ot ui JteIt$)egn iepT StI teioweU n\t tci t, 11v bent' 1,d4

include tlly to-1 romtlth (foln .% 01011 11t ,r dextgita tll as r a estuI s ont tie till p Iai t U t efii t of
pros% idting real olelti wecolitlaty .1ow kftotts ill the mokiel testing, si incledtttt mv tilts'
illuntrtug tOw 0et'kts of tailpiple canit allklengt"ti'ot tile retfrni atidtms

Ill thle fllouin skectiotIK thev dawa \%iu IV preseted ak follo%% *ld e'typo i- ta
will 1%. shilwi (irs. fWollmwk It\ Ith avonistkc tvsults, Ai tt~ th-1 le jerformane carcteistc



5.1 REFERENCE JT8D EXHAUST SYSTEM

The current JT8D engine incorporates an aerodynamic splitter (free mixer) having an area
ratio selected 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 lines. To assist in interpreting these con-
tour plots, two additional curves are provided. The radial velocity distribution provided by
averaging trave.se data measured downstream of two lobes is presented as a function of noz-
tie radius i~i Figure 5-2(a). The lack of distinct definition of the interface of the two streams
iuidicates that some mixing is occurring. Velocities at the nozzle exit vary substantially, rang-
ing from 25% below to 19% above the ideally mixed value,

1.11

It

I•1iljipe Exit Iobloty COu~tow q of Referetiv System (without
Euegbifl SOCOndary FPlowA SilimdariO)

Thle second curve (Fgr 5-20b)) presents tile tailpipe velocity dis!ril'utiok oin A cullultive
nms fow basis. This curve was obtained by calculating local velifies andn sfow o
each of the intdividual points in thle nottle travetse. ordering tile velocities front lowtst to
hightest and plotting these velocities against the cumulative total of calculate'd miass flows.
.or example. Pigur 5-2(b) indicates that 63I1 of thie flow of the teference exhaust system
'ad velocitles less than 1 How the average value. Conversel , the e shws 't IV per-
cent of flow has velocities highter titan a specirted value. For example. 2311. or tle flow bad
velocities greater titan 10% above tit" Average value. Contour plots of constant pressur, and
teperature lines show tends similar to those of elocity. These plots are presented in Ap-
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41.2

Viocal 1.0 -.- -

o.6e--- L -
0 2040 6080 100 0 20 4060 80100

Percent radius Percent of cumulative
mass flow having

Viocal/Vmix below
the indicated value

( a) Velocity profile (b) Cumulative distribution

Figtirv 5-2 Ta~ilpipe' Vxit I 'clovity P'rofle ajntl Cionitlatim- Altu&s Flow D~istribution Of

IRejere'nce Exhaust Slystem

The 1 200 foot linear free f'ield peak PN L, as a t'uniction of calcullated equlivalenit fUHl-scale etl-
gine thruist, is shiowti inl 1igiure 5-3. Perceived Noise 1 evel directivities at takeoff and cutback
liruist levels are shiown in UFiguire 5-4. Note that the angle of peak PNI. is 140 degrees for

bohthruist conditions. The third octave band SPIL spectra at tile two thrust levels are shown
ht anle ma tirdfom tile enlgine up1streaml jet ceniterhnlc of (O x90 and 140 dlegreesm in

its peak SPLl. level at higher frequtency than data at 140 degrees The PNI, and sicetral data
will he uised inl Section 5.2 to compoare with the mixer nozzle resuilts.

Thrust coetficient data for thle desired 3iT81) stream temperatuire ratio (hot test) mid for a
tenmperatire ratio oftunity (cold test) are presented as a fuinction of engine stream pressure
ratio inl Pigure S'(1. 11w hlot test data are uised ill later sect ions as thle basis for 1r-rori)Ine
Comparisons between varis muixer' Collfiiura tions and thle cuirrenit 11,81) exhaulst systeml.
The calcullated percent mixing for the reference, configuration also is presentted inl Figurv
5-0- As mtated previotisly, this configuiration provided a moderate aniount LAfinixing (ap-
proximately 30'%').

The (data presented inl this section were obtained for tile JUD1 reference exhatis! systeml and
wvere uised as reference dlatal against which some of thle rtixer datta were compared, Itowever.
it shold be noted that these data were generatcd by a so-called "cleati contiguiration that
acculrately mlodeled thle flo)wpathl and oprtn odtosof it Y,81) enigine exhllst systemi
bit did not simuiklate thle secondary flow effects introthized by the iconbinetl effects of tur-
hine exit ease swirl and struts and fanl duct pressulre distortion. Inl a later sectioni, 5.3. tile
results obtained by testing thle referience exhaulst system vild certain mixers wihtIra n
gine secondary flow sitmulation will hie presented.
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Thut 1.0 pteitial r forced mier_ du. to ideal mix'n Iideally mixed

coefficient
CT 0.9 irovemmnt achieved with

0.98

100

Percent 60
mixed 40

20 Nzl
1.4 1.8 2.2 2.6 3.0 3.4

Nozepressure ratio t 'a b

F~idre 56r Irtttie -)f R c ]eirepice .1.hatst Systei (w~-it I Eqts set',icdy
1UJow SittI1zilatwn

5.2 LONG FLOWPATH MIXER

K 5.,2. 1 Baic D)esign~
D~esign Considerations for the~ long mixer wore described earlier in Sec.tion 2, 1. Since the basic

intent ot this design was to achieve it high degree of mixing with low pressure loss, mixer linies
were gradual, resulting inl a long miixer requiring a l6 itich extension to the exhauist case. The
exhaust case upstreamn of the tailpipe attachmient was also revised to at more gradual slope.
A schemiatic ot' this mixer design is presented in Figure 5-7.

The contour Plot of velocity (F~igure 5-8) indicates a substantial flattening ot'.the velocity
profile dite to the mixer compared to the reference exhaust system. However, pockets of resi*
dual hligit velocity call be "wen indicating that thle design otxiective to provide it flat profile
wats nlot achtieved. Velocities ranged front N0'X below to 11%e above the theoretical ideally
mlixed velocity.

Velocity distributions for thte basic long mixer and the refe'rence exhauist system are coi-
pared in F~igure 5-1). B~oth plots inihate that temerlaendheptiewthoca
peak velocities at the outer wall equalling those at the center of1w he team, L.ocal peaks
cover onily a1 smlall portion oif thle streanm with% only at fw percnt of the flow being more

Kthanl I lYi, above thle ideally mixed value10 Thte iimumltll aild Ilaxinlim velocity vallues of the0
cumuitlative mlass flow velocity curve do niot agree exactly With thtose of thle radial velocity
profile pilot since the Cor-mer plot includes data front the entire ISO degree data of tailpiple
are measured during the travers, while the latter plot was generated f'romn only the first two

lobes and valleys. 4
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Figure 5-8 Tailpipe Exit Velocity Conitour Map of Basic Lonig Flowpath Mixer (withou t
Erkqitse Secondary F~low Simulationi)
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Figure .5-9 Tailpipe Exit I 4 ocity Profile anid Cumulative Mass Flow' 1istdibu tiont;
Compparisoni of Refrrenzce Exhaust Systelp an1d Basvic Lonig Flow puth
Mixer (wvithout [,n1ginle Secopidary How Simulationl)

The acoustic results of the long mnixer indicated at sizable noise reduction relative to the re-
ference system. The peak PNIL versus thrust plot of Figure 5-10 shows approximately a 5
PNdB reduction tit maximium takeoff and cutback thrust levels. (it will be shown in Section
5.3 that the noise reduction for a J'T8I) engine is expected to be less than S MRUB based onl
model resuilts with JT81) secondary flow chiaracteristics simulated). Comparisons of lPNIL
directivity at maxinium takeoff and cutb~ack thrust conditionsfor the basic mixer and refer-
ence systemn are shown in Figure 5-11. At maximium takeoff, the noise reductions are sig.
nificanit fromt 120 to 140 degrees, while at cutback thrust the noise reductions tire large for
all angles aft of 120 degrees, The directivity shapes for the basic miixer will be seen in later
sections to be generally characteristic ohf all the mnixer configurations.

Comparisons ot SPL spectra for both the basic mixer and reference nozzhe at 40 and 140 de-
grees aire shown in Figure 5-1 '(at and b). At 9)0 and 140 degrees, the basic mixer substantially re-
duced the noise at low frequencies ait both thrust conditions. This resuilt is consistent with
the profile data that showed substantial mixing of the streatm At higher frequtencies (I 100
4000 Ili.), however, the mnixer generated slightly more noise than was present inl thle reference
exhauist system spectra. This extra noise was believed to be dite to the presence of high velo-
city "pockets" of primary exhauist tlow behind thle tles, which did not completely mnix with
the fanl flow. It will be shown in at later section that, in these 1T81) miodel test, thi extra
noisec decreases ats the high~ velocity "pockets" in% the velocity profile are "smnoothed out" by
modifications to the mnixer,
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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. Comn-
bination of the hot and cold flow data (Figure 5- 14) resulted in calculated percent mixing
ranging from 65% at takeoff to 80%1 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 takeoff indicate a 0.25,,
loss in takeoff thrust with the mixer. Cruise performance indicates an increase of 0.65% in
CT.- which equates to a 1 .2% improvement in thrust specific fuel consumption (TSFC).

Thus, compared with the reference exhaust system, the basic long mixer provided significant
noise reductions along with a cruise TSFC improvement and a small loss in takeoff thrust.

0- Reference exhaust mixerCodlw
wi- Basic long mixer

Thrust 0.99
* coefficient

CT 0.98 .w

Pressure
loss 20*...

"5~ ~- - ----
percent :- -****-

(mixer- 05Takeoff - Cus
ref erence) Y4 -Fil 2.2 2.0 310 3.4

Nozzle pressure ratio (Ptp /Pamb)

F're 5-13 Presmurc' Lo)ss GCotparisoti oj'Reftj' Uebxliaust System and Muaic Long
blIowpazth Ahixer (tvithot 1:tniii.e Secondairy Plow Simulationi)

Thut 1.00 - Ideally Mx n ua flow'
Thrust ~mixedpoeta

coefficient 0-99- glflow
CT j.

1001

Percent 60,
mixing 40.-22 .

1A.422 . 3.0 3.4

Nozzle pressure ratio (P tp /amb)
5,.~r'. 14 Per'w~matice ol IlaVii Lok Fhlodpelt Mixer (without Vki,2jtto Sevotldarv

Flo.Smuat.n
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Figure 5.15 Performance Comparison of Reference Exhaust System and Basic Long

Flowpath Mixer (without Engine Secondary Flow Simulation)

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 5-16.

Analysis of traverse data (Figures 5-17 and 5-18) for the scalloped and unscalloped
schemes indicated that the peak val.es 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 I 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 tile takeoff thrust PNL
directivity, but at cutback thrust, the scalloping reduced the noise at side and forward angles
by I to I 1/ PNdB. Spectral comparisons are shown in Figure 5-21 (a and b). Tile 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 decrease
of 0.2% in takeoff 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 Ctlting [Jack thle Lobe Scarf Angle

The results shown in tile previous section indicated that scalloping did not produce as flat a
pirolile as. was desired. Tlherefore. lte lobe scarf angle was decreased in an attempt to reduce
the radially inward turning of thle engine flow exiting tile mixer near the top of the lobe. The
lobe scart, angle was ioditied to be slightly negative, as shown in Figure 5-23. Since model
hiardware uised for the scallop) testing was also used in this test, a shallow scallop remained
in thle cuqxai ck niixr lobes. T his configuration is called thle cutback, scalloped mixer.

Cutback scalloped

4 '\-.Scalloped

Itil c' 52J Schema'I~tic' 0(44 iback .\caUloI)('I Long~ Flowpatl Ali.xcr

C'ontourl plots lFigiirek S-24) ol velocity indicated that reducing lte discharge angle provided
at subhstantial implroment inl redistribuitingp energy between tile two streamvs, This tlattening
of, tile Meocity profile was accomplanied by a slight inversion oft thle flow (Figure 5- 25(a) Withi
thle hlighest velocities appewaritlg at the outer wall of thle noille. tleak velocity was feduiced to
7. 5'r above thle calculated ideally i~Nked vale, approximately thle samle level as that fort thle
Scalloped lumi xci Without thle o'utback lobes. Overall variation in peak to 11inimumtli velocity
was, howevor, reduced substantially Wilit thie Cutback scalloped configurtation (Figure 5-250).

The effec t, fed uced lobe scarf angle onl peak VN I was significat.t as Flu'wm fin Vigure .5-26.
'[he cuitback mixer was upl to I P'MiH quieter atl high thrusts j % 15.000 His) and tipl to I P1udk
tludem at lower, thrusts. [he PNI directivi ty showin in Figure 5-27 shows large tlifferenecs.
Fihe large cutback angle tends to increase 'N I at tot ward angles, and decrease PNI at aft
angles. Tlhe shaple oft tht- directivity cuirves cauise the crossover in peak 11NI. Qhwnt in the
previous figure. At high thrust, the Peak I'NI is located at 1 -1-150 degees. The lawet fe-
duction in noise at tile aft angles tius decreased lte PNI. relative to the noncuttbmek mtixer,
At the lower thrust value, howver, lte pecak PNM is at a more forward angle. The ineuias!
oftnoise in lte forward anigles dute to cuting back thet mnixer lobe caused lte peak IINI-. to
increase, T[he SPi. spectra pllots in Vigilte 52anmd Il) show that A high thrust tile reductiotl of
noise inl ltme lower freqluencies is respionsible for lte pevak PN I deemezase while at cuthack
thrust thet inlcre as in noise ait higther fituniis rsponsible for lte imicteise in peak
PNI , [he data indicalte that thle mnoderately inverted liroftic filhe Ctback m1ixer is R.'-
spioiisible for lte decrease in low freilueilcy noise aind thle inemease ini hilth fix-quency noise
relative to thle depsaloe ixer. T'hese %pectal changes. ii (turn. cause thle dlI'Ieretios in
peak 11N L behavior to the two mixer comfiguratioiis.
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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 5-29 compares the performance of' the three basic mixer geometries. Thle 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 takeoff thrust.
Pressure loss for the three configurations was at the same level.

Basic mixer Scalloped Cutback scalloped

0. .2%ATSFC 1.2%A TSFC

Thrust 0.6 0.8% A TSFC
coefficient 0.4

change 0.2
AICT % _ _ _ _ _

-02 -reference) *ICruise

*0.4 L Takeoff

FUiure .5-29 Stopn~thry of',Ok 14)ng opahtisMxer Perormnsance Re1ltiv'e to R.efirIf~ct,

Exhautst Systvmn at (.nus' alan I~k~~'oiit

Thus, scalloping and cutting back thle mixer lobe. p~roduced Irelatively Small chan1ges to tile

noise, profle and thrust perforinalle ellaracteristics relative to thle basic mnixM'r it is imtpor-
tant to note that these results weebsed onl model test" that did not include tile siolula-

lin f ngneseodary flow effects suct asurine exit wiltrinad ndutstruts

v# and fa1ti flow distortion. The next iectiot, presents results where these AM81 engine secondarv
flow details, were simulated onl selected coartgurations.
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5.3 EFFECTS OF ENGINE "SECONDARY" FLOW SIMULATION

The traditional method of coiiducting scale mrodel jet engine exhaust nozzle noise tests has
been to simiulate the internal flowpath of the exhaust systemi starting at a position down-
streami of the turbine exhaust case. The miodels used in this programi were designed to dupli-
cate the nozzle flowpath in the traditional mianner. However, limited test experience on re-
fanned derivatives of the JT8D) have indicated anl effect of the distorted and swirling "sec-
ondary" flow characteristics on exhaust systemn performiance. Based onl these results the Pratt
& Whitney Aircraft in-house progr-am included testing to determnine the imipact of simiulated
actual engine secondary tlow onl noise and perlormnance. These tlow details included: (a) tur-
bine exhaust case struts, (b) turbine discharge residual swirl, (c) fan case struts, and (d) fan
streami radial pressure distortion. D~evices were fabricated to simiulate the fanl streami distortion
andi turbine exit swirl levels which were determined fromi previous JT8D engine tests. Figure
5-30 illustrates the miodel hardware used to simiulate flow details and Figure 5-3 1l(a and b) pre-
sents the radial swirl and pressure profiles simulated by this hardware.

As will be showvn in the following sections, the engine secondary flow simnulation produced
imiportant effects onl both lthe acoustic and noitzle perfornance characteristics.

Fan radial pressure
distertlee device Primary

wiit van$$vse

Figudrt 5-30 sceiwnatic Qji:~tlinefl Secon~dary Flose Sitnudation,k I~ll Ilarduvai

5.3.1 Travenic Rt-sults

Modest chllges inl noille discharge profiles occurred in both the reference splitter and mnixer
configurations. T'he mocst significant change was warpig of the concentric ring pattern
exhibited by the reference configuration into a diamionid shaped patternf (Figure 5-32).
Similar Isatterns have teen observed ill full scale JT81) engine traverses (Reference I1).

The effect of second~ary flow effects on the miixer exhaust systemt proffles is illustrated in
igrs5-33, an -34 t'0r the dee callo n cback scallop mnixers, rspectively. The

changcs to the profiles are relatively sinall for both mixers, although~ a %lightt imnprovemtent in
ntixing did occur.T.
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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 (tip to 1.7
PNdB) relative to the same exhaust system without the engine flow simulation. The PNL
directivity curves are shown in Figure 5-36 at the maximum and cutback takeoff thrusts.
At both thrust conditions, the engine secondary flow simulation caused significant PNL re-
ductions in the aft angles (Oi > 130 degree) and slight increases in the forward angle PNL

levels.

"Clean" f lowpath -. '0 ,,, , 000-*
105 - -

100

PeakPNT100- Engine econdary flowPeak PNL ,,," simulation
at 1200 ft 95 - (Turbine exit swirl, turbine
l rand fan case struts,
linear fan flow distortion)

1 90

Data scaled to JTSO online site

6 8 9 0 1 2 13 14 15 16 17
Thrust 1 libs

Figre .'3.35 tycit o flilikgs St'cond, ry FIow Simulation on Peak V'ercehied Not-e
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Figurt' 5-36 Eftirt St-nii4 condhiry Flow S imnulation (4 Pereeivei Noise Level
Virectitvity of Refi-rence Exhaust $yswvrn

The SPL spectra at 90 and 140 degrees are shown in Figr 5-37(a and IA. la eachi case, the noise
was reduced at low frequencies and increased at high frequencies. Since tile aft anwge PN I
levels are controlled by thle noise at low f'requencies. the spcctra changes are consistent with
the reduced PNL's at thie aft angles shown in the previous figure. At 90 degrees, since the PNL
is controlled by the noise levvls at the higher frequencies, the spectral changes are consistent
with the increased PNL at forward angles shown in thc previous figurc.S

Considering the spectral changes in rolation to tile velocity profle changes. it is pCssible to
postulate a possible teclu~nisi of the noise reduction. Vim t, the spectral chianges are con-
sitnt with thle effects observed from the addition of an extenal inulti-element daisy nozzle

jet noise suppresor on turbojets, which reduce tow frequvncy noise at the expense of increased
noise at high frexsttencies.. As was shown earlier in this section, the velocity profile produced
by the engine flow simutlation was quite distorted, This type 'otf profile is aimilar to the flow
downstream of a suppressor nozzle with four lobes. T'hus, both fihe acoustic and prollile restilts
ski'wst' that the presence- of the engine flow simulation produves a jet exhaust having extenal
daisy noule, characteristics,

It is thought that -the interaction (if the swirl flow with the turbille exit cas struts causes
strong secondary vortex (low patterns to be set uip inside the tailpipe. These flow putterns
have aLso been observed in NuO %cale J181) engine tests (Reference I). The vortex flows are
thought to be responsible for the distorted velocity profiles and the resuilting noise rvductioas.

T{o
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Figure 5-38 shows a comparison of the model and JT81) engine spectra at 140 degrees
Since the model data obtained with the engine secondary flow simlulation agree well with the
full scale data at fr-equtencies im~portant for jet noise, it appears that the engine secondary
flow simulation data provide the miost realistic JT8I) engine jet noise simulation.

j Reference exhaust system
150 ft radius

Model data SCAled to preict ITID aftif

IeNo engw Seceady flow S"VOatR

1' -- Wit tbif WW41nMY flow uimidatio

Sound 105
pressure/

* ~level___

Ilos

63 125 250 500 1000 2000 4000

Q

I~~ii.~uCo i3 '~parison opt IT1) Eikgiw isj t.' A~D.4Lata ed 1,L I1veiir

5.i. ~ C 2. iEx haust Sytet

The effects of engille flow s"tutation onl noise and tw'rfornwatce of tile deep scallolvid long
mixer with% and without tile lobe eutback are preseitted in this Sevli.l

Fiur 5-31) shows lte effect of cngine flow situlation on lt peak PN. of the cutback
deep scalloped tong mixer, There is negligile ef'fect Meow 14.000 lb. thrust, and a nloise inl-
crease o 011%18~ at inaximum takeoff thrust of 15.500 lbs. At high thrust. lte PNL dirvtcti-
trity curves I Figure 5401 show slightly. increased levels4 at 3lt angles. with tile dlifferences

increasing with angle. ~A cback thrust, data at identical owle conditin eentaat
able, Thle contpijons Shown illdicate a differenoe in peak INIL that i% attributable to lte
test condition thrumt differences. At morm aft anigles. however, lte PNL levels were- increased
With engine secondary flow simuitlation. Th- MP. spectra @wmparison% in% Figure S41 (a and hI
show that at 140 and 140 tie:rees and at both thrust levels.'tite main effect of lte 0146110 flow
simluLationt wait to increase noise at tile hligher frequenlcies.
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The effect of engine flow simulation on noise of the deep scalloped mixer without cutback
was slightly different than for the cutback version. The peak PNL was d:! Ccased by uip to 1/
PNdB at thrusts below 14,000 lbs., and slightly increased at the very highest thrust levels, as
shown in Figure 5-42. SPL spectra at 90 degrees show decreased levtels 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 wete increased,
as shown in Figure 5-43(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 aoise was relatively small and incon-
sistent for the two mixers, evaluated, while the effect on the refer-enco 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-
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5.3.3 Perfonnance Results

Perforniance data front the reference configuration indicated a small decrease in thrus coefi-
cienit that resulted trot the increased pressure loss of the engine secondary tlow simulation
(devices (swirl vanes and struts) betwveen the charging station and the nozzle discharge. Analy-
tical estimiates were made of thle contribution front each of thesew efftects and aire shown in
Figutv 5.44. Approximately 2/13 of the thrust loss coefficient resulted froml increased
pressure loss, and the remaining 1/3 was associated with residual swiri.

Several mixer conlfigurations were tested both with and without the simulated secondary
flow effects, Since thle pressure loss of the flowv simulation devices was small and equal for
all the muixer configurations, and thle reference system, the change in performance levels cauised
by thle mnixers are Onl a consistent basis. The general trend in the results wvas that the presence
of the engine secondary flow simulation increased the performance im promentts of the
miixems-teltive to thle reference system, Thlese performance improvement increases varied

4 with miixer configitrations, and were caused primarily with the conversion of' tangential mo-
mientuml (asslociated with thle swirl) to axial nllimentuil which provided increased thrust.
The reference splitter has no means for this conversion of tio)men t um. It is possible that re-
distribution of the distorted flow profiles and mnixing changes may also lie contributing to
this improvement.

Estimated ffect Wihout simulated
of resid al swirl enline flow effects

Thrust
coefficWent ggith simulated engine-

CT Estimated effect of
0.17 incresefd Presure loss -

1.964 1.8 2.2 2.8 3.0 3A
Nozzle pressure ratio (P tP/PaMbI

A comparison of rert\'rnanoo of tile cutback scaltoped llixer Withi and withouit siimulateel
-ecolldary flow 01ttCts is promm'ited 0% Figures S-45 and 5-4. As Atown, a 'light incrvise
(0. 514 ill Prtssuft. toss And a M.~ pain in inixing call lie attributed to thle secondary tlo% of-
fects. In Comlbinlatioll with thle Ofiects of I.nille seVolldaty flow sulluadtill fnile reteretwe
conlfiguration, a not inmprovonu'nt of 0.1"I" in takeoff thru'I and 0. I'~ crini-e filet Consulpllt

jin thle uixet miinus reft-eiicc System Ivfrualv tmlrent was realited with thle e'idt
flow simluliltionl.
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5.3.4 Implication of Engine Secondary Flow Simulation Results

Since the refe~rence exhauist systemn results obtained with the engine flow simulation are con-
sistent with full scale ff81) eniginle noise measurements, it appears that the enigine flow simui-

A lation data fronm tis program should be used to project the J F81 enigine lull scale effects.
Accordingly, the tmjor conclusions obtained tfrom this program were based onl results from
tests Conducted with thle eniginle secondary flow simuflation. These results are judged to be the
more appropriate tor projection to predict JT81) engine noise and performance. It is expected.
therefore, that noise reductions of 3 to 4 PNdB and cruise TSlW imlprovements ot approx-
iniately 1 .2 to 1 .31', would be obtained for at JT81) engine installed with full scale versions ot
the long tlowpath mixer tested during this programi.

5.4 SHORT FLOWPATH MIXERS

5.4.1 Basic iOesigin

As discussed previously in Section 1.0, an alternate shorter mlixer miodlel was designed. fabrica-
ted and testvd under a companion Pratt & Whitney Aircraft in-house program. The intent tt
this prograra was to evaluate a mixer scheme that would reduce the impact of the mixer on the
a -ciaift inistallation even if some sacrifice in performance and acoustic propecrties was necessary.
Figure 5-47 compares the mixer tflowpaths for the long and short mixers Note that the slope
at the outer case for the long ier is mullch mlore gradual1 thall that tfor the short m1ixer which
emlploys the existing exhaust cae F'otal length Of thle exhauist systemu was increased for both
configurations, but the alternate niixr system is 8A4 inches shortef than the long niixer de-
sign whenl projcted to a t'tll SCAle ilTSD eng9ine.

Long mixer
vs

Short mixer

4 - -
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Based on the experience gathered from tMe 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
Figure 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 lie stream as well as at the nozzle wall.

-Cutback moderate short mixer
-- Cutback scalloped long mixer

1.2

- obs
1. V-- alley- -

Vmix

0 .6 - -

0 20 40 60 80 100 0 20 4060080100
Percent radius Percent of cumulative

mass flow having
VlocaI/VMiX below

the Indicated vales
-'W a)Velocity profile (b) Cumulatila, distribution

io, -3 oisrtiQ..n j'7dr j Wtur~t t'uiw S/o 4uepk htn- et~& eIp

The -hort flowliatli iier provided excellent noise kcduction~at all thrusts. as sitw 1'.n lie
ieak PN. curves in Vi,.uro 5.4'. Tite slort mixcr peroduccd about I P"NO1 1110K. 10is re.
duction Mhan did the longs mixert &tInjakienwi takeoff and icvtback thtrusts.
I'erforniance of' thti% conligufation showed. a-. extweteai, Ie implrt ven~ tIae di iln

t namixer 0~gr 5.501. Thewe Was a 0. Y, iqcreiv pressu re Ims. ac. ittlcet by a mnoest
reduction in m"iig. A -net ltws of 0. 2571 takeoft thrust and animprovemient of' .X (WA
ConLAP61 npoaf wg obtainted relaive to the reference colftguration.
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5.4.2 Severe Cutback Mixer

Although the basic short flowpath mixer configuration would have a less severe impact onl
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 Boeirig 727 installation. In anl 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 c~t back so the lobe outer diameter ended at tile in-
terface of airframe and engine hardware ('M' flange) (Figure 5-5 1). This configuration was
then tested for noise and performance. It may be possible to install this mixer onl a JT8I) en-
gine without thle necessity of an outer case extension, thus simplifying thle task of incorporat-
ing a mixer onl existing JT8D engines.

Moderate cutback

Ui-5r 1 $dwt-id1it* of Mowrt Floupath Aixe'r Showwing i~loderazte and Cewr t itbu-k

Traves reut or ticonfiguration showed tievelocity profiles tobe essentially thle Samle
al those of' thle lllodtra t cutback cot guration, but with slightly higher velocities owxurrltg.
at the ~cvlter of tile. Stream.

1*1e noise results frotn thiis coil figuiration. were very encouragilng. Vigure S-52 shows a[ ~comnparison ofr lak PN I for this configuration comipared to tile' other designs tested as well
if as tile tvfeetee exhaust System. The noise levels of' thle severe cutback short ilvIer corni

pared favorably with the other inixers tested. Although it did not provide the latgest noise
reduction, thet noise reduction or 3.4 PINdB nwt tile goals of thle proram and thle Isotential
Caul Of' Incorporating it in the J4SI) engine deenis it an attive configuration.
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-0- Reference exhaust system

tc --x-- Severe cutback short mixer
11 N Moderate cutback short mixer!
10 b Scalloped long mixer
10 Cutback scalloped long mixer'

Peak PNL 100
at 1200 ft I

linear

.Freetleld
8 -~' eData scaled to iTO801

Thrust - 1000 lbs

Fiire 5-52 Peak P~erceivedl Noise Levels oJ Severe Cttback Short Floll.pa(th Mlixer'
Cottparisort with Residts of Other Mixvers TJested (with hiingiptw Sevolidary
NOuW Simlulatioln)

Performance data inidicated a substantial reductioni iti thrust at takeoff conditionis aniountinig
to a 0.6% penalty relative to the referenice con liguration, Cruise porf'ormanice was niot comn-

proisdwih 09%improvement in cruise TSFC Itl paet qa tilte result for the
moderately cutback short mixer. A comparisoni of performuance of the severe cutback and

V typical short and long mixerssshw in Figure 5-53. (Cold flow data were not acquired
and, therefore. the split between mixingl anid pressure loss could not be determined for the
severe cutback configurationi.
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5.4.3 Perfontiane Diagnostic aud lIprovem~ent Prograni,

The results presented in the previous sections indicated that a short miixer contained within
the current JT81) engine case hardware could meet the 3-4 PNdB noise reduction goial for
the JT8D engine. However, the w % loss* of thrust at the takeoff condition was considered
unacceptable since it would have anl adverse impact onl the operational characteristics of
JT8l) powered airplanes. In addition, the needt for a 7.0 inch spool piece extension to A'thle

enieC wasde d a detriment to a commercially practical installation of a mnixer onl
the JTSI) engine since such ain extension would require a nacelle re-design.

Thus, there was strong motivation to reduce the take-oft'thrust loss of the short mixer and
to remove the spooil piece from anl\ JTSI) mixer design. Removal of thle spool piece Would
result in a mixer Which has a high probability of fitting Within present nacelle lines, butl the
impact of removing the spool piece on the mixer performance had to be determined. it ad-
dlitikIn. remioval 01, thle spool piece would move the thrust teverser of' the 11oeing 727 instal-
lation closer to the mixer. The fow field induced by the thrust reverser during reverse
thrust operation Could interact With) the mlixer primuary and fanl flows and adve rsely, Wfect
the engine mlatch.

Data~ ~ -reurdt-sss h viact of spool piece removal onl mixeri perforinances and engine

matc cagscue ymerthrust reverser fI'o' field interctin was not obta~ncd i
the programl described in theV previcus secionls' In addition, dlat Was not available to indi-
cate ways of changing the mixer design to reduce the'takeoff thlivt loss. Tlhus anl add-oni
prograim Was defined With) the ifitcot ofIl ) piiing tile r-eired additional test dlata. TIs-

a-ont, rgrman isreuts are discus*'l m -'ihis sectin

The detailed vilic'ives Of tile add-ott prOon were the following:

1, Assess the limpact of the mixer tin tile enlgine mlatch of at Loeing Z 7 reverser Colifigura-
tioll Without the %Ipool-pieCe exwti during reverse I trus-t opsration. The effect oo'.
engine match would bec baNd on Otiasgvt to il: ffeefive throat area. as qtwnfified tit
terms of thle 'ldilappefkticint,

N. 10Cin the' effekh: on iort til vr peIvi jac f vn till k-mlpic exenion.

3. Provide dinsi uormatio'n to identh'i' possil Sottrces of h'se% ill the shlort lni
* using pres~surc %urve- s Nd lwiulaiw ~~bs

4. flased kvth di Ji~iustic tioiu ijiueify and test config*utiokn mi tications de-
* Signed tO (04111W Ot 01411MAtelV e.

s.- us. (Ihe ~tvslts of the a'i-oll progiamt 10v~ W aM Aie deIg rOt~ k- fuill SA-41V JT1) engrine

It is tioted that thi'S tvi'tlt waikotltaincd tot the same li..', ued in tike nomse test. bnut thme
~ tfi' &uW10 aA pXuole~- was 'tese-1A ill the x11i'etnae testing,



5.4.3.1 Mixer-Reverser Compatibility

For DC-9 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 preclude any aero-
dynamic interaction betwc !n the mixer and reverser, and thus any effect on the engine 1, itch
during reverse thrust operation. However, in the 727 installation, the reverser "blocker ,oors",
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 effective discharge area, indicating mixer/reverser incompatibility.
Any reduction in effective discharge area would result in a higher fal 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 5-54. Two additional
configurations were tested with the reverser: the reference exhaust system was tested inI order to establish the effect of the reverser on the discharge coefficient of the exhaust system
without mixer present, and, a slightly longer 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 coefficient. (The motivation for testing the longer mixer was based on data that had
indicated that as mixer lobe length was increased, mixer nozzle takeoff thrust tended to ap-
proach that of the reference exhaust system, as shown in Figure 5-55). Schematics of twe
three configurations tested with the reverser are shown in Figure 5-56.
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All configurations were tested at simulated takeoff conditions. Discharge coefficients, CD,
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 smnall effect and was defined as the discharge
area for all of the reverser configurations.

Discharge coefficients for each configuration were then calculated by using the standard
formula given in Section 4.2.2.

The results of the testing are shown in Figure 5-57. lit this figure, the percent change in
discharge coefficient, % A CD, 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 thio reverser was .3% for the severe cutback mnixer.
while the longer moderate cutback mixer caused an 8.8% decrease.

W RiVERSER DISCWARGIE PLANE~

W t EtENESLTE

0 iA POSITION ME O SUT TEERCA

INC14ES AFT OF W FLAN~GE (PULL SCALE)

t g4atve J-.57 h etof MIxver Micharget Positiop on floude (1.vnAWII I i~ A ge j~

Using these- results. it was judged that the mixer lobe-s could be extended to (lie tistreain
locationI of thle. rverser discharge olvaing without adversely afkacitig the Cl-eeiv* area. A
inixer with lobes extending beyond the roevier discharge was considered to be unaecept ble
in this regard. Since thAA earlier perfortiance iresults had Indicated that longer ntixer lobecs
pirovided bimved Ilcr(orinane, the mixer was modified by extending th~e ixer lotes to the
727 revorser dischargp planu. This modified mixer. callod the intenit-wiate lcngth 'nixcr. is
illusttated on lFigute 5-58 (110i mixers-1having longeor lobes than those of the intermldiale
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length mixer ire Considered to have ain adverse effet oil dischargFc area during revers thrust,
wink shorter mlixers art, judged to have poorer. lerlonna1we'I. Thuls, it was established that
thle inixer/i\'versolr compatibility was satisfactory (without the presence of the spool-piece
Cxtension) tor a mlixer having lobes not extending beyond thle reverser discharge planle.

MI ANOV /100FIN6 *VItEAS1

A A~rt I ,\Vt'nttc It Fb Vt Ih ' I Iivcts

T'he previous 1101.lorn lanlce testsiof thc short mlixers (Without re verser)t had Ieenl condkucted
Withi the spool-piece extnsionl inserted between. "NI" Mingo anld tilpiple. The reverser tests
deosciibed it) (lte previouis sect ion inicated that thet nxewr/reverser comnpat ibility was siltist~ic-
tory withbout tOe spool-piece extension if' thle mlixer lobes dlid not e xtenld be0yond tlt-' reveser
dischlarge planec. Sincee it wvas extremely1N desirable to evolve a 611n11 Illivel design not requirinlg
(lt, spool plece extensionl to thle enginle, it was necessary to deternunle thle effect o't mlixer.
p('t Cor tie titlde to the0 removal olf th spool-piece,

Since pertorlman1ce resuilts cor thle ilioderate cutback Ilin xe withl spool iece were available.
it Ws retWte without tlea spes'lool-piece to determinle thle impact oft the spool-jlk. C removal
onl thle performanwice ot' a given Ilivie., ilmgure 5-.51) presenits a1 comparisonl fc p. rcormanlcV
tcst reslts for thet mlodlerate, cutback mlixer With anid Without (tic spT-ic.lhese resullts
indicate that thle removal oft thle splool-piece caused a1 performance p~enalty relative to thlt
ixker With the spoolpiece. 'fhe Itakeof thru-lst coefficienit demiased by a'iad cruise

l'SlC increased IN\, .4');,. 'te renoval oft the splool-piece also resulted in at SIX inlcredsw' inl
bypasss ratio anld essentially no0 chlangi inl nlolf t discharlge C(Netftliet



1.01

MODERATE CUTBACK SHORT MIXER WITH 7.8 IN SPOOL PIECE

1.00- 0 MODERATE CUTBACK SHORT MIXER WITHOUT SPOOL PIECE

0.99T 

--

0.96

TAKEOFF CRUISE

0.95. 1
1.4 1l8 2,2 2.6 3.0 3,4

NOZZLE PRESSURE RATIO P /am

Figure 5-59 Effect of 7.6-Inch Spool Piece on Moderate Cutback Short Mixer Perform-
ance (With Engine Secondary Ilow Simulation)

Testing of the intermediate length mixer (also without the spool-piece) 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 the performance loss due to eliminating the. spool-piece.

1.00
o MODERATE CUTBACK SHORT MIXER

QINTERMECDIATE CUTBACK SHORT MIXER

J0.99-

U.M

80.97-

0.96-

CRUISE

.4.82.2 2.6 3.0 3.4

KNOZZLE PRESSURE RATIO ( P/ m

ligure 5.60 P~erformnce Comnparison~ o~f Moderate' Cutback and Intermediate Length
Short Mixers, Without Spoo! Piece

80



Since the intennediate length mixer had not beet, tested with the spool-piece, mixing and
pressure loss with and without the spool-piece could not be conipar-ed directly for this specific
configuration. However, its the pvrformnance levels of the intermediate length andi moderate
cutback mixers without spool-piece 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 length
mixer with and without spool-piece could be estimated. These estimates are compared in
Figurev 5-61 and indicate that the thrust coefficient reduction caused by ternova of

th pool-piece could be attributed to anl increase of 0.25% in pressr loss and a 109% dc-
crease II nmixing.

Iq
3 0 1N I V MM TIE Lt NO TH kMitM%1 tiUT !MMO piIE

CC!
10 I I

Figurt .~ I (omPparhsott ot'Afixitkj andi Pressr Loass o 'Aloieramtt C.utback mud Com-

Since the a-moval of the spool-pitece dcesdteoalitalth foug the xlob tlpipe

chare t tie ntleexi (ie, i reuce th leigt ovr with mlso prol increae)t
couldt wasce chuce oithe roing no7 nt angie in orertoobanditi ossil hat i the
efftun o foMne ocodcur fralbt-ine distance betweiineenth.sn th vdital rs
daain cncinWthelnad rfrcexulis da ta ltivof ne tstt thsco siiitym dtac fro ath

oare asi shown n Figure 562, scahe se,,notmmvleo thrust coefficient seemspoxmtlyeua o

toest tl iras h mixing ti~fbteent it-ad, inches lnthis cnctenwit alopoabyiceseadn the

codanel fc notvnhe poolpiecg isno coniere iportance t enug tosailep tht phero

arc alsos shown on Figure 5-2 Asr thl e en,poolptim m c a lu i tre.oefcetem.
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Theefoea configuration was identified (intermuediate length mixer) which eliminated thle
spool-picce, increased thle mixer lobe length and produced a takeoff thrust loss of .7%7( and
an improvement ot .517 in cruise TSFC relative to the reference exlkust system. Therefore,
the diagnostic and performance improvement testing conducted to the next phase of the pro-
gram concentrated onl the contigurations without the spool-piece.

1MOOERATE Ctll ACK S*IOKI MXER WITH 1,6INCHi SPOOL PIE b" CANTED TAILPIPt

~ NVERMED:AT CL)YRACKI SHORT MIXER. S' CANTEDC TAILPIPF
ItERMED ATE COIRACK S14ORI MIXER. LONG STRAIGHTI AILI'II'

-I 02:V IE

00.

I

I: MIXER DISCHNRE-TO-NOZZLE DISTANCE, INCHES (FULL SCALE)

Figure S-6.) l:'frc 4 A- ixer tO~~r~c)~~ei stance On Alixer Pet'oinan

Diagnostic testing of the severe cutback mixer and the intermediate length mixer using flowv
visualiiationl and pressure Surveys was conducted in an attempt to isolate thle cause or causes
of the takeoff thrust loss and provide guidance for dlesign changes which would improve per-
fornmance. [-low V isliali?.at ion testing using cold flow Were coniducted with thle intermediate
length mixer at a piresure ratio simulating takeoff thrust conditions. T'he mlodlel was painted
whitte for background contrast and spots oi'a latnpbl.c and oil mixture were liberally dabbed
onl the mnixer plug and tailpiple. The photographs in Figures 5-63(a, 11, and 0) show the results otf
this testing. Figure 5-034(u) shows that thle fahll flow over thle mixer was generally well
behlaved With nlo indication of Separation in the mixer valleys. All of the boundary layer flow
ont thet inner wall of' thle fail stream did, however, appear to lie acculmlating inl these Valleys
bamed Oil theV high denkisity of "te lns"in the valley regions. This behavior could lead to
high loss in this location of the mixer.

F~low in thet Pimnary Streaml (Figure i-63(b) also appeared to tie well behaved. The dis-
iersion (if the lamplack and oil onl the plug is probably due to wakes\ produtced by the plug

4 truts. Thie shadowod re~gions on the outer case behlind thic lobes indicate that thle high
velocity primary flow was impinging oil the outer case. a potential area of' high loss.

l'liv flow along the outer case (Figure 5-63(c) appearedt to stagnate ort sepakrate ats evidienced
by the oil Spots in the area ot' "N" flange which wire not dispersd by the flow.
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The flow visualization results 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.

FAN STREAM PRIMARY STREAM

-1-0 M'M F L AN I3

0'

- -- - - - - 1.0

INSTRUMEN'ATION PLANE CROWNU 1.

OUTER CA. INSTRUMENTATION PLANE

0 0. VALLEY
CROWN

0.~~~. , )~~~ LOBE SIDE WALL I~~1LUSOWL

1 2 34 is0 1 .2 S4 6

AXIAL DISTANCE FROM MIXER A (TACIIMENT FLANGE INCHES 06061L SCALE)

Figure 5-64 Results of Wall Static Pressure Survey For Severe Cutback Short Mfixer
at Takeoff Thrust

Based on the results of the diagnostic testing, it became evident that mixer flowpath im-
provenments should be lr~corporated to avoid stagnation of the fan flow impinging on the
mixer lobes, to attempt to improve the fiowpath area distribution through the fan Stream,.
to prevent flow separation along the outer wall, and to eliminate the primary flow impinge-
ment on the outer case.

Mixer Modiftcations For Perfortuancv !Improvwmwt

Three modifications to the mixer designed to improve the flowpath were investigated. These
included: a) a fairing to cover the mixer crown on the fan stream side in order to eliminate
the f~n 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 fant stream, and c) the penetration of the compromise length mixer was reduced
at the mixer discharge to m-direct the high velocity primary flow away from the outer caw.
These modifications are illustrated in Figure 5-65.
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FAN DUCT RECONTOUR

LOBE FAIRING MDtE

12i~urv 5-65 Flow RcIvision,.s Leskntd 7"o lm~proe~I~on ~e0 ntrmdveLnr
Mixer.

The results of the test,. ofthe inixer with the klie fairingq and reduced penetration indicated
a substantial Improvement In -takeoff. performance With no diange tit croise; Thto addition
of the outer case filler provided no further performance iml veinents.

To sunkiri,.o the results of this "add-on" 1xirformuince program1i 3. "cotparisoti of thle per-
fonnance obtained oil thl ghort mixer configurationi is shown on F~igu~re 5-66, Th ri m*
provenient In cruise TSFC and the loSs in takcit'f thrust it shown frt three basic configjaral,

* tions, The severe cutback mixer with s licewhlich W-A.the "stating"' configuration
for the add-on tests, had a cruise TSFC iniprovenulit of .'Vl, a&nd.- takeomff. thrust loss of .65%
iative to the reference exhaust sy-stviu. Eliminating the Spootilieve and e'Xtendifqt tile th'e

length (intermediate length niixer) reducvd thP. cruWSWT9FlN betwcfit f~.on q~% to ;5% :1tid had
little effect onl takeoff thrust, Tito mixer modified to rvduce tosw,& teduced the takeoff thtust.
toss to .3% while having riegligible otfeet ol cruise TSPC

In addition, sa tisfactory inixertreverser compatibilifty was denioistrAtt..i without Owe V,0ol
piece extensioo, limplying that this mixer could be ineorporaited in enlgines installed 1W D-9.
'737 and 727 airplanes without nmajor engine/nacelle rnofiflcritions. The resl;ts 0! model
pIe-rformance tests described In this section were significant in: the mixer configuratiot., wrecoin
niondee for incorporotion in the full scale JT8I enigine. as dlwiisc~sd in Secti~on 6.
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5.5 EFFEL7 OF CANTED TAI LPIPE

('retJT81 exhaust systemus Ure canted fromi 3.5 to 5 degrees frol tllhe110 ffineceterlinec tO
al the thrust vector below the irplane center$ dfgravity of theouglas I)C-9 and soclng
7Z7 aircraft and to increase thec engine ground clearance daring takeoff rotation of the 727-
Tollccolnpligh this cant, a wedge shalwd flange is imserted at thein"terfau- of the engine ex-
hatist casw ansi airfraile supplied tailpipe. Since the reference exaust system and ixer tic-
$lolns Investigated ill the FAA 1rograni were lestiad with. tailpipeos aligned parallel to the e!ngin*

I, centerline, tests Were COtidte to investigate the offet of cant as part of the Pratt &.Whit-
nIy Aircraft in-house prograim Tlv. engile secondary flow details discussed proviolusly won,
not siuuated It% thewe ests, A comparison i f the cated tailpipe and the tail jiper usea for. the
FAA program is illustrated ill Figre-67.



Cutback scalloped long mixer
--- Reference tailpipeI - Canted tailpipe

Oiinal Vij flange location50cn

'i.--Straight

T avcre results fron tile reference exhaust system1 (IFigure 5-68), indicated that the primuary
streant was cessentially unaffected by thc canted tailpipe, while the annular fail streail was

4 distorted to conform to the not concentric pasge caused by thle tailpipe cant. Traverse re-
suit,, froni one -mixer coinftniration tested with a ctated tatilpipe shwdagnral distortion

iiof tile velocit'y profile, but the bulk effect was to caui.-. a redirection of tile flow along the
v anted centerline direction.

For tle acoustic 111asulvincttk tilt tailpipe was canted 5 degrees away front the microphones
1ill order to slilulate tile ovorhead position of anl airplane at the takeoff ilois oertificationl

potr~t (assu ilte engine centerline is horitonaP. The test setup is illustrAled ill Figur
-0'). Only the reference exhaust sy'lemn and the cutback deep scalloped miixer were accus-

fically tested With tile canited tailpipe.

For the rcference exhaust System. only M sight effeet onl peak, PNL was caused by the tail-
pipe catt as shown in Figure 5-70.Asigtlree 05Pd3wasenalwtrut
atid a slight decrease- (< ().$ PNdII) occurred at higher thrusts. At a thrust of 13,400 lb.a

comlparisonl of perceived noi4sw directlvities, I-igue 1'7.1, show that the eanitod tailpipe

tj ~caused a slight distortion to thle directivity pattern. iesetl maronofFigure 5-72
(a an )show a slight chanige to thle spectruml. where the 110ise is rcduced slighty at low
fmq~uencies, and ilcreased slightly at high frequencies.
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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. PN L reductions of up to 1-1/ PNdB occurred. Th fe noise reduction
was relatively consistent at all angles, as shown in the PNL directivity curve at 1 2,500 lb.Ithrust in Figure 5-74. Since the noise reduction was uniform for all a ngles, thle effect of the
tailpipe cant was not simply the result of redirecting the noise angularly by the amount of
cant. It appears that the canted tailpipe improved the noise suppression mechanisms pro-
vided by the mixer. The SPL spectrum were changedI as showvn inFur5-(andb.A

) 90 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.

Peak PNL Ins
at 1200 ft

-- ------ FeaInl
081 8al siW is Iva

I I I 1 i 181 1 14 13it

igute.5- 573 Eiffect of jCCatitd Tailpipe of#' I ak I1X~iitdN~ tI of CuttW.-k
scaHlOP' Losig FI'lpath Mixer

-~ . Cutback thrust -

at 120 ft--, 
-E

OAUG jg. MW to no

Figuav' 5.74 Eiffect o15" Cautt4 7'4p~ m r dut id frtOn. .
Csdbawk scantspedt L0.1uS wh 1 Mixer-
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Thus, for both the reference and mixer nozzles, the canted tailpipe caused changes to tile jet
noise as compared with that measured with the standard tailpipe installed. These effects were
more dramatic on the mixer configuration, with rvsultant noise reductions of 1 PNdB corn-
pared to 1/2 PNdB 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 due to tailpipe cant
when vector resultant forces were used to evaluate thrust coefficient.

5.6 EFFECT OF TAILPIPE LENGTH

A significant variable in detrmining the degree of mixingobtainable 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%o
mixing theoretically can be obtained.

On at least one airplane type (Boeing 737) powered by JT8[) engines, the engines are fitted
with tailpipes significantly longer than the reference tailpipe used for this program which ap-
proximated those used on Boeing 727 niid 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 long mixer. As in the canted tailpipe tests, engine secondary
flow simulation was not included in these tests. Schematics of the long and reference tailpipes
are shown in Figure S-76.

- - - Reference tailpipe
Long tailpipe

Oritlll ir flae l iocation

igure 5.76 Schematics of Reiretwe and Long '.dlpipvs

Traverse results for the reference exhaust and the cutback scalloped long mixer indicated
improvements in mixing with tile long tailpipe as indicated by the velocity contours t
Figures 5.77 and 5-78. The profile for tile nlixer with the 1o1g tail pipe was the flattest pro.
file obtained in tile test program witt peak velocities at approximately 31% above tle ideally
mixed value.
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The long tailpipe decreased the peak PNL of the reference exhaust system by V PNdB 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 no., exactly coincide, the spectral levels of the long tailpipe data must be
adjusted down by about 12 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.

115 -; j-
110 -Vo-l -
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The loti lVp i reucedU tile peak, P~L of tile cuitac klep scati p~ed Ilier. by as% lmuch ;I%
I P'NdB,~ at thrust below 10,000 lbs., had neogligible effect at higher, thrust as' shlown inl Figure
S-81. The effect onl thle 00 and 140 degree spectra is shown ill Figure 5-82 (a and b). The
main effect was to reduce the high trequenicy noise, With negligible effect oll tile 1noke at
low freq~uencies. This result Is ex\pected since the velocity profile diata indicated a reduction
of thle high velocity "pockets" presenit at thle tailpipe exit planle.
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Test rvsults for tile referewev \hkiust M\sem jiild tile en I ick scailloped im ier indicaited ill-
Creased tilii\ ing fol. oth ii configuratioii, Figur ti -83 kletils t he iloow% e111d1m6m'1tn for the
retelenlce collfigurationl and indkicates a I 5 increase 'il mm\tgwt thnust coe t'icmcnit ill
Creases kit, 0. 1$ anld 0. 2~31", at takeolf il kmmiit mme S c ilm Ni~g mm~erases encountered
with thle Iliwlu e~llsmt systeml wete essenlly1 kit tile SM 1.iI i l Iagnitde as those kit' thle refer-
ence system~ 11meuet-,rv the perormnc improve tienlt increlment remilalmd thle samei as that
totc thle short tailpiple.

Thus, thle ell'ec t' thle long tailplipe was to pros ikle small noise mituctions and thrust inprove-
ielN onl both thle Iasetlne and nli~ert tilies consistent with thle incereasedi mixing achieved

ill th~ otra lenlgth of' the long tailpipe. I lowever. Is was thle case with thle c'anted tailpipe
tests, thle acoulstic data With the long tailpipie were obtainled without thle enigine secondkarv
1how siltioniil and thus miay not Ie applicable1 dit-ectlv to the J 11,8) enigine.

I0,18%.1CT~ 0.23A.CT

coeff icient ogtiip

100 i '
80 t

Percent 60o
miXing 40

20 jTakeoff i Ctuise
0_ A.,

1.4 1.6 1.8 2.0 21 2.4 2.6 2.8 3,0 3.2 3.4
Nozzle pressure. ratio (P tp PanbI

1 J%'t~tI1A. -t it' ook tg 1.01drlrc ongtwe'tvm F' I JW(u~ SVOO~'M ,*omat uiimt

v o SmQtim



5.7 NIIXERILENGINE MATCH IMPLICATIONS

Incorporating a mixer in the JT81) engine wvill inicrease ixing and pressure loss of thie en.-
hauist system, cauising the effective area oif the jet 1n011.1 to be reduced. '1111: redujction in

noue aea s peditedto uppessthe engine match and raise the f-an operating line for the
JT81). Since this increase in operating linle coulk! detract from engine stability. ml increase

inpyical area will probably be required (or thle jet n1olile and for tile revelser discharge
fo T i8I) engine incorporating an internal mixer. For the initermediate length mixer recomn-

mended for full scale demonstrationi tests (S"e Section 0), the predicted, dectease in effec-
tile area at takeoff 'thrust is 3.1Vi based on the model tests. As shown II Figure 5-84, 2Y'('
of the decrease is due to increased pressure loss of thle mis\er, and 1. 15 is due, to tile increamed
lliinlg. This discharge coefficient decrease translates directly into a requieomnt for a 3.1%7

jet ozikor everse area increvase in order to maintain engine mlatch.
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A imukor kjcoive of tile j 1,81) 11iier Itlestig.atioll Was t w i In~tel 'I i1mer thait kould
tic t~wrtoratcd kill the J UA) enginle atnd ie (ifllowing del"Ictateristics: produce a sw
iit fictnt miuetin In j;et nlois (~3 to 4 I'Ndll). be comp-mtibke witl% the .li'N) engie structur; I
limtitaitions, tv instatlkd with iinum cliang.'s to Being~ 727 muli 7,7 and Douttlis l)C-Q
taillilpe tistv Ir plvik awecptsbkl eroi A llkt 110hi'e ICCepttbl) light W%~ight, In tile
coe of fil FAA program' and tile inkleenketl (andedk PWA prgatt. tree Imste ixer
designs have bwecti investigated.

* .I ('ANL)ILATl MiMR DE1SIGiNS

T~he first design, Shown In FI 1ure b- I (a 1, adwewkd ;wcptable ac oustic wduct ions (3 to 4
PNJII) and demtistrated ae table pettorincot \w a 1 3 till 11VOC1ent Mn OmmuiS VC
anid nto Iraipaet kil takeot thrust. Uhlim design w~ould re4jultv Ji new enginle outr cawe remiulitg

-na11101c downstreai mtovetiewi of thle Vagmle aiwratt interft! t~ange ( 'Slt flatie 1, A
s1IM % Mtu reluiriiig these 0l itiges u oulkl Sit 'stalittahlvN intrase vilgile e%Vt .3nd would in*

ctii-A engine weight bk al'it a le% I S! lbs, In additon., the iiwreased lenkgth of tile e\-
haitist systeil eimelope woulki Itaw .1 s sti i ma kill the nawelk .'-: erser kdesign %kith%

an ai ian~ingweiht ncraseand Acouldl hiltit at c-aft takeoff rotato anle (ti Some
$181) Ced aircraft

The wcoid vandidate desin, shown In tigure o. I ON). wVas. desi ed to ti c1 mpatible Withi
thV curtent YiSD1 outer Cawt a-md utiklo a 1-o-1110 c~lNdpkrleal spool litece ti 'wustivait ot

Niflne o n msppoft, Model testing of tii desin achie~ed a 3-4 Mkill twtw reic-
tiomi Init sactied %oneIwtI' iane twe laitie -t, the Ii iget inrset kdesignt.. A mt loss of t o. '

InI takeoff thrust anld an iteiteuvt 0!i 0).+1 In 4iutst* iSFt' trelitive to tile leicetec V-s
* Itaiti stenlii were eVvideit Tom tile testing the weight in~.te Over* the 4:11ttet elllie

c~tauist svicn was stitated to tie I 2%lsAlthough thle kilpact Of till% cif: ulrttlOtl 0I
d ircaf't haitwitv k.- tes tht (ot tile long 1111\t mltiilti l.wbtata t lfeto to

airtlt ardware Stdil a pears IVsva)

1l1t0 third (olilrallltguic o- li)) waskdemplett to hate the 111iniun Itsilkl 11ttpact
tin esistn emIIA11 and .iuctal't hardware Ithis Jes-Ari iico te thinl suport miig In-
wrted at 'Nt flange to muprort ithe miser I 1,11 caS\ Mom stel opeV Would not cliaige
forwardi of 'Nt' 1flange and would sill tcarward oll sliht 1IN t) IS~ to 0. 2S. ticil At of 'M't
Rlange. In 4tilloH tile Imer lobev lengthl was c- 'ke ohti 1 deseetdo h tie
tin thrumt reverset effective flow AreA lbr Intetnatl 0lautishiell w ' ss N %teitts sinlklil to the1

72' de4igt Uhs secific dlesign Wais ibot tested Iom noime but sti it% design MIl wihi tile
geomilte ilvVIOl% otoirit- sets tht titi~ced 344 M~ill midtctioi. it .i15 %%,I, ptowctcdl
to produco stiltilar nows toductioll. Relative to tiler teuie 0ehanst % stlit, takeoftf tilrust
Wa 1iet0tided to be devcased by .' and vt1we lI'tC was vitiiimted it, tie 0. i". w liasto tile
scale Ilodtel ting. l1e weight oh thlis ltlser 0eshAul-t SvSleil is Cstintateh to IV I OS lIN, Stome
1t13An tile welght o'fihe current exhAust ws stett
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1%4 FLANGE AND CUSTOMER3 CONNECT MOVED DOWNSTREAM

(o) JTSD CANDIDATE LONG MIXER
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6.2 MIIXER SU 1111ION

Basedi on tile results deSCried aboie. tile thirdi alternative i-, recommended as tile %:anidthte
desin (Or full scale mii~er dlevelopment. Since aill three designs ate predicted to produce
3-4 Mill noise reductions for the J 1*81) nigine. thle lower weight and lessevere projected
hardware chantges required tor tile %,ero-length e\tcnsimi' tniwr were cons'idered to outweigh
thle potential perf'ormance .idvantages of thle longer imvte.

Although thle 0.13', deficit inl takeoff 1thrust indicated by thle motiel test is a concern, there
is i possibilit that thi1 deficit will not esist Ii thle engine. Thel( lower Reynolds numbers"
of thle I.7ti le m1odels resuilt in less boundarm Lver turbulence intensitv which make thle
Modecls mnor prone to separation and piresure loss than su ould bie thle full sc ale nmer

E. NL AL AR)RANGUIeN r( RFCON %FNIWI MIXER D)1SkN

The genecral atungement oit the recoimmlendted miser desitp, I, 41iwi in Fitr, 1~2 T
preliminar\y design incorporaites .1 hardwall. tailplumg with A si-on at t1e forward ent!. a
hlbe. cur-vd-wall. c:onvoluted nliiser With a1 siliijolit front flange, andi .iti outer mupport
ring (with %:JilIe% efed 1fingetsl which upotilte complete nmer %\steml through struts.
IUhe Struts %ouhl bie %kelked to the miser lobe Crowm .id biolted to thle support ring fingers,
This design usoild permit Installation of it, miner eshaut system without thle need ito It-
place esilng engine case i~th new eas V Pie tmipmllty to(eoete~stn sasnl

unitwoud ehanc siainAiimait) Allowanicc for kiffteretal thermal growth wiltb
%consi*deredl In tile dIesign oft tile slip Immnt Stie-suall %cuisature In thle tlbes Tm% te lucotpot
Mied to 1111mnmmmV pnel \11%fAtion and %4 titmt% ito thermal and presur gradients

*U%#~ 0 IN,

Y'00

Vi 0

O i -,.f c
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Struts at the 11) would be designed to provide support for the tailpiug. and 0O) struts, would
pro% ide sy stemn support. In addition, the struts would provide ccentricity andi circumfer-
ctitial pitch control to produce the most acceptable mwiing profile The convoluted aluminum
f~an duct tairings would tic attached to thle mix~er by a segmented ring.

Nn outer support ring~. sandwiched between the fanl eiihaust duct (flange 'NV in Figure t-Z)
anld thle %customer reverse flange. must be sized to absotit tile engine maneuver, blow-tiff And
thermnal load'.. File material of this outer support would Lie titaniumi to be compatible with
%cuirelt eClaaust ducts and to 1munmite tile wteight impact.

thie aIlplug would be supported by tile mixer tibrough aerodyN 1 ntic struts we'lded to thle
nmer III lob'es This method of support will ficilit-mC modular asscrably and prevent tic
limids tif thle tailplug from ' tg applied to the tujrbine e'xh-aust casc inner flangc. The tail-
plug wotild tic structuralt ),upportc' bw> a ring with iterodynaaiw standup feet wlvtA~l ame
%Ocled to thc strutm The shect metal tmg on thle m~rbihe eittumsA case tner flange will pro-
vidc a IIC\Iic tnterface with tile plug and ajhiitioiul stAbility to thixtni An oil drain.
'At tile bottont centerline Of tlh Plug WANuld PrnIde fir safety.

liaco (QS is io. A caaxi idt w~ra moAigw-. taitl u g and inner ind outattt
because of 4S' hiet Wtengitil at I Zw) 0l. good tNal~tity, Wdd~dabilityN . waiiabilit y, and dc,-

cetar Vost rane Iuco*kt2 als has1 vxjka re abdOt Prttie iii the ficld.
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7.0 CONCLUDING REMARKS

A scale model experimental program was conducted to determine thle noise reduction and
thle impact On ropUkiVe perto~mance that would result from installing a miultilobed inter-
nal mnixer on the JT81) enigine, Various mixer (lesigns ranging from short to long were fab-
ricated on 1/7' scale and tested along with a model of thle J7'81) reference exhaust systern.

* The results obtained during the program support tile 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 takeoff thrust, H-owever incor-
porat ion of this type mixer into the JT81) engine would require a new engine outer
case lb inches long~er than thle current design. and would require extensive modifi-
Cations to thle current engine/nacelle installations.

2) A short length mixer redaced peak PNL by 3-4 [PNdB, reduced cruise specific
fuel consumption by 0.517r but decreased takeoff' thrust by 0.3%. This type tiiixer
could be incorporated into thle JT813 engine without a new outer case and would re-
quire relatively minor modifications to the current engine/niacelle installations.

REC0AMME.,DA 71ON FOR IFULL ScA LE MIXER DESIGN

Based on thie noise and pe-f'ormance results of the mixers tested during the program, in con-.
junction With) installatioul require-ments, a short length mixer was selected a% the
best candidate design for application to thle .1181) engino since it produced acceptable noise
reductions and cruise perforniaec he ne fits and would reqluire relatively minor mod ifica-
tions to thle current engine nacelle. However, thle possible adverse impact of the small take-
off tlrust loss measured dhiring the model tests, itf present in the full scale engine. must be-
assessed iii termis of engine and airplane operation procedures.

ADDI7iON,4L SIGNIEYA NT'REVULTS

i ) 'rhe jet noise and performance were affected by incorporating ltrine exit swirl, tur-
bine case struts, fail stream distortion and fail case strut%, These real engine "secondary"
flow effects tended to decrease thie noise reduction and enhance the performanlce
changes due to the mixer.

2) F~or tests conducted without thle recal engine "secondary" flow efftect%. a tailpiple
cantedl 5 degrees to simulate that used for some airplane installations caused an
additional noise reduction for a mixer ot up to IV., PNdB for thie overhead condi-
tionl assuming that thet engine centerline is horizontal. A long tailpipe, simulating
the Boeing 737 installation, caused an additional noise reduction for a mixer of uip to
Va I'NdB.
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NOMENCLATURE

A area

.1CL centerline
CF skin friction coefticient

thrust coefficient

CD nozzle discharge coefficient
dyne

dB, DB dcelbel, re. 0.00021 -

I IF thrust or force (lbf)

0 F degrees Farenheit

g acceleration due to gravity (32.174 ft/sec2 )
LI measured model force (lbf)

* Hz Hlertz~kcycles/wcc.)

M enigine/aircraft interface flange
Mn Mach number

QSPL Model data Overall Sound Pressure Level, from 100 to 80 kl-iz, in dB

OASPL Overali Sound Pressure Level, from 50 to 10 ktiz, in d B
P pressure (psia)

PNL Perceive'd Noise Level, in units of PNdII
PNdB Units of nioise for Perceived Noise Level

R radius
OR degrees rankine

SPL sound pre-mure level, in dBJ

T temperature

T/C thermocouple

T/O takeoff

TSFIC thrust speific WOe consumption (lbm/lbf/hr)
V velocity (ft/.we

W mass flow rate (Ibm/see)
increntalu change (delta)

I I p denisity 0111/0t)
I 0i angle relative to upstream jet axis (degrelvs){ Subscripts

a. anib ambiett
C, fan fait or bypass strean

I ideal
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NOMENCLATURE (Cont'd)

J jet
p, pri primary or core stream
s static

enin toal i1saina icaeo ie rslte

engine axial station at inlet to mixer or splitter
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