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SUMMARY

Am 0.7

Thepathsofclouddropletsintotwoenginewets,havebeencalcu-
latedfora widerangeofmeteorologicalandflightconditims.The
smountofwaterindropletformingestedby theinletsandtheamount
enddistributionofwaterimpingingontheinXetwallsareobtainedfrom
thesedroplet-trajectorycalculations.Inbothtypesofinlet,a pro-
lateellipsoidofrevolution(lO-percentthick)representseitherpart
oralloftheforebodyatthecenterofanannularinletto an engine.

; Theconfigurationscanalsorepresenta fuselageofanairplsnewith

* sidersm-scoopinlets.ThestudiesweremadeatanangleM attackof
> 0°. TheprincipalMfferencebetweenthetwoinletsstudiedisthatthe

inletairvelocityofoneis 0.7thatoftheother.Thestudiesofthe
twovelocityratiosleadto someimportantgeneralconceptsonwaterin-
gestionininlets.

INTRODUCTION
,\

As partofa comprehensivepro- oncloud-droplet-trajectorycom-
putations,theNACALewislaboratoryhascalculatedthepathsofdrop-
letsaheadofandsurroundingprolateellipsoidsofrevolutionmoving
throughclouds(refs.1 to4). Thepresentreportextendsthetrajec-
torycomputationswithrespecttoprolateellipsoidsinan inccmrpressible
flowfieldto includethestudyofwateringestionintwoengineinlets
at0°angleofattack.Inbothinlets,an ellipsoidrepresentseither
partoralloftheforebodyatthecenterd anannularinletto anen-
gine,orsomeotherair-processingdevice.Ineitherinlet,theelMps-
oidcanalsobe assumedtoapproximatethefuselageofanairplanesuch
thattheinletsbeccmesidersm-scoopinlets.

Theconfigurations,whicharedescribedin detailinthefollowing
section,&e geometricallys~le h ordertopetit thest~es de-
scribedherein.@ spiteofthesimplicity,theconfigurationsare

.
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reasonableapproximationstothosefoundonaircraft.
thestudiesonthetwoshpleshapesleadto hportant
ceptsonwateringestionintoinletsofthist~e.

IESCKETIONOF CONEKWRM21ONS

NACATN 3593

Theresultsof
generalcon-

.

Inordertomakea studyofimpingementoninlets,itisnecessary
to devisea modelconfigurationforwhichthesir-flowfieldcanbe ob- In
tainedandwhichreasonablyrepresentstheactualcaseofan inleton mlo
anairplane.Themodelschosenforthisstudyarebasicallydependent

W

ontheairveloci~flowfieldsurroundinga prolateellipsoidofrevo-
lution.Bothinletconfigurationsconsistofanannulussurroundingan
eUipsoidofrevolutionastheforebody.

Theinletsdiffersomewhatinphysicalappearanceaswell
theentrancevelocityoftheair. b oneinletconfiguration,
orouterwall,isinfinitelythinandconformstotheshapeof
streamline.Withthisinlettherearemanypossiblelocations
outerwallwithrespecttotheellipsoidforebody.A possible

asin
thecowl,
anair
ofthe
configura-

tionis showninfigure1. Thecowloftheotherinletconfiguration
hasa slightthiclmess,as showninfigure2. Thisouterwallhasa
fixedconfigurationwithrespectto theelMpsoidforebodyAB. The
innersurfaceofthecowlandtheinletinnerwallarestraightand
parallel.Eitheroftheinletsshowninfigures1 and2 maybe a com-
pleteannulussurroundingtheforebodyora sectorofan annulussuch
aswouldbe foundin sideram-scoopinlets.

.

TheellLpsoidchosenforthisstudyis10-percentthick(fineness w

ratioof10). Theproblemislimitedtoanangleofattackof0°be-
tweenthemajor’tisoftheellipsoidandthefree-stresmair,because
thefacilemethodsofcalculatingtheflowfieldandtrajectoriesare
Mmitedto OO.

Eachofthetwoconfigurationshasanassociatedinletvelocity
ratio,whichisdefinedastheratioofthevelocityattheinleten-
trancetothefree-stresmveloci@. Forconfiguration1 (fig.1),the
inletveloci~ratioisnomimlly1.0. (Precisecalculationsshowthat
theinletveloci~ratiomayvaryfrom0.98to 1.02,dependingonthe“
locationoftheinletentrance.)Theinletvelocityratioforconfig-
uration2 (fig.2)isnminally0.7(0.714,actually).A particular
air-flowfieldisassociatedwitheachvelocityratio.Themethodsused
in calculatingthetwoflow-fieldpatternsproduceda cowlandinner
- witha slightdifferenceingemnetricalshapeforthetwoinlets.
h spiteofthis,thedifferenceinvelocityratioisnotcausedprinci- ,
Pal-W by tie differenceingeometry,butratherbydifferencesinflow
requirements.As willbediscussedfurther,theslightcowlthickness

.
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showninfigure2 willnotappreciablyaffecttheamountofwaterin- .
gested,thuspermittingthecomparisonofthetwoinletsonthebasis
ofvelocityratio.

InletwithVelocityRatioof1.0

The dropletimpingaentonthecowlandtheamountofwaterin-
gestedcanbe obtainedbyextendingtheanalysisofthetrajectorycal-

; ctitionsmadefortheresultsreportedinreference4. Droplettra-
m jectoriesin spacesurroundingthe10-percent-thickellipsoidwere

calculatedin orderto obtaintheresultsreportedinreference4 on
spatialvariationoflocalliquid-waterconcentration.Thesesametra-
jectoriesarenotalteredbyan inletsuchasshowninfigurelif the
airstreamlines(orair-flowfield)aheadofandsurroundingtheellips-
oidarenotalteredby theinlet.Theplacementofaninletaroundthe
ellipsoid(orarounda sectorbetweentwomeridianplanes)willnotalter

!dc1 theair-flowfieldifthecowlisofnegligiblethickness,thecowl
g contourcoincideswiththatoftheairstresmlheonwhichitis super-
? posed,andthevaluesoflocalairvelocityaroundtheeldipsoidare
H notchanged.Theprovisionthatthelocalvelocityisnotchangedlm-
9 pliesthattheairflowremainsidealandwithoutviscosi~orboundary

layersattheinletwalls.

Theexampleshowninfigure1 illustratingthegeometricalconfig-
urationdiscussedintheprecedingparagraphshastheforebodyABCde-
finedbytheequationZ2+ 100r2= 0.25.Thisistheequationfora

L. 10-percent-thickelJipselocatedwithzerocoordinatesatthemidpoint.
TheouterwallDE oftheinletisgivenby theequationfortheair
streauddnes: ,

(1)

SymbolsusedhereinaredefinedinappendixA.

AirstreaudAnesareshownas dashedlinesinfigure3.-A much
simplerequationoftheform

Z2+cr2=g (2)

appliesverywellovertheregionbetweenz = -0.4 and z = O. The
ordinatescaler infigure3 isexpandedto4 timestheabscissa
scalez inan effortto obtainprecision.Thisscaledistortionis
usedin severalsubsequentfigurespresentingtrajectorydata.

—. -—.. . ..— —— .--. — .——



4 NACATN3593

Trajectorie&ofdropletsareshowninfigure4. Dropletsshown
startingatinfinityatpointsj and k impingeontheforebodyat
pointsjs and ks,respectively,andareassumedtobe removedfrom
thepossibilityofenteringtheinlet.Thetrajectorywithstarting
point t istangenttotheforebodyat ts andcontinuesin space
aroundtheelXpticalforebody.Informationondropletimpingementbe-
tweenrO= O ad thetangenttrajectoryispresentedinreference3.

bformationontheshadowzoneformedbetweenthetangenttrajectory
andtheelMpsoidsurface(fromts backtothee~psoidmidsection)
ispresentedinreference4.

Threepossibleentrancewallsareshowninfigure4. Thechoice
ofeitherentrancewallJK orGH oranyotherwallsuchasDE (fig.4)
thatcoticideswithanairstreamline(fig.3)dependsonentrance-size
requiraents.Ifan entrancewallsuchasJK (fig.4)meetsthe
entrance-sizerequirements,thenallthedropletsinthespacebetween
the”tamgenttrajectoryandtheentrancellptrajectory2-2P willbe
ingested.(Thisdiscussionappliesonlyto cloudsmadeofdropletsof
uniformsize.)Thespacebetweenthetrajectoriesisboundedbythe
surfacesformedby rotatingthetrajectoriesinther,z-planeaboutthe
-s oftheellipsoid.WiththeentrancewallplacedatGH,trajec-
toriessuchas n-n withstartingordinatesr. largerthanthosefor
m-~ willmisstheforebodyandentrancealtogether.Theliqtidwater
in dropletformintheannul.usspacebetweentrajectoriesm-~ and
q-q willimpingeontheinnersurfaceofwalLGHbetweenz = -0.25
and O. Thedetailedmethodsforfindingboththeamountofwaterin- -
gestedandthewaterdistributionareshownwithexamplesina subse-
quentsection.

Met withVelocityRatioof0.7

Thesolutionoftheair-flowfieldforaninletvelocityratio
otherthan1.0wasobtainedin a medianplaneby addinga two-dimensional
perturbationfield,representingtheeffectoftheinlet,tother-and
z-componentsoftheairvelocityfieldsurroundinga 10-percent-thick
prolateellipsoidofrevolution.Theadditionofa two-dhensional
perturbationfieldtoa three-dimensionalfieldconl?inedtoonemeridian
planeisnotstrictlycorrect.Thismethodofsolutionis justified
onlyifthetwo-dimensionalperturbationisnotlargeandiftheinlet
islocatedwheretheradialcqonent offlowis small,thatis,not
nearthenoseoftheellipsoid.Thetworequirementsarecompliedwith
inthesolutionforthisproblem,becausethestrengthoftheperturba-
tionreducesthevelocityratioto only0.7andtheinletis located
outsidetheellipsoidina regionoflargestellipsoidaldiameters. .

m
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Theperturbation
appendixB. The

fieldusedinthisstudyisderived
boundaryconditionsatthesurfaces

smdMS cussed’in
oftheforebody

andinletwallsaresatisfied,becausethesesurfacesrermesentair
streamMnestitertheperturbationvelocitiesareaddedtothebasic

5

flow-fieldvelocitiesofthe10-percent-thickelMpsoid.Theresulting
configurationshowninfigure2 hasanattendsntflowfieldthatwas
usedinthecalculationofthetmjectories.tie theprecedingcase
fora velocityratioof1.0,thecowlisfixedinitslocationwithre-
specttotheinnerwallandcenterlineoftheforebody,andonlyone
configurationisassociatedwiththisinletveloci~ratioof0.7./

Theforebodyandinletinnerwdl ABC(fig.5)aredefinedpara-
metricald.yby

-z= 0.00943(Q+ 0.995eq)+ 0.2780
.

r q 0.00943(0.1+ 0.0998eg)+ 0.0418

forvaluesof Q between0.6and-29.5.Thiscurveapproaches
r = 0.041betweenz = -0.25and z = 0,andve~ closelyapproximates
an elJlpsebetweenz = -0.30and-z = -0.47.Inorderto simpUfythe
conceptssndthepresentationofthedata,theforebodyAB infigure5
anddl subsequentfiguresillustratingthisinletisthe10-percent-
thickellipsedefinedbytheequationZ2+ 100r2= 0.25.Theouter
wallDE oftheinletisdefinedby a sectionoftheellipse
22+ 133r2= 0.75.TheinnersurfaceDF ofthecowlistheline
r = 0.0714.

As inthecasefora veloci~ratioof1.0,theamountofwaterin-
gestedintotheinletisthewatercontainedinthesmacebetweenthe
&ngenttrajectory(t-ts,fig.5)and
entranceliponthecowloftheinlet

~1011 OF

Themethodforthedetermination

thetrajectory~hatintersectsthe
(trajectory2-2P,fig.5).

DROPW PATH

ofthedropletpathis essen-
tiallythesameas isdescribedinreference1.‘A &ferentialanalyzer
ofthemechanical-analogtypewasusedto solvetheequationsofmotion
ofthedropletsintheairstreamforvariousvaluesoftheparameter
l/K between0.1and90. Theinertiap~ameter K isa measureofthe
dropletsize,theflightspeed,thesizeofthebasicellipsoid,and
theviscosityoftheair,intheform

K= 1.704X1O-12g (3),.-

Thedensityofwater,whichis expressedaspartoftheconversion
factor,is1.94slugspercubicfoot.

.
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6 NACATN 3593

Foreachvalueoftheparameterl/K,a seriesoftrajectorieswas
computedforeachof severalvaluesoffree-streamReynoldsnumberReo.
Thefree-stream
definedas

Reynoldsnumberwithrespectto

-6@a”Reo= 4.813XI0~

Inordertotie thesedimensionlesspsmmeters

thedropletdiameteris

.

(4)

morephysicallysignifi- $.
cantinthefollowingdiscussion,sanetypicalcombinationsof K sad
ReO arepresentedintableI forvariouslengthsandvelocitiesofthe
basicelJ.ipsoid,dropletsizes,andf13ghtpressurealtitudesandtem-
peratures.A~rocedureforrapidcalculationof 1~ and Reo frm
practicalflightconditionsisgiveninappentiB ofreference5.

Beforetheintegrationoftheequationsofmotion(ref.1)toob-
tainthetrajectoriescouldbeperformedwiththedifferentialanalyzer,
theinitialvelocityofthedropletshadtobe determinedatthepoint
selectedasthestartingposition.Inaddition,sincethestartingpo-
sitionmusthe selectedata finitedistanceaheadoftheellipsoid,it
wasnecessarytomakea correctiontothisstartingordinatein order
to obtitithecorrespondingstartingordinater. at z = --- The
procedureforobtainingthestartingconditionsfortheanalogisthe
sameasthatdiscussedin detailinreference1.

RESULTSANDDISCUSSION

Met withVelocityRatioof1.0

Severalsetsoftrajectoriesfordifferentcombinationsof Reo
smd l/K areshowninfigure6. Someofthemanypossiblewallloca-
tionsareshowninfigure6 asdashedlines,whicharedup~cationsof
theairstreamlinesshowninfigure3. Thecowllipmsybe located
anywherealongtheairstreamline.Thetrajectoriesareshownas
medium-weightsolidlines.Theorderofpresentationoffigures6(a)
to (e)isinaccordancewiththeamountthatdroplettrajectoriesdif-
ferfromairstreamlines.Thatis,infigure6(a)thedifferencebe-
tweena droplettrajectoryanda superposedairstresmiUne(particu-
larlyregardingtheslopeof eachata givenpointin space)isgreater
thaninfigure6(e).Tnfigure6(e)thedirectionsofthedroplettra-
jectoriesareeverywherenearlycoincidentwithairstreandlnes.This
orderofpresentationalsoshowsthecorrectionbetweendropletim-
pingamntonthecowlandtheparametersReo and lfi. Theh@nge-
ment@ figure6(d)islessthaninfigures6(a)or (b).

.
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!I!hesignificance
tableI. Someofthe

inthevariationof l/K and Reo is seen
appro~te possibleflightandatmospheric

7

in
com-

binationsthatcouldbeappliedtofigure6 aregiveninthefollowing
table:

FlightPressureDroplet FJMpsoidFigure
speed,altitude,diameter,major
mph ft d, axis,L,

microns ft

300 5,000 1000 50 6(a)

15,000 80 29 6(b)

20 10 6(c)
27 6(d)

50 25,000 10 3 6(e)

Dropletingestion.- Theamountofwateringestedby aninletis
thewaterindropletformthroughanannularareaof space(perpendicu-
lartothemajoraxisoftheellipsoid)betweentheinletlipandthe
bodyoftheeldipsoid.Forexsmple,iftheimletcowlwerelocatedat
JK infigure4,waterwouldbe ingestedthroughanannulsrareaof
spaceofwidthBJ. Forthecaseofa velocityratioof1.0,wherein
my numberoflocationsofthecowlarepossible,
ingestedmustbe presentedas a functionofinlet
wellas Reo and l/K.

H thepointoftangencyts’ofthetangent

theamountofwater
entrancelocationas

trajectoryoccurs
outsidetheentrance,suchasinfigure4 (i.e.,thez-positionofthe
pointoftangencyisupstreamfromthez-positionoftheentranceJ.ip),
thesmountofwateringestedis obtainedfrcznthefollowingequation:

w~= 0.33w&2U(r~,Z - %,tan) (5a)

wherero,t isthefree-stresmradialdistanceat z = -m ofthetra-
jectorythattouchestheentrancelip,and ro,tm isthefree-stream
radialdistanceofthetangenttrajectory.Ifthetangencypointis
locateddownstreamoftheentrancelip(i.e.,insidetheentmnce,see
fig.6(a)),thewateringestedis obtainedfram

(m)

where rOjB istheradialtistanceat z = -~ ofthetrajectorythat
impingesontheellipsoidatthessmez-positionas
suchaspointB infigure4. Thez-positionofthe

theinletopening,
tangenttrajectory

-.-. .—... —-——-. . .. —.—_z -— ._—___ —.—— .—. —.. — —.—— _—. -
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canbe obtainedfromfigure8 ofreference4. Theamountofwaterin-
gestedforvariousradiallocationsoftheliFcanbe foundfrcmthe
datapresentedinfigure4 ofreference4 iftheinletlipislocated
atz=O, -0.25,or -0.5.~termediatelocationsoftheentrancelip
maybe treatedbycross-plottingthedatainreference4.

Thefollowingexampleillustratestheuseoffigure4 inrefer-
ence4. Assumeflightandatmosphericconditionssuchthat ReO= 128
and l/K= 45. Theseconditionscorrespondtoanapproxhateflight
speedof300milesperhour,cloud-dropletdiameterof20microns,
ellipsoidlengthof 27feet,anda pressurealtitudeof15,000feet.
Further,assumethatdesigncriteriagoverming’theinletspacingarea
placetheinletMp at r = 0.08 and z = -0.25.lllgure4(h)inref-
erence4,whichisreproducedhereinforconvenienc~asfigure7,is
usedto obtdntherequiredvaluesof r: , and ra.._.

In
mloto

Frmneither
valueof r2 =

0,2
abscissareading

be obtainedfram
curve.Forthis

fi&re 7
0.00477

of r2=

thesame
exsmple,

lmownforthesolutionof

u, b v, I.lau

hereinorfigure4(h)inreference4,the
isfoundfrm thecurvefor l/K= 45 foran

(0.08)2= 0.0064.
‘e ‘due ‘f %,tsn cm

figureby readingthebottomendofthesame
‘0)* = 0.000045.Theonlyremainingun-

equation(5a)istheMx@d-watercontentWo,
whichcanbe obtainedfrommeteorolo@caldata.Thebottomendsofthe
curvesinfigure4 ofreference4 automaticallygiveeitherthevalue
of r~~ or r~~,whicheverapplies.Ifthebottcunendsofthe

> J
curvestouchthedashedtie labeled‘*ellipsoidSurface,i;r~,B iS ob- “

tained;wherea$r~,tanis obtainedfromthecurveads thatdonot
touchthedashedtie.

Ifthecowllipislocatedat z = -0.5 and
withanairstreamMne,thewateringestedcanbe
infigure4(m)ofreference4. Theprocedurefor
ingestedisthesameas’intheprecedingexample,

Wi = 0.33nwL%r~~Y

thecowlcoincides
obtainedfromthedata
determiningthewater
exceptthat

(5C)

becausethelowerlimitingtrajectorycoincideswiththez-axis.

Themethoddescribedforobtainingthemount ofwateringested
pertainsinprincipletoa simpleconfigurationinwhicha portionof
antirstreamlineisreplacedby a wallofnegligibletbiclmess.Inan
actualmodel,thewdl hasthicknessandprobablydeviatesfrm anair
streamline.Themethodstillappliesifthewallthickmessisnot
largecomparedwiththeellipsoidthickness,whichisusuallythecase,
andthecenterklneofthewallshapeapproxtes anairstresnillne.

.

— — -.—.
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In otherwords,the
to smalldeviations
causesmallamounts

9

resultsobtainedby thismethodarenotsensitive
fromtheidealmodelpresumedinthesestudies,be-
efwallthicknessand

nalshapeoftheairstreamMneintroduce
streamlinepattezm.Furthermore,because
changeindroplettrajectoryisevenless
stresmMnepattern.

walldeviationfromtheorigi-
onlysmallchangesintheair-
ofthedropletinertia,the
thanthechangeinair-

Totalimpingementoninletwalls.- Theamountofwaterimpinging
ontheinletwallsisa functionoftheinletlippositionaswellas
ofthevaluesof l/K and Reo. Ifthepoint~ ‘tigencyts is out-
side(upstreamfrom)theentranceopening(fig.4),thereisno impinge-
mentontheinnerwalloftheinlet.Thez-positionofthepointof
tangencyts,whichcorrespondsto zerovalueof shadowzone,isgiven
infigure8 ofreference4.

Ifthepointoftangencyoccursinsidetheentrance,theatnoun~of
waterimpingingontheinletinnerwdl (i.e.,ontheellipsoidsurface
downstreamoftheinletopening)canbe found
ence3. ThewaterimpiqgiagontheelJ.ipsoid
tranceopeningandthepointoftangencyts

frcmnthedatainrefer-
surfacebetweentheen-
ontheinletinnerwallis

%-ts = 1.0&’T@2(r~,~- r~,B) (6)

where21.04isthecombinationof constantsin
of ro,ti “isavailabledirectlyinfigure5

equation(5). Thevalue
ofreference3. Thevalue

for rO,B canbe obtatnedfromfigure4 ofreference3. A correlation
betweenz andthedistanceS alongtheellipsoidsurfaceforusein
connectionwithfigure4 ofreference3 isavailableinfigure3 ofthe
samereference.

Whetherimpingementoccursontheoutsidesurfaceofthecowlde-
pendsprimarilyonthevaluesof l/K and Reo. Forexample,thetra-
jectoriesshowninfigure6(a)arenearlystraightlines.Forthecon-
ditionsrepresentedby figure6(a),imp~em~t occurso@ ontie
outsidesurfaceofthecowl.Forconditionsrepresentedinfigure6(b),
theamountofimpingementontheoutsideandinsidecowlsurfacesde-
pendsonther-andz-positionoftheinletlip. Forconditionsrepre-
sentedinfigures6(c)to (e),impingementoccursonlyontheinside
surface.

Figures6(a)and(e)representthetwoextremesoft~ectory
shape.Conibinationsofvaluesof l/K lessthan1/30with Reo less
than8192resultintrajectoriesatleastas straightasthoseshownin

.—- .—. —-. . .-——— — .—— - -- — — .— — —.—
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figure6(a).Cmibinationsofvaluesof lfi greaterthan114with
Reo greaterthan8 resultintrajectoriesthatfollowtheairstream-
13.nesatleastaswellasthoseshowninfigure6(e).Forvaluesof .
l/K lessthan3,theimpingementisprincipaJJyontheoutsidesurface
ofthecowlbetweenz = -0.5and-0.25.Forvaluesof l/K greater
than3,theimpingementisprincipallyontheinsidesurfacespread
thinlyovertheentiresurface.

ImpingementdistributiononinletwalIls.- Noattemptismadeto
@ve quantitativevaluesoftheamountof ‘waterimpingingonthecowl
norquantitativevaluesofthedistributionofimpingqent.Boththe
amountofimpingementandthedistributionareverysensitiveto small
-es intheshapeofthecowl,particularlyforconditionsinwhich
thedroplettrajectoriesarenearlylikeairstreamlines(figs.6(c)to
(e)). Theuseoffigure6 asa guidewillleadtousefulapproximate
resultswhenthecowlhassomethicknessandthecenterlinecannearly
be superposedonsmairstr@mline.ForfMght andmeteorologicalcon-
ditionsrepresentedbyfigures6(c)to (e),cowlthicknesswillbring
aboutimpingementontheentrancelip. Thecollectiononthelipwill
be veryhigh.Forthesesamef~ght andmeteorologicalconditions,im-
pingementontheoutsidesurfaceishardlyperceptible.Ontheinside
surfacetheimpingaentis slightbutspreadsthinlyfora considerable
distancedownstreamofthelip.

Unpingementforconditionsshowninfigure6(a)canbe obtained
veryeasilyfromthegeametry,becausethetrajectoriesarenearly
straightlines.Themostdifficultproblemispresentedbyconditions

,,

sho]minfigure6(b).ItishelpfUltoknowthatfortheconditions
showninfigure6(b)a cowlwiththicknessdoesnotdisturbthetra-
jectories,becausetheinertialforcesofthedropletsarerelatively

“

largecmparedwiththeforcesintheairstreamavailableto change
theirpaths.Therefore,inletwaUs withsmalJamountsofthickness
canbe superposeddirectlyonfigure6(b),andtheimpingementanddis-
tributioncanbe obtainedfromtheresultinggeometry.

Variationofliquidwateracrossinletopening.- Theinstallation
of smallprotrudingobjectsthatdonotaltertheairflowappreciably
isoftenrequiredneartheinletopening.Occasionally,coarsescreens
arealsoused. A knowledgeoftherateoficeformationontheseob-
jectsisveryvaluable.As withthe,ellipsoidsreportedinreferences
2 and4,a radialvariationinthelocalliquid-waterconcentration
existsintheimmediatevicinityoftheellipticalforebody.Thus,the
localconcentrationofwatervariesradidlyattheinletopening.The
procedurefordeterminingthespatialvariationofliquidwaterisde-
scribedindetailinreferences2 and4.

20-Percent-thickellipsoid.- Theprecedingresultssnddiscussion
havebeenpresentedfora 10-percent-thickellipsoid.Thesame .

—
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discussionandmethodsapplytoa 20-percent-thickelMpsoid.Thecor-
respondingdataareavailableinreference2,whichpresents fi~es
thatcorrespondinnotationandordinatestothosecitedinreference
4. Thesamecorrespondenceoffiguresexistsbetweenreferences3 and.
1,whicharerequiredin orderto determinetheim@ngementonthe
innerwall(i.e.,theellipsoid).A figureoftheairstreamMnes
surroundinga 20-percent-thickellipsoidis givenhereinasfigure8.
Theairstreamlin&canalsobecalculatedfranequation(l).ltigure

wo 6 hereinmaybe usedasa guideforestimatingtheimpingementanddis-
E tributionontheouterwallofthe20-percent-thickbodyaswellasthe

10-yercent-thickelJipsoid.!lYaedualuseoffigure6 ispossiblebe-
cause,relativetotheairstreamlines,thedroplettrajectoriesare
verysimilarforthetwobodies.

InletwithVelocityRatioof0.7
I

Theeffectofchangesin lfi and ReO OLdroplettrajectories
isillustratedinfigure9. ThesamerangeOrflightemdmeteorologi-
Cal

ing
the

,

.

The

conditionscoveredby figure6 isgiveninfi&re 9.
—

Dropletingestion.- Theamountofwaterinpoundsperhourflow-
in theregionboundedby thetangenttrajectory(t-ts,fig.5}and
upperlimitingtrajecto~(2-2P,fig.5)isgivenby theexpression

w~ = 0.33woUACt (7)

derivationofthisequationisbasedonthelawofconservationof
matterandis similartothederivationof equation(4)inreference2.

ThetotalconcentrationfactorCt maybe consideredan ingestion
efficiency(scoopingratio),sinceitistheratiooftheareaat
z =-~ betweenthetangentandupperlimitingtrajectoriestothearea
attheinletopening.&e term C= iS definedaE-

2
%9Z - ‘O,tan

Ct= (0.0714)2-(0.04)2

where ro,z istheordinateat z = -= oftheupper
tory,=d ro,tm istheordinateatinfinityofthe

(8)

limitingtrajec-
tangenttrajectory.

. Thevaluesinthedenominatorarethevaluesof r oftheimer walland
cowlattheopen@ (pointsB andD, fig.2). Thisdefinitionofthe
totalconcentrationassumesthattheareaofinterestA, in square
feet,isa sectorofanannuluswiththeareaperpendiculartothemajor
axisoftheelMpsoid.Thevaluesof Ct aregiveninfigure10.

. ..—.—. ——-— --——-— -—— .-.— —— —_._..—_ —.._-
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Thevaluesro,1 oftheupperlimitingtrajectoriesand ro,~
ofthetangenttrajectoriesaregiveninfigure11. Thetrajectories ,
nearthebodyaredeviatedmorefroma straightlinethanthosenear
thelipoftheentrance(seefig.9),sothattheordinatesat z = -“
oftheupperlimitingtrajectoriesarenotsffectedby changesin Reo ‘

and l/K asmuchas thetangenttrajectories.

Vsriationofliquidwateracrossinletopening.- Thelocalweight
fluxofwaterindropletformis derivedinreference2 as

F= 0.33wOUC,lb/(hr)(sqft) (9)

where

d(r~)
c!=—

d(r2) __–

Theelementofareaimpliedby theequationisa unitperpendicularto
themajorWS locatedintheplaneoftheinletopening.Thelocal
concentrationfactorC ata pointr in spaceat z = -0.30and-0.25
isobtainedfromfigure12. Thelargestvaluesof concentrationfactor
areneartheforebody,justabovetheshadowzone.Thevariationin
localconcentrationradia~ acrosstheinletisverysimilartothe
spatislvariationfortheinletwitha velocityratioof1.0. These
variationsaredescribedinreferences2 and4.

Shadowzone.- A regionofzeroconcentrationexistsadjacentto
. thesurfaceoftheinnerwall.Thethiclmess(r-r.-.)ofthisshadow

zoneateachz-positiononthebodyforvariousvaluesof Reo and
i/K iSgiv= tifi~ 13. Themgnitudeoftheshadowzonedepends
onboth Reo and l/K,asisthecasewiththeellipsoidsdescribedin
references2 and4. Fortheinletwitha velocityratioof0.7,the
thicknessoftheshadowzonebecomesappreciableinsidetheinlet,be-
causetheinnerwallbecomesa straightlineparalleltothemajoraxis.

Totalimptigementoncowl.- Althoughthewallthicknessdoesnot
appreciablyaffectthetotalwter ingested,thewallshapeis impor-
tantindetermingimpingementonthewall.Withtheparticularvalue
ofinletveloci~ratiostudied(0.7),no impingementocctisonthe
outersurfaceofthecowlforvaluesof l/K largerthan1. This ‘
mesasthatformostflightandatmosphericconditions(seetableI)
onlylargedropswillimpingeontheoutersurfaceofthecowl.

m
No
N-1

,.

.
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Theamount
ofthecowlis

13

ofwaterindropletformimpingingontheinnersurface

(lo)

me valuesof (r~,Z_2p_ r~,~_q)requiredinequation(10)aregivenin

figure14. Theimpingementstudyis confinedtothesurfacebetween
pointsD andF,becausetrajectorieswerenotcalculatedbeyondthemid-
sectionoftheellipsoid(z= O).

Impingaentdistributionon cowl.- Therateofwaterimpingement
perunitareaontheinnersurfaceofthecowlbetweenpointsD andF
canbefoundby applyingthevaluesof pc giveninfigure15to

%,c = 2.3wOU~e (1.1)

Thisequationis derivedfromtheconceptthatthefluxofwaterin
dropletformthroughanannularareaofspacewidthr2 - rl impinges
ontheouterwdl surface

%, c = 0.33Wou

betweenpointsS=,2 and Sejl:

fl(r~- r~)o ~2

211(0.0714)(s2- S1)C= 2.3woU&

where,inthedifferentiallimit,

Thelocalimpingementefficiencies$C aregiveninfigure15as
functionsofthesurfacedistanceSc,startingfrm theinletlipat
pointD. Forallvaluesof ,1’Kand Reo themaximumimpingement
rateoccursattheentrancelip. Althoughthehighrateoccursbetween
theentrancelipandappro-ately Sc= 0.02(ratioofactualdistance
tomajorEUCLS),theremainderofthesurfaceis exposedtotipingement.
Theimpingementdistributionontheinnersurfaceofthecowlis ob-
tainedMrectl.yfrmnfigure15,because%,c is directlyproportional
to pc. Theintegralof Pc betweenthecowllipand z = O isequal
tothe

A

totalimpingementonthecowl@ven intheprecedingsection.

COMPARISONOFENTRANCESWIIl?HVELOCITYRATIOS1.0AND0.7

comparisonofthetw~typesofentrancesdiscussedhereincanbe
doneina llmitedmanneronly.Theconfigurationwiththeinlet

— ——-.—— -— .— — — — ... .—— — —.-.—-.
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velocityratioof1.0mustbe confinedto thatconfigurationwhichmost
nearlycorrespondstothefixedgemetricshapeofthe0.7-velocity-
ratioinlet.An airstreamline(lineDE,fig.4) existsfortheinlet
witha velocityratioof1.0thatsrrperposesverywellonthewallDE
(fig.5) oftheO.7-velocity-ratioMet. An inletcomposedof ellipti-
calforebodyABCandouterwallDE,showninfigure4, is comparedwith
aninletconfigurationshowninfigure5. Theprincipalgeometricdif--
ferenceinthetwoconfigurationsisthattheowterwallDE infigure4
hasnegMgiblethi.clmess;whereas,theouterwalJinfigure5 hasthick-
ness ET at z = O. In spiteofthethickness,E!ltheouterwallOf
the0.7-velocity-ratioinletisverythin,a~roximatinga thinwedge
(insectionaltiew)witha sharpedgeattheentrancepointD. The
relativegeometricproportionsofthe0.7-velocity-ratioinletarebest
illustratedinfigure2. (Aswaspreviouslystated,theorcllmatescale
infigure5 is expandedwithrespecttotheabscissascale.)Thethick-
nessofthewallisnotenoughtobe ofconsequenceintheinfluencing
oftheair-flowfieldaheadoftheinlet.Theinletinnerwallsare
alsoshapedsmnewhatdifferently;theinletopeningareasarethesame
andinbothinletsremainappro-tely constantfromtheopening
throughto z = o. ~ spiteofthesmalldifferencesmentioned,the
twoinletconfigurationsareenoughaliketopermitthecomparisonof
totalwateringestedandouter-walldistributionforthetwovelocity
ratios.

TotalWaterl@ested

b ordertofacilitatethepresentationofresults,thecmparison
ismadeat severalspecificflightandatmosphericconditions.The
conditionschosenarethesameasthoserepresentedby thetrajectories
offigures6 and9. Theseconditionsarerepresentativeofa wide
-e ofvaluesof l/K and Reo. However,a dangermustbe noted
arisingfromthechoiceof onlya fewsetsof conditionsforcomparison:
therelativeimportanceofthedifferentfactors,suchasfldghtspeed,
dropletdiameter,andsoforth,beingcompsredmaychangewhenother
numericalvaluesarechosen.

Thecomparativeresultsarepresentedinthefollowingtabulation
as ingestionefficiencies.Theingestionefficiency(orscoopingratio)
istheratioofthewateringestedtothetotalwaterinanannular
spacewhichhasa cross-sectionslarea equalto thatoftheinletanda
volumeinfreespaceequaltothatsweptoutby theinlet:

.,

.
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‘light

peed,
mphTPres-Dropletsure diam-

al.ti- eter,
tude, d,
ft microns

Ellips.
oid
major
@s,
L,
ft

50

29

E10
27

3

Recip-
rocal
ofin-
ertia
~-
eter,
l/K

l/30

3

E15
45

114

mmber,
Reo 1“0- o.7-

,Velocity-Velocity-
ratio ratio
inlet inlet

8192 100 100

512 I 102 I 94 I

Theingestioneffici~cyincludesthewaterthatimpingesonthe
innerwall.For l/K= 1/30,ReO= 8192,anda l.O-veloci@-ratioin-
let,8 percentofthewaterpassingthroughtheopeningstrikesthein-
nerwall(impingesonellipsoidsurfacebeyondtheopening).Forald
otherconditionstabulated,alloralmostallthewateringesteddoes .
notstriketheinsidesurfaceofthecowluptothemidsection(z= O).
For l/’K= 3,Reo= 512,anda l.O-velocity-ratioinlet,a slightcon-
centrationeffectispresent,whichresultsinaningestionefficiency
of102percent.Theingestionefficiencyoftheinletwitha velocity
ratioof1.0is over90percentandlessthan104percentfora wide
rangeofconditionslistedintableI.

Theingestionefficiencyoftheinletwitha velocityratioof0.7
isalwaysover75percentandneverover100percentfortheconditions
listedintableI. Theingestionefficiencyforthisinletisfound
directlyfrcmfigure10,whichpresentsthetotalconcentrationfactor.
Ingestionefficiencyis100timeslargerthanthe Ct factoroffigure
10. Forcomparableflightandatmosphericconditions,somewhatless
waterisingestedat 0.7velocityratiothanat1.0,exceptforrain
drops.

Distributionof

A detailedquantitative
littlepracticalapplication,

WateronInnerSurfaceofCowl

comparisonofthewaterdistributionhas
becausesmallchangesinshapeofthe

wallsaffectthedistributionappreciably.A reasonablequalitative
. comparisoncanbemadeeasilybyexaminingfigures6 and9;forex-

ample,for l/K= 1/30 and Reo= 8192(figs.6(a)and9(a)),thetra-
jectoriesforbothinletsarepracticallystraightlines,withconsequent
slightimpingementontheoutersurfaceandno tipingementontheinner

- . . . —y —..—. —.. .—..— —--————
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surfaceofthecowl.Forotherccmibinationsof lfi and Reo infig-
ures6(b)to (e)and9(b)to (e),inwhichthereis some”impingementon
theinnersurfaceofthecowlforbothinlets,thedistributionofthis *
ti@ngementdiffersbetweenthetwoinlets.Fortheinletwitha veloc-
ity=tio of1.0,thetrajectoriesarenearlyparalleltothecowl(lo-
catedatDE,fig.4). Thesmallamountofimpingementis spreadfairl.y

.

evenlyfrompointsD toE ofthewallsurface.Fortheinletwitha
velocityratioof0.7,thedistributionismuchhigherneartheinlet
opening(seefig.15forvaluesoflocalimpingementefficiencies).
Thus,loweringinletvelocityratiofrom1.0to0.7tendsto distribute

mN
theh@ngementlessevenlyontheinnersurfaceofthecowlwithgreater

om
concentrationneartheopening.

Forbothinletsinanactualcloudinwhicha distributionofdrop-
letsizesispresent,theareasomedistancebeyondthelip(say
Sc >0.1)canbe expectedtobuildupunevenlywithiceifthisareais
unprotected.Thereasonfor&is expectedjaggednessin theicebuild-
up isthatthedropletsstrikethewallsurfaceata smallangle(tra-
jectoriesnearlyparallelto surface,seefigs.6and9). Thepointsof
impingementofthesmalldropletsinthecloudareitiluencedbysmall
irregularitiesofthe~ surfaceandby sma12-scaleturbulencenear

“thewall.Thestsrtoficebuild-upata pointofwallirregularity
producesanunstableconditionthatprcmotesfurthergrowkhoficeon
thatparticularpointandproducesfurtherturbulenceforothergrowths.

ShadowZone

Theshadowzoneis increasedconsiderablyinthe0.7-velocity-
ratioinletas comparedwiththel.O-velocity-ratioinlet,principally
becauseofthechangeinphysicalgeometryoftheti,erwallratherthan
thechangeinveloci~ratio.Theshapesofthetangenttrajectories,
whichdetermineoneboundaryoftheshadowzone,areverysimilarin
thetwoinletsforcomparableflightandatmosphericconditions.

Inbothinletsandforsomeflightandatmosphericconditionsthe
thichessoftheshadowzonebeccmesappreciableinsidetheinlet.If
possible,conside~tionoftheshadowzoneshouldbe giveninthe”yosi-
tiOtigOfboundary-~erSCOOpS.Thethiclmesspresentedinfigure13
herein,infigure8 ofreference4, andinfigure9 ofreference2,is
for0°angleofattack.Aboundary-lsyerscoopdesignedaccordingto
figure13tobe intheshadowzonemightbe subjectedtoheavyconcen-
trationwhentheaircrsftisyawedorpitched,becausethethicknessof
theshadowzoneisverysensitiveto changesinangleofattack.

.

.

— -—
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CONCLUDINGREMARKS

Thedatapresentedhereincanbe–u~das
o~wateringestionininlets.“Thestu~eson

17

a guideintheevaluation
thetwosimpleshapesat

0“angleofattackleadto samegeneralconceptsonwateringestionin
imlets.Theamountofwateringestedisnotsensitiveto smallchanges
in shapeoftheouterwall.The?~cementofa walJintheairflow
willusuallydisturbtheairflowtiorethanthedroplettrajectories.
Theimpingementonthecowl(i.e.,’amountanddistribution)is quite
sensitivetothephysicalshapeandsurfacecontitionofthewall. In
mostapplicationsimpingementontheinteriorsurfaceofthecowlcan
be expectedfora considerabledistanceinsidetheentrance,because
theforebodydeviatesthetrajectoriesawayfrm thebodyandtoward
thecowl.

Theuseofscreensandboundary-layer-removalscoopsattheen-
trancerequirescarefuldesignbecauseoftheexistenceoftheshadow
zoneandregionsofhighconcentration.Thevariationin concentration
ofwateracrossaninletshowsthata screencanbuildup iceunevenly
in suchmannerastoresultin largeradial-flowdistortions.

Althoughonlyoneinletconfigurationwasstudiedataninletve-
locityratioof0.7,thegeneralconceptthatloweringtheinletveloc-
ityratiolowerstheingestionefficiencycanbe appliedtoa large
varietyofconfigurations.Thisconceptisevidentfroma studyofthe
mannerinwhichairstreamlineschamgewhentheinletairvelocityratio
isdecreasedfora particularconfiguration.Sincemostaircraft(par-
ticularlyinterceptortypes)shouldbe designedwithprotectionagainst
iceformationsduringloitering,climb,andlet-down,a designbasedon
water-ingestiondataforan inletvelocityratioof1.0willbe adequate
forlowervelocityratios.A loweringofthevelocityratiotillalso
resultinhigherimpingementneartheMet openingontheinnersurface
oftheouter@.

As c~be seenfromfigures6 apdQ,no impingementoccursonthe
outersurfaceofthecowlovera largerangeofmeteorologicaland
,flightconditions.Highlocalimpingementefficienciescanbe expected
onthecowllipfor“aXlentrancevelocityratios.

DuringthemajorportionofmostfJ&ghtplanstheinletvelocity
ratiodoesnotexceed1.0anddoesnotdecreasebelow0.7. Formost
inletdesigns,theaccuracyofthemethodspresentedhereinforesti-
matingsmountanddistributionofimpingementiswithintheaccuracyof
knowledgeofthemeteorologicalfactorsinvolved,suchas liquid-water
contentanddropletsize. “

Aswasstatedearlyinthisreport,dropletsthatimpingeonthe
forebodyareassmnedtobe removedfromthepossibilityofenteringthe
inlets.Inreality,the~titerdepositedontheforebodymayrunback

_—-_ .—.-—..—-—— —_— -—. ———— .—.
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overthebodysurfaceandintotheinletwhentheiceismeltedby ther-
malanti-icingdetices.A discussionofrunbackisbeyondthescopeof
thisreport.Theconditionsresultinginrunbacksndtheeffectofrun- “
backon screens,boundary-layerscoops,andotherdevicesintheinlets
shouldbe carefdlyconsideredininletdesigns. .

Althoughthecalculationsweremadeforincompressibleflow,they
shouldbe applicablethroughoutthesubsonicregionbecauseofthesmall m
effectofcompressibilityondroplettrajectories(ref.6)andthehigh

Cuow
flightcriticalMachnumberoftheconfigurationsstudied.

kdS Flight&OpdSiOn Laboratory
NationalAdvisoryCommitteeforAeronautics

Cleveland,OMO, Novaber2,1955
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APPENDIXA

SYM80LS

Thefollowingsymbolsareusedinthisreport:

area,sectorofann~usinplaneperpendiculartomajoraxis,
Sqft

localconcentrationfactor,

totalconcentrationfactor,

constantsforsizeofinlet

dropletdiameter,microns

dimensionless

dimensionless

(seeeq.(2))

weightfluxofwater,lb/(hr)(sqft)

inertiaparsmeter,1.704X10’12d2U/~,ti~iODleSS (eq.(3))

majoraxisofelMpse,ft

free-streamReynoldsnumberwithrespecttodroplet,
4.813)U0-6@aU/p,dimensionless(eq.(4))

cylindricalcoordinates,ratioofactuallengthtomajor-s,
dimensionless

Mstace alongsurfaceof ellipsoidmeasuredfrm stagnation
point,ratioofactualdistancetomajor@s, dimensionless/

distancealonginnersurfaceofcowlmeasuredfrompointofin-
letopening,ratioofactualdistancetomajoraxis,
dimensionlesss

free-streamairspeed,mph

‘B-ts rateofwaterimpingementoninnerwall,lb/hr

Wc rateofwaterimpingementoncowl,lb/hr

w~ rateofwateringestion,lb/hr

%,c localrateofwaterimpingementon surfaceofcowl,
lb/(hr)(sqft]

— ._ ..— _ _ _ _... ______ ___
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Mquid-watercontentincloud,g/cum

1/4focaldisticeof ellipsoid

localimpingementefficiencyoncowl,dimensionless

eccentrici~ofellipsedefinedby a meridiansection
oidofrevolution

prolate-elMpticcoordinates

viscosityofair,slugs/(ft)(sec) “

densityofair,slugs/cuft

potentialfunction

streamlinefunction ..

Subscripts:.

B point

z lip

ofinletentrsnceonellipsoidsurface

r radialcanponent

s shadow

tsn talgent

z axialcomponent

o free-streamconditions

>

.

ofelMps-

ln

$

—
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DEFUVlflXtONOFPERTURMTIONFIELDFOR0.7-VELOCITY-RATIOINLET

Theair-flowfieldfortheconfigurationshowninfigure2 withan
inletvelocityratioof0.7wasobtainedbyaddhg a two-dimensional
perttibationfieldtothebasicflowfieldabouta 10-percent-thick
ellipsoidofrevolution.Theperturbationfieldhadtheconfiguration
describedinreference7 andmentionedinreference8 underthename
‘lBordamouthpiece.’:Thisperturbationfieldis expressedbytheccm-
plexfunction

(Bl)

where

~=z*+ir* (B2)

8*=9+i$ (B3)

andtheasteriskdenotesspecialcoordinatesapplicableonlytothe
Bordamouthpieceanddifferingfromthoseofthebasicellipsoid.

Therectangularcoordinatesaregivenparametricallyby

Z*= q+e~cos$ (B4)

r*=wi-eqsin$ (B5)

TheapplicationoftheCauchy—Riemannconditions

resultsinthevelocitycomponents:

l+e~cosw$=
1 +-2e9cos * + e2Q

eqsin~$=
l+2eQcos*+e 2T

(B6)

(B7)

, —.— -.-.--z —.— .._ .._— —.— — .- .—.—— ———-— .—
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In orderto givetheinletproperpositionandsizewithrespectto
thebasicellipsoid,itisnecessarytoperfoma translationandchange
ofscaleaccordingtothefollowingtransformation:

z = 0.00943z*+0.2780= 0.00943(Q+eQ cos~) +0.2780 (B8)

r = 0.00943r*+0.0418= 0.00943(~+ eqsin$)+ 0.0418 (B9)

A z,r pointdescribedbytheseequationscorrespondstothesame
pointin spacedescribedbythe z,r coordinatesusedforthebasic
ellipsoid.Thetransformationleavesthevelocitycomponentsunchanged,
buttheymustbe expressedintermsofthefree-streamvelocityU snd
inletvelocityu as:

1 +-e~ cos
l-lz,p= ‘ @k-i)=

0.3(1+ eqcos~) (B1O)
l-t2eqcos~+e l+2eqcos*+e B

eQ sin*
()
lU= 0.3eqsinwUr,p=

l+2eQcos~+e2Q ‘u 1 + 2eqCOS * + e2Q

(Bll)

foraninletvelocityratioof0.7. Thesubscriptp denotestheper-
turbationtobe addedtothefieldabouttheellipsoid.

Thetransformationgivenin equations(B8)and(B9)approximately
matchesonestr~e oftheperturbationfieldtothesurfaceofthe
%asicelXpsoid.Addingtheperturbationvqlocitycomponentsineqya-
tions(B1O)and(Bll)tothevelocitycomponentsofthebasic10-
percent-thickellipsoid~ves onestreamlhethatis the forebodyABC
showninfigure2 andanotherstreamlinethatistheinletouterwall
FDE. Also,whentheperturbationvelocitiesobtdnedfrcmequations
(B1O)and(Bll)areaddedtothebasiccomponents,theresultingveloc-
ityatthecenteroftheimletopeningis0.714withrespecttothe
free-streamvelocityU,but0.7withrespectto thelocalbasic-
el.lipsoidveloci@.- -

Thevelocitycomponentsofthe
fromequationsgiveninreference1
ence3.

—

basicflowfieldmaybe
andplottedinfigure2
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