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INTERACTIONOFA JETANDFLATPIATELOCM!EDINAN AIRSTREAM

By GeraldW. Englert,JosephF. Wasserbauer,andPaul Whalen

LSUMMARY

Theinteractionbetweena flatplateanda nesrbyjetissuing$rom
a convergentnozzlewasstudiedovera rangeofpressureratiosfrom
jet-offto 9 endatfree-stresmMachnumbersof0.1,0.6,1.6,and2.0.
Theeffectonthisinteractionofthepresenceofstreamline,blunt-
base,andcurved-basefairingsbetweentheplateandparabolicsf’terbody
housingtheexitnozzlewasalsoinvestigated.Theplatewaslocatedat
variousdistancesfromandatvsriousangleswithrespectto thenozzle
axisof symmetry.

Thejetdeflectionwasabout3°whenmeasuredata pressureratio
of5 anda free-streamMachnuniberof2.0. Additionoffairings,es-
peciallythosewithcurvedorbluntbases,increasedthisanglecon-
siderably,decreasedtheaveragepressureontheplate,andshiftedthe
centerofpressurerearward. “Largestpresinire&&dients”onthe ylate were
due to tk intersection of the plate with aboattail shockandwith shocks
originatingwithinthejetstream.Changeofexit-nozzlesinglesofattack
fromO to 8°towardtheplateshowedno largeeffectonthe@ate nomml forces
at a free-stream~chntier Of1.6anda pressureratioof 2.

INTRODUCTION

In thedesignof jet-propelledairplanesormissilesitmayattimes
be advantageousto locatetheexhaustjetatpositionsotherthanthe
rearmostextremitiesoftheairplane.However,drs& vibration,control,
andcoolingproblemsmaythenbecomeespeciallycomplicatedbecauseof
theinteractionofthejetandnearbyairfrsmesurfaces(refs.1 and2).
Severalstudieshavebeenmadeoftheinfluenceofanexhaustjeton
wings(refs.3 and4) andtailfins(refs.5, 6,and7).

Themanydifferentshapes,contours,andflowconditionsaboutthese
airframesurfacesmakegeneralizationofresultsverydifficult.This
difficultyis increasedbecauseofthemanydifferentpossibleorienta-
tionsofthejetwiththenearbysurfacesandthevarietyofexhaust
nozzlesorexhaustsystem-.Therefore,a preliminarystudyofa series
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ofelementarycontoursurfaces anda jet from a $im@.econvergingnozzle
wasmadeto approachthe problem. In attempti.nglto~ventuallylead
systematicallytomorecomplexcases,famtliesorco~cave,convex, ‘–”
wedge-shapedjandflatplates.werestudied.wt.h~ar@s fairi~~in- --~
stalledintheregionbetweenthesurfacesandtl)e~Zerbodyhousing-the:
exhaustnozzle. -,. ;=. ,,

Thisreportpresentstheresultsofjetint&fe=enceona“tlat ~ -~
plateorientedatvariousdistancesfromQd at&i.gw,anglestoth;””::
nozzleaxif3ofsymmetry.Thestudywas~ae overa~angeofpressur=-:
ratiosandfree-streamMachnw.tibersintheliACALewis8-by 6-foot
supersonicwindtunnel. —. ,.-.---

I ,,

SYM80LS ~. ,,.

Thefollowingsymbolsareused inthisrepo~t:. ..,”:

A

c
P

L

1

M

N

P

P

q

r

s

v

w

planareaofplatefromnozzle-exitstation;tr?=~latetraili~e_*e
station,1.5sqft — ... ::-, —. -- , -.

P - Pm
pressurecoefficient,~
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&

le@@hofplate--fromnozzle-exitstatj.onto,pla~etrailiu”edge
station,1.5ft .,—— ... ..

distanceto centerofpressurefromnozzle-+xitstationalongsur-
faceofplateinchordwisedirection

,.i.~.”,.::j ~-

Machnumber I ..q, ,.t .-.. ..... ~:.

forcenormaltoplate,positivewhendirect~dtowardthenozzle ,,___
centerline i_ .- li -- - +

totalpressmeatnozzle entrance _ : ;-

staticpressure

dynticpressure

radiusI

axialdistancefrom

veloeity

widthof’jetnormal
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x.

Y

Y

z

am

aP

?3

distancedownstreamofnozzle-exitstationandparalleltofree-
stresmdirection

verticaldistancebetweenplateleadingedgeandnozzlecenterline

coordinateorthogonalto x and z coordinates

spanwisedistancefrommidchordofplate

angleofattack
positivewhen

angleofattack
positivewhen
trailingedge

ofexitmodelwithrespecttofree-streamdirection,
nozzleisdirectedtowsrdplate

ofplatewithrespecttofree-streamdirection,
nozzlecenterlinefor ~m= O iSfartherfrom
thanleadingedge

amle ofletdeflectionwithrespectto nozzlecenterline,con-
sidered-positivewhensetdeflectstowardplate

Subscripts:

a afterbody

s conditioninjetwhenexpandedisentrupicallyandone-dimensionally
. over ~/Pm

n nozzle
-1

ne nozzleexit

w normalshockof firstjetperiod

m freestream

APPARATUSANDPROCEDURE

Thejetwassuppliedby theexit-modelapparatusreportedinref-
erence8. Thegenerallayoutofthismodel,theflatplate,andthe
supportsystemareshowninfigure1. Thedimensionsoftheconvergent
exitnozzleandparabolicafterbodyaregiveninfigure2.

Partoftherunsat zeromodelandplateangleofattackweremade
withbiconvexcircular-arcfairingsbetweentheexitmodelandflatplate

* (fig.3). Theaftendsofthesefairingswereterminatedas eithera
sharptrailingedge,ora blunt,or curvedbase. Thecurved-andblunt-
basefairingsseparatedtheplatea distanceof2.03exit-nozzleradii

‘m fromthenozzlecenterline.Twosharptrailing-edgefairingssetthis
distanceat either1.40or2.03exit-nozzleradii.Theplatewastangent
totheexitmodelat itsmaximumbodyradiuswhenthisdistanceratiowas
2.03. Thefineness ratio of these fairings was 3.
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Static-pressure-measuri~orificeswerelocatedontheplateas
showninfigure2. Twototal-andstatic-pressur+rakeswerelbcated ~“:.
at thetrailingedgeoftheplate.Schlierenpho~o@&s weretaken ~ ~ .;
ofthejetstructureandf’low over theplate. ~ ‘~’” .- .-

.—
.

Withoutfairingstheplatewaspositionedat!ver~lcaldistancesof ‘: ~
1.0to5.6nozzle-exitradiifrontheJetc&nt&l~.ue~—afi~+atq~’lesof”
attackof -8°,0°,8°,and16°withrespec~:tothefree-streamdirect~on:, .
Theexit-modelangleofattackwassetat .&ither0°o~+~”.

Pressureinsidethenozzlewasvariedfroma!jet~offvalue”~ova~-
uesproducinga pressureratioP/~ of9 andthe”free-streamMachnum-
berwassetat0.1,0.6,1.6,and2.0. ‘- I ,~”: ‘ ““-‘~

RESULTSANDDISCUSSION ; =-r ~.

InfluenceofPlate@iFair~ngso~ Je~-

Sketchesoftypicaljetstructureofa conve~gen~nozzleoperatiug
athighpressureratiosin subsonic,~n’a“supersonicfr$estreamsare
showninfigure4. Withsubsonicexter~@flow,”the~et”structureis
ofa periodicnat~e andallshocksare restricted-towithin“theJet
stream.Withsupersonicexternalflow,the-”bbliq~e~h~ocks,which”are
formednesrthenozzleexit,intersect”w~theachotherorwitha normal
shock,reflect,andthenpassthroughtheturbulent&xing zone”andout
intotheexternalstream(ref. 9). Noreflection of these shocksfrom”
thend.xingzonebackintothejetstreamwas obse~~d~ ““‘“ ““

Deflectionofthejettowardtheplatewasth~ofi effectofthe
platesurfaceorfairingswiththeplateou$sidet~e~etboundary.The
widthofthenormalshockanditsdistance&om then&ileexitremained
unchangedwiththeadditionoftheplateorfairiqgs(fig.5). These
distanceswereincloseagreementwiththeresults!ofreferenceg for._
thecaseofthejetalonein quiescentair.-: “~-:‘ “.”~

Schlierenphotographswereusedto det~rtine~he-~ountofd&flecl--
tionofthejettowardtheplate.Theanglebetweenthenozzleaxis
anda lineextendingfromthecenterofthenozzle~exiJto theinter-
sectionofthefirsttwojetshocks(ortothemidpointbfthenor~
shockifthetwoobliqueshocksdidnotint~sect-tith”.oneanother)is
presentedinfigure6. Thisanglewasconsideredpositivewhenthejet
deflectedtowardtheplate. .=.,, -. -.
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Deflectioninthecaseoftheplatewithoutf~iri~swasabout3° ‘ “.*-
fora pressureratioof5 anda free-stremMachnuniberM- of2.0(fig.
6(a)).Thetendencyofthejettoaspiratethere~ioh-bektieenthep~~e” “ ‘-
andjetandattachtotheplatewascounterbalancedby theinrushingair H-
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fromtheplatesidesarid
curvedbasespermftteda

leadingedge.Thepresenceof thebluntor
low-or-base-pressurezonenearthejetexit

5

atsupersonicspeeds.Thejetinthesecasesdeflectedanappreciably
greateramount.Theeffectofthestreamlinedfairings,althoughsmall,
increasedthedeflectionofthejettowardtheplatebeyondthatofthe
platealone.

Ingeneral,increasingthepressureratio P/p= increasedjetde-
flectioninthesubsonicfree-streamcaseanddecreaseddeflectionin
thesupersoniccase.Typicalresultssreshowninfigure6(b).Absence
of shockpatternsontheschlierenphotographspreventeddetermination
ofthecurveat lowpressureratios.Increasedfree-streamstaticpres-
sureanda curtailednozzle-supplypress”urelimitedthesubsoniccurve
athighpressureratios.

Thesteepest
sonicfreestream
neartheboattail

InfluenceofJetFairingsonPlate

pressuregradientsmeasuredontheplateina super-
weredueto shocksfortideitherwithinthejetor
trailingedge. Evenwithsubsonicstreamflow,ap-

preciablepress~egradientsweretransmittedtotheplatebecauseof
thedeflectionofthestreamlinesoftheexternalflowpassingoverthe
jet.

.
Typicalcontourplots,oftheplatepressuredistributionwiththe

platelocated2.03nozzle-exitradiifromthenozzlecenterlineare
. showninfigure7. Themeasuredinlettotal-tofree-streamstatic-

pressureratioacrossthenozzlewas5. Theincreasedpressuresdueto
thejetshockswereusuallyrestrictedtonsrrowerzonesinthesuper-
sonicfree-streamcasesthaninthesubsoniccase.Intersectionofthe
shockswiththesurfacewascalculatedfromschlierenphotographsby the
measuredshockangleandaxialposition.

Thenormalforcecoefficientandthecenterofpressurelocation
weredeterminedby integratingthepressuredistributionsontheplate.
Normalforcewasconsideredpositivewhenactingfromtheplatetoward
thenozzlecenterline.

Theeffectofverticaldistancebetweentheplatesurfaceandnozzle
centerlineY/rne at a free-streamMachnumberof1.6is showninfig-
ure8. Thepressureratioacrossthenozzlewassetat 2 sothatno
effectof jetshockswouldbepresent.Thedistancetothecenterof
momentsincreasedbecauseof a strongboattailshockstrikingtheplate
at increasingaxialdistancesfromthenozzleastheplatewaslowered
awayfromthejet. Theplatepressuredistributionsshowingtheeffect
oftheboattailshocksrepresentedinfigure9.

Normalforceapproachedzero,asexpected,as Y/r._ wasincreased
beyond2.03.As Yj;newasdecreasedbeiow1.4, howe$e;~theabsolute
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valueofthenormalforcesdecreasedasthe~late~ec~ submergedtire ~~,’j~:~:=
andmoreintothejetstream.Thestatic-pressure;coefficientofthe .-
jetstreammeasuredby thepressurer,akesat.theplat<~railingedge,‘, ~ ~“ ““~

___

ismarkedby the
.-

x onfigures9(b)and(c)l I ~ .
.,. ,i . .x,._:

Theeffectofnozzlepressureratioontheplate~sshowninfigwe
10. A Y/rne of2.03wasselectedas the.~oattailsli~ckwasfarenough!1.-““”-”~
forwsrdoftheplat,e,toCauseverylittle.cogtribu~~o~~othetrend~s.~
Whenthejetwasturnedoff,thepress,~eat:then~zz,b~exitcorrespon&d~t~_”

:—

tothatbehinda blunttrailing-edgebody. Witha.lsup~rsonic.free”. ‘ i.
.@;
...0

stream,basepressurewaswellbelowfree-streamv$lue~..ThiszoneOf ~.~~.~
lowpressurewasfeltontheforepartoftlle”plat~a@ tendedto,de- ~
creasetheabsolutevalueofthenormalforceandshiftthecenterof‘--

.....--:-

pressurerearward.As thejetwasturnedon,thepressureinthese
regionswasincreased.However,a low-p~es~ezo$ep~ecededthejet““ ““- -
shockasthejetwasoverexpanded.Also,asthe.p$essureratioacross
thenozzlewasincreased,theshockpatternelonga~ed~nanaxialdi-~--~,.”-_.~~
rection(fig.5)exposingmoreoftheplate&o the~lowpressureregion.
Thisisbelievedtohavecaused.thedecreasi&a~sqlut>valueofthe : .== ~
normalforcesasthepressureratiowasincreasedqt,t.ehighvalues..... ;;~: .—

Theinfluenceoffairingsontheplate-issho+ni-figure1-1-.The ,, ..

pressureintegrationsto obtainforcesand@ments~for~heseconfig.ura-, .-”~
tionsweremadeoverthesameprojectedareq.asthiitoftheconfigure-..
tionswhichhadnofairing.Thelow-pressw~:zone~cr@tedby theblun~

—- + ,*L
andcurvedfairingsappreciablydecreasedtheaver$ge~ressureon”the .:
plateandshiftedthecenterofmomentsrem;ward.!Eachtestpoint -

offigure11wasfirstsetby increasingthqnozzlepr-~s~~eratiofrom
,, ~,:

a lowvalue.tothe.valuerecordedlSomedifferenceofTYorces,and.. \ -~~ ‘~
momentswerethenobtainedfortheplatewithfair@gs~byarrivi&‘at
thetestpointby.loweringthenozzlepressUYerat~of~oma higher ~ ~~~:“:~~~~~
value.ThishysteresiseffectwasespeciaQyapps&ent.forthe.bltint-...... -..:,<
andcurved-baseconfigurations. s i= -~r..—

Onlyslightchange~of.theforcesyere>oted~y ~ncreasingtheangleof .:
attackoftheexitmodelfrom0°to 8°ata-free-strew~ch n~be~ of-”l.qafid‘.
a pressureratioof 2 (fig.22). Thisindicatest~t~he jetmayhaveturned -
ina free-streamdirectionveryneartheno~leex~,t..Normalforces““-”.:L‘.._-
variedlinearlywithplateangleofattack~romOO,l~o~~”,andthe,center,, – -
ofpressurechangedsomewhaterratically.~t is.p@siFle,.hWwerJ,fp! ~ .. ~..-.
smallchanges,inpressuredistributiontocausela~ge.,$ha~esin”ce,nter
ofpressurelocation.

.. l!-r— ! :, ,,., ,, 7—. *
4

The effectsofdistancebetweenthepla~.eandluo2@e,centerline)& __
&_pressureratioacrossthe.nozzle,and.offalrings@ @epressureflue- “ “ ~

(Pmx-.%i$ i.._ -r,. —

tuations attwopointsonthe~late(see‘fig.2) aresho~ ,..7—. ..s!:..- .
. . +

:

..-.

.-
.—;“
-“

1 n -.c ..W-–.d,,
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infiguresI_3,14,and15. Thepressure-recordingsystemusedto obtain
thedatapresentedinthesefigureswasaccurateup to 100cyclesper
second.Variousfrequency-amplitudesurveysweremadewithequipment
accurateto 1000cyclespersecond.Thesewasurementsshowednoreso-
nantor especiallylargepressureamplitudesat anyfrequericy,but
showedinsteada typicalnoisetraceovertherangestudied.Pressure
amplitudefluctuationsoftheorderof0.1wereobservedonthe“plate.

w Thepressureamplitudewasgreateratthetitdynamicpickuploca-
g tionthanattheforelocationfortheplatewithoutfairings.This

differencemayhavebeenduetothespreadingofthejettoregionsnear
theplateattheaftpickuplocation.Theadditionoffairings,however,
increasedthedisturbancesattheforepositionanddecreasedthoseat
thetit.

Pressureamplitudesoftheforepickupmeasuredata free-strem
Machnuniberof0.1wereofthesameorderofmagnitudeasthejet-noise
datafora l-inch-di~terjetaloneinstiu air(ref10). Thiscom-
parisonwasmadeby useoftheevaluationofreferenceILto correctthe
l-inch-disaAerjetdatatothelsrgersizeexitofthisinvestigation.

SUMMARYOFRESULTS

. Thefollowingres~tswereobtainedby investigatingthe.interaction
ofa flatplate,a jetissuingfroman sxisymmetricbody,andfair-
ingsbetweentheplateandbodyovera rangeoffree-streamMachnunibers

. andpressureratiosacrosstheexitnozzle:

1.Withtheplateat zeroangleofattack,jetdeflectionofap-
proximately3°wasobtainedata free-streamMachnumberof2.0anda
pressureratioof5. Installationsoffairingsbetweentheplateand
theexitmodelshousingtheexham.tnozzleincreasedthejetdeflections
whichwerealwaystoward“theplate.

2.Largestpressuregradientsontheplateweredueto.theinter-
sectionoftheplatesurfacewitha boattailshockandirithshocks”orig-
inatingwithinthejetstream.

3.Thepresenceoffairingsdecreasedthe,averagepressureonthe
plateandshiftedthecenterofpressureresmrsrd.

4. Changeofexit-nozzleangleof inclinationfrom0°to 80toward
theplateshowedno largeeffectsonplatenormalforcesat a free-stream
Machnumiberof1.6anda pcessureratioof2.

5.Pressurefluctuationsontheplateas greatas 0.1wereobserved.

LewisFlightPropulsionLaboratory
NationalAdvisoryCommitteeforAeronautics

Cleveland,Ohi?,J
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(a)Nofairing;vertiyl&Lstanoebetween
plateandnozzle,—, 1.00to 5s60.

‘ne

Afterbody

(b)Streamlinedfairi~,verticaldistanoes
betweenplateandnozzle,-Z-,1.40and

rne
Fairing

(c)Curved-basefahing; verticaldfstanoe
Ybetweenplateandnozzle,—, 2.03.
rne

(d)Blunt-basefairing;verticaldistanoe
betweenplateandnozzle,-& 2.03.

rne

Figure3. - Typesoffairingbetweenafterbodyandplate,
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Flat-platewnfiwrationa
Fatii~betweenplate VerticaldiSkCe Free-stream

and exit model betweenplate Machnumber,
and.

T
zzle, M-

Y rne

1
.i

None 1.4 2.0
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