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A METEODF% NUMERICALLYCALCUIM?INGTEEAREAAND
,,

DISTRIBUTIONOFWATERIMPINGEMENTONTHE .

LEADINGEDG3OFAN AIWOILINA CLOUD ‘“. . .

By NormanR.%rgrun ...

A methodispresentedfordetermining,by ste~by-stepintegr&-
tion,thetrajectoriesofwater”dropsaroundanybodyintw~
dimensionalflowforwhichthestreamlinevalocitycoqponente.are
lmownorcanbe computed.Themdhod isQeneralandconsidersthe.
deviationofthewaterdropsfromStokes~lawbecauseof“speed‘and
dropsize. —

—

Theequationsarepresentedin gsneralformandthen,to
illastraimtheprocedm”e,wate*op traJectariesarecalculated

. abouta 12-percent-thicksynmwtrfcalJoukowskiprofilechosento
simub.tean NACA0012section.

Themethodprwidesa mmns fortherelativelyrapidcalculation
ofthetra~ectoryofa singledropwithouttheutilizationofa
differentialanalyzer,

Inaddition,considerationisgiventothemaximumpossiblerab .
ofwater-dropimpingementona body.

INTRODUCTION

As partofa comprehensiveresearchprogramdirectadtowarda
fundamentalunder’stidingofthemechanismofthermalice-prevantion -J
forairplanes,theNACAhasundertakenan investigationofthe

—

performanceofa heatedwingorempenna~.sectioninspecifiedicing,
conditions.Oneofthefirstessentialsof suchan investigationis

. a mthod forestimatingorcabdatingtheareaover.whichwaterwill- - “-
strikethewing,andthedistributtonofwaterimpingementtierthat.- _.
area..

*
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Previousinvestigationsofthisnaturehaveconsideredthe
water+iroptra~ectoriesaboutcylinders(references-land2)and
thoseaboutanairfoil(reference2). Inbothofthesestudiesthe
assumptionwasmadethatthewaterdropsweresufficientlysmallto
obeyStokesrlawofresistance.A morerecentinvestigationfor
cylinders(reference3) showsthat,forthevelocitiesofairplanes
andthedropsizesfrequentlypresentinclouds,Stokes!lawdoes
notapplyandtheforceactingonthedropcanhe determinedonly,
froma knowled@3ufthedragcoefficientforspheres.

.

Inreference3, therefore,themethodsofpreviousInvestigators
aremodifiedto includemoreacctrratevaluesofthedropdragcoeffi-
cient.Equationsareestablishedforthadeterminationofthedrop
trajectoriesaroundcylinders,spheres,andribbons.Theseequations
arederivedinformssuitableforuseina differentialanalyzerand,
by utilizlngananalyzer,thetra~ectoriesarecalculatedandplotted.

me designerofa heatedwing,desiringtol&owtherateand
areaofwaterImpingementonthe“leadineedgeina epeclfi@dcloudat
a givenflightspeed,mightassumothatthoimpingementwillbo
identicaltothatfora cylinderwitha radiusequalto thewing
leadi~sdgeradius.Thereis somequestion,however,as to the
accuracyofthisassumptionforthelargerdrop”sizesandforwing
sectionswithsrmil.1leading-edgeradii.Thedesigneristherefore
confrontedwiththedesirabilit~=ofemployinga computationmthod,
preferablywithoutthenecessityofa differentialanalyzer,which
willprovidesomeindicationoftheareaanddistributionofwater
impingement.

In thisreport,thewatez=drop%ra~ectmyequationsusedin
reference3 havebeenmodifiedtoestablisha step-by-stepintegra-
tionmethodapplicabletoanytwo-dimensionalflowforwhtchtho
streamlinevelocitycomponentsareknownorcanbeapproxtmatsd.If
droptra~ectoriesfora largerangeofairspeedsanddropdiameters
arereqtiired,thecomputationtimeislarge,andthedesirabilityof
accesstoa dlfferwntialanalyzerbecomesevfdent.Theintegration
methodpresentedhirein,however,doospermitthocalculationof
anydesirednumberoftra~actorieswithoutresortto.ananalyzer;and
italsoprovidesa mans forestimatingtheerrorwhichwillbe
incurredbyreplacingtheairfoilbya cylinderwitha radiusequal
totheleading-edgeradiusoftheairfoil.”Inaddition,water--
impingement--dataovertheentireairfoilsurfacecanbe obtainedby
thointegrationnwthod.

●

✎✎

.

.

.

.

.



.

NJ4Cil~ ~o- 1397 3,. . . .

SYNBOLS

,. Coefficlents

.
.

.. .,:
.

radiusofa drop,microns(3.28x Im=ft)

averageaccelerationofa dropoveran intervaloftime,
feetpersecondpersecond .

accelerationofa dropatthe%eginningofan Interval
oftime,feetpereecondpersecond

‘“pm,dimensionlessratio —‘B
{2@./’

chordofairfoil,feet “

dimensionlessconcentration

\
c

factorc .’ ..
dragcoefficientforspheres

.
efficiencyofdepositionofwaterdropsona bodyE

dimensionlessdro~inertiaquantity,definedinequation(~)K
.v1. Kor dhensionless”drop--inertiaquantityforwhichno drops

impingeupona body I

unitlengthof spanofan airfoi’1 .--) L

M intensityofwate~op impinge~ntat a pointonthesurfaoe
ofa body,poundsperhour,squarefoot

% rateofwater+lropimpingementona body,poundsper hour,
fmt span

. .,,

nondimmsionaldistanceP

localRe~oldsnumberofa droprelativeto theairstreamR
..

Ru Reynoldsnuniberofa drgpmovingwithfree-streamvelooity
in stillair.

distance~ong thesurfaceofa %odyfromzeropercent‘
-4

chord,feet
s

.
s dimensionlessstreamlineparanmter
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()unitoftime; ~ seconds

velocitycomponentsofair,relativetofree-stream
velocity‘

free-streamvelocityOrair,feetpersecond

velocitycomponentsofa waterdrop,relatfvetofree-
stresmvelocity

&veragevelocityofa dropoveran intervaloftires,
feetpersecond

liquidwatercontentM theair,gramspercubicmeter
(62.hxl~G,lb/cuft)

rectangularcoordinates,feet

maximumordinateofairfoil

conditionforwhichnodropswillstrike“abody

proportionalityfactor

increment

thioknessparameterfortransforminga oircleinto
Joukowskiairfoil

.

.

—
.

e.
.

coordinatesofa circleofwhichtheoriginisat the
center

rangeofa dropinstillair,feet

absoluteviscosityofair,pound6masspersecond;foot

densityofa waterdrop,poundspercubicfoot .
.

deneityofair,poumispercubicfoot
. ‘-.-

slmeamfunction
.

denotesstextingoondltlonswheretimeiscountedas zero88 .
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1 denotes

cr denotes

n denotes

n+~ denote6

CnMtntewvaloftime

a criticalcondition

nthintermloftime

intervaloftim9of (n+l)

.,

5

:

llNALYsrs —.

To obtainareaandconcentrationofwater-dropimp~msmt at
theleadingedgeofanairfoil,thepathofthe&ops asaffected
by theairstreammustbe traced.In orderto’computethesepaths,
ortrajectories,it isnecessaryto definethemotionofa drop
throughtheair. Theequationswhichdepictthismotion,andwhich
havebeenmodifiedto inoludetheeffegtofa dropdepartingfran
Stokesr lawofresistancehave.beenshownbyLan@uir“&iBlcdgektin
referenoe3 totakethefoll%ng form:

ax
G= -v=

(1)

(2)

(gj’j’=(VX-UJ’+(vy-L@’ (3)

.—

ThedimensionlessquantityK, usedbyG3.au&rt(reference2),
isevaluatedby theequation .-

(4)
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whereina systemofconsistentunits,p isdensityof.thedrop,
Plisdensityofair, a lsradiusofthedrop,U isfree-stream
velocity,p ISabsoluteviscosityofa}r,and c isthechordof
theairfoil.

It canbe seenfrcmequations(1)and(2)that
/

Shoe theaveragevelocityofa dropovera smallintervaloftire”
—

maybe expressedby

V~+l+Vn-v=
2

andtheavera~accelerationby

a= an+~+an
2

thevelooityandpositionofa dropat theendof anyintervalof
timemaybe expressedby thefollowingequations:

‘X(n+z)= ‘% -:: (vxll-l+%l)*t

m
‘Y(n+l) !24K~

.vyn_— Yn-%nJA~

(5)

(6)

. .

●
✎

✎
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Y(n+l)= ‘ynAt – *
[
* (~yn-u~n)1 M2 + y~ (8)

J

wherethesubscriptn denotesa pointat thebeginningofSCB
intervaloftime,andthesubscriptn+l denotesa pointat the
enaOfthatintenaloftime. Themainassumptionmadeinthese
equatl.oasisthattheaccelerationofthedropisconstantover the
intervaloftimeselected.

Equations(3),(~),(6), (T),and(8) My %eused.to calculate
-....____

thetrajectoryofa dro~by a s@p-~Dy-etepprocess,providedthat
a sufficientrangeinvaluesofair-velocitycoqonentsux,Uy, and
thedragcoefficientfunction(2D11/24areavatlable.WhenStokes?
lawofresistanceholds,thevalueof w/24 isuntty.The .
quantitiesUx,Uy,andc@3/24, are bestusedinlarge-scaleplots
to insurea fairdegreeofaccuracyinthecomputations.In additicrn
to the,~rge--scaleplotsrequired,certainassumptionsnnstbemade
inra~rd totheconditionsofa tiopat thestartofitstrajectory.
Thisinformationisneeded.inordertocontinuewiththestepby-step
computations. Itappearsthatthesimplestinannerinwhichto start
thecomputationsisby assumingthevelocityofthedroptobe the
sameas thatoftheairata fairlylargedistanceforwaxdofthe
airfoil,andthenest~ting thevelocitydifferentialsV*UX and
Vruy betweentheairandthedropat a MW point An estimationof
thenagnitudeofthesedifferencesmaybemadeby thefollowing -.-,
equationswhicharederived.inappendixA:

.

. (9)

(10)“-

.-
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If Y. istheo~tinateofa tra~ectoryfora givendroysizeat
infinity,thequantityofwaterperunittimeandareawhichprogresses
towarda body!,s

UwLyo.

Sincethissameamountofwaterdistributesitselfoverthe
leadingedgeofthebody,then,

UwLyo= MLs

andfora smallinorement

dYoM= Uw..—.—
ds

(11)

Sinoe dyo/dsisproportionalto theconcentiatfonofwaterimpinge-
mentatvar~ouspointsona bcdyina watercloud,ltcanbe appro-
priatelycalleda concentrationfactor.Thus,

M =Uwc “--” (12)

Thetotalwatercollsctedby a bodyisthesummationofallthe
degraeeofconcentrationofwate~op Impingementovertheleading
edgeofa bodyfora unitlangthof spansuchthat

%= Js~”=~%!# (13)

Inequation(13), X .ie efficiencyofwaterd~spositionoverthe
leadinged~, andisdatinad~.n
body,SOthat

E=

where ~%tit istheordinate
impingesuyontheairfoil,and
+qhebody.

WhendropsarequiteSmall,

termsofthemaximumordinateofthe

(14)

ofa starting~ajectol$ywhich$.&
y- is themaximumordinateof

theyhav.3insui?flcient
carrythemtothebody,hence,theruisa criticnlsize

.>

momentumto
ofdropwhich

.

.-

. .



possessesjustsufficientenergyto impingeuponthebody. This
criticalconditionisgivenby

du~ 1
a= Kcr~= F“.

1(15)

To determinethecrtticaldropsize(i.e.,thecriticalK value),
it 3.sonlynecessaryto evaluatethequantitydu#x .%-tthe
stagnationpointoffthe,airfotl.Becausetilequantitydux/tiis
a propertyofthestreamlinesaroumia bodyat thestagnationpoint,
ithasdifferentvaluesdependentuponthebodychosen.

(iMPii’imcmPRomm

Theexamplegivenhereinto explainthe’ccmpi.ztationproce@e
16fora synnetr:calJoukowslciairfoil,12percentthick,at 0°angle
ofattack.ThiFIairfo~lwaschosenbecausethestreamlinefunctions
cml.dbe calculatedwithrelativeease,ardbece.meitsprofile
closelysimulated.thatofanNACA003.2&irfoil.Wasectorydata
foranFACA0012sectionwereneeded.inconnectionwitinthermalice- “
preventionheaktransfercomputations.

‘Streamlineswereobtai~.edabouttheJoukowskiairfoilfora
regionestimtedto coverthepath8of drops.ofparticule-rinterest.
Theequationswed todefinethecontcurofthestreamlinesewkthe .
valuesofvelositycompon6nt3alongstreamlineswerederivesfrcm
Glauert(referencek). Theeeequationsaregi~eninappendixC. -~

Streamlines.calculated.fortheJoukowskiairfoilareshownin
figure1. M addition,thecontourof thel+WA0012airfoil3s
presentedto showitscomparisonwiththeJoukowskiprofileeverthe
regionwhereitwase~ectedthattrajectorieswouldhitfordrop
sizestypical=foundinr=ture. ,-.

Air–velocity-ccmponentiiatawereusedin theformsshown.in
figures2(a),2(b),2(c),2(d),and3. Figure2(a)givesthe
x~om-ponentofairvelocityintermsof theX+coordirateinthe
vicinityof.theairfoil,whilefi@.re2(b)preeenimtnesameparameters

..

severalchordlengthsforwardof theairfoil.Figure2(c)depictethe
y-omponentofvelocityintermsofthey~.oordin.atekna regionnear -
theairfoil.Eowever,becauseof theirsmallmagnitudes,y-conpon6nts

lDerivcdin.&.~QndixB.

>
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ofvelocitywellforwardoftheairfoilhadtobe treatedso’mmdmt
differentlythanx-velocitycomponentsin–ord6rto obtain”valuss

.—

suffic~entlyaccurate;Itwasfoundthatt’hey-velocltycomponents
.

showeda gooddegreeofchangewithrespecttoa changeinratiosof
thecoordinatesatsm.ypoint.Itwasthereforefounddesirabloto
plotthey-velocitycomponentsinthemannershowninfigures2(d)and
3* Both-x-”andy-velocity.componentswereplottedsothattheirvalues
couldM obtainedtofoursignificantfigures. ,

Becausea watew-droptrajectorycancrossstrcmmlinos,end
becauseair-velocitycomponentsareconvenientlyplottedintams of
streamline,Itis lmpmrativetobe ableto interpolatebetweenthe
streamlinestoasoertainonwhatstreamli~a dropislocatedata
giventime.Interpolationbetweenstreamlinecan”beaccomplishedby
ylottlngpointsonstreamlinesin terms.ofratiosofthepoint
coordinates.-Figure4 showstherelationshipobtainedwhenthiswas
done. Thesimplicityofthismethodofinterpolationlayinthefact
thatthestreamlinesdisplayeda logarithmiceepsration,whichpermits
theinterpolatimtobe carrie&onby layinga logarithmicscale
properlyacrossthestreamlines.It shouldbe observedthat,as a
trajectoryapproachesthe~dinateexis(takenInthecomputatiane
to Originateattliesta@ationpoint),theratioofthecoordinates
asymptoticallyapproachesinfinity.Therefore,inperformingthe
ste~by-tepcomputations,itisadvisabletoabandonthi8interpoh
tionyrocedurewhenvaluesofthecoordinateratioareoftheorde~
of1200percent.Forsmallvaluesof x/c forwardoftheairfoil,the
valueofthestreemfunctioncanbe obtainedforthedropwiththeaid
oftheinformationgiveninfigure1.

Valuesofthedropdrag-coefficientfunctionc@/24 and R
wereobtainedfromreference3, andplottedtoa suitablescalefor
use In thecomputations.Thesevalu6saregive~IntableI. Ae the
step-by-stepprocessprogresses,’PSWvaluesof R d @R/24 am
selectedfromthoplots.

Fromeg.uations(3),(5),(6), (7), and(8) itISapparentthat
tra~ectoriesoanbe calculatedforboth ran~s af K andRu palms,
wheroRU isdefinadby’ .

—

,=

.

.

2aUplRu=— ..
P

.

—

Howevwr,becaueeorlimitedtimeavailableforperformingthe
calculations,a setoftrajectories(correspondi~to sev~al K .

,... .-



NAGATNNo:1397
.

. . ..,,
values)< wascomputedforo@y ~ Ru.

. ~ wae”chosenbecauseiicorresponded
anddro&sizeconditionsofgp@iculsr

.

---,. . L-L

,. ,.

W&H d 95.65. TM vig~ ‘..oi
tocertainairs~ed,altitud6,’”-
interest”; . .... ...“.

Startingcoordina’tssoftrajectorieswere&bitrariLychoe&“fc&
selectedK values.-As an example,by m9&neofequations(9)’end(io),
fora K valueof0.0581andstarting,coordinattisx&210 percent,,“
chord,YO=0,750percentchord,itwasdetezmin3dthat

.

,>.. —

+=X-IL+ 0=0001 . - .. -. .
..

,“. .
‘Yi-’%i

= o.wlr~

“- Vxl =0.9979’ ,. .
I

.%
= 1.001

; .-
% = 95.65 . . . ——.

A samplecalculationforobtainingthesevsluea is,shownin -
appendixD. Withthesevaluesas startingvalues,“acontinuation ““.
ofthecomputationsisshownintableIIforthgtrajectory.This
tableexpressgsequations”(3),(5),(6), (7), &d (8)ina convenient
computationalformandisusedincon@nctionwithfigures1, 2(a),
2(b),2(c),2(d),3,and4.

RESULTS

Fromcalcu@tionsto determinethetrajectoriesofwaterdrops,. .-
theareaanddiqtributlonofwaterimpi~u=ntoverthg_.leaclin~
e- ofenairfoilcenbe obtained.In addition,thetotalamountof
waterper@t lengthof spancan<be calculated.,.



12 NACATNNo.1397
.

If tra~ectoriesforona RU valueareplottedinthemanner
showninfigure5, thedistancealongthosurfacetothostagnation
pointincludedbya tra~ectorymaybemeasumd. Thenbytaking

.

includeddistancesfroma large-scaleplotsimilartofigure5, “a
figureliket@t showninfigure6 is.obtained.The“limltingtra@c-
toriesbeyondwhichno dro~s:willimpingeupontheairfoilsurfaco
maybe obtained,b~connectingtheendpointsforthe~everalcomputed
trajectories.Thisisshownbya brokenlinein figuro6. It is
interestingtonoteinfigure.6,thatfor’thecaseof K=m, the .
problemreducesto oneofplottingthaairfoilordimtesagafnstthe

—

includedsurfacedistances.

By obtainingtheslopesofthecurvesin.figure6, accordingto
Ii ‘=

equation(11),theconcentrationfactorC maybe obtainedat Ii
differentpointsovertheleadingedgeof-theakrfoil,!ll%isopara.tfon~~
wasperl?ormedgraphically,andtherpsultsaresh~ infigura7. ,.\

Theratiooftholimitstartingordinatesoftrajectories
Yolimitto thewximumordinateof..theairfoildefinestheefficiency
ofdropimpinge~nt-(equation(14)).Thbrefo~.,whensuchratiosare
obtainedbymeansoffigure6,andplottedwithrespecttotheir
correspondingK values

..
, an indicat~,onof theefficiencyofwater

depositioncmanairfoilcanbe‘obtained.Thevaluoof K corre- —

spendingto zeroimpingementwasestimatedtobo approximately —
0.00Qbymeansofequation(15).Thevalueof dux/dxneeded
toestimatethisvalueof K wasdeterminedgraphicallyby usinga .
largeplotoffigurp2(s,).A presentationoftheefficio~c~of
water-dropimpingementontheJoukowskiairfoil,fora valueof
RU=95.65,isshownin~igure8. *

As a matterof interest,thopathsof semraldropsofdifferent
inertiabutthesamestartingpointswereobtainedinrelationto
thevelocityf’ieldabouttheairfoil.Theserelationsareshownin
figuresg(a)and!3(b),,ad
tions(asperformedby the
correspcmdin$air-velocity
droptra~ectory.

wer~obtaj,nedbynotingfromt@ ccmputa-
proceduresuggestedintgbleII)the
componentsat diffurenttimesduringa

—

DISCUSSION

Theproceduredemonstratedhereinforcalculatingwater-drop
trajectoriesabout-abodyintwtiimensionalflowisconvenientto
usewhenaidfroma differentialanalyzerisnotavailable.Inthe

.

useofthemethod,however,certainerrorsareinvolvad,Oneofthe
errorsisinvolvedinthoabilitytopredict,withreasonableaccuracy, .
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thestarting
~Y1-%1 for

valuesofthevelocitydifferentialsVx=-uxland
smalldropsizes.(K valueslessthanapproximately.-

oi6’2):--Itappearsthat,inor-dertocalculatetrajectoriesforibese
smalldrops,e_+thertheair–velocitycomponentsmustbe obtainedto - .—
greataccuracyorelsea bett& Bthod ofapproximti~-the~sixirting .

valuesofthedifferentials”mustbe derived.Anothererrorliesin
theaccumulation,duringsuccessiveintegrationsteps,-ofeyrors .<: ____
involvedby theassuiupttoDofan averageconstantaccelerationover .
thetimeintervalselected.Neartheairfoil,errorsaccumulatemora “
rapidlythantheydowellforwardoftheairfoil.becauseofthe
increasedrateat,whichvaluesof theair-velocityc~onsnts ch~.
(Seefigs9(a)and9(b).) Largechangesinair-velocitycomponents
mem largechangesin selectedvaluesof (2DR/24whichmultiplythe
velocitydifferentialsVx--l.lxand-~+y” Thereforejit isdesirabti
toreducethemagnitudeofthearbitrarytimeintervalwhana
trajectoryapproachesth&leadingedge. To daterminea suiiablat~~
intervslto applyinth,3cmputa~ionofa trajectoryas itapprmches”
a body,a crite~ionistopermitthedroptGtmvei$inthetires” .

intervalselected,a distanceinwhichtheair-velocityx-compo~nt
valuesdonotchangebymorat@anapprcucimately10percent.

To greatlyreducetheamountofworkinvolvedincomputinga
setoftrajectories,startingordina%.esoftrajectoriescanbe taken

-.

verycloseto theh~=, andtfm intervalsCS+hechosen.asl.erw. as iscommensuratewiththecriterionfortheirselgction.Whenthis
.—

wasdonefcrtheamputationgivenintableII (thestartingordinate
beingtakenat halfa chordbngth forwardof the-airfoil),.~a of”

—..-——
.

water-dropimpingermntwasreduced15percent:To startthecalcula-
ti~nssonem theairfoil,itwasassumedthedropfollowedthe
streamlineupto the’startingpoint.Becauseofthisass~ption.the
startingordinatewaslargeby approximately10percent,ccmpmedto
2 percentforthecomputationsgivenintableII. —.. ...

Withthesetoftra~ectorie”scalculatedby thestap--by-tep
processandpresented~nfigure6, a comparisoncanbe madebet~en
theimpinge~ntofwaterdropsontheJcnikowskiairfoilandIts
equivalentcylinderfora smallrangeindropsizes,Sucha com~ison ““”
ismadeinfigure10,wheretheairfoil..wasusedas thebasisfor
comparison.Forareaof impingement,theOquivalentcylindercanbe ‘ =
usedwithoutmucherrortoa@o~ize d@.mterof-appro~-tely20
microns.However,for-rate””ofimpingewmt,appreciabledifference ~

..

. 1s
of

notencountereduntil_dropdiameters
interesttonotethatmeteorological

. .. ,’ -

areabove15.microns.’It~S
&t& obtainedinfli@t “r..—
“, .. -

..,,
-.
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(reference5) indicatea msa~ffectlvedrop-sizediameter=for
cunil.uscloudsof15to2’5microns.Furthermore,nm.n-effectivedrop

.

diametersashighas 50micronshavebeenmeasuredIncloudsofthe
altostratuscategory.Since,inaccordimcewiththedefinition’of
mean-effectiveti.opdiameter,halfthewatercontainedina cloud ,
sampleiscomposedofdropslargerthanthemean-effectivediamster,
itisapparentthattheuseofanequivalentcylindermaybe subject
toconsiderableerrorwhenappliedtotypicalicingconditionsin
whichlargedrop-sizediametershavebeenob~rved.‘ -.

Themethodforcomputingtrajectoriesofwaterdrupeintwo-
dmnsionalflowcanbe extendedtothecae~ofthree-dimonsiotil
‘flowabouta bodyofanyshape..Toextendth~method,thotra~ectory
ofa dropmustbeexpressedforthethirdplane.Theadditional,,
tra~ectoryequations.neododare:

Inaddition,
CD withthe

dvzKVZ~ =-~ (VZ-UZ)

dz—=VZ
d’t

(16)

—

equation(3.)whichconnectsthevariabledragcoefficl.ont
localReynoldsrn.miberofthedropat a giventim bocoms:

(+)z=(vrux)= +(vruy)=+(vz-~z)~(17)

Thus’wheneq,uation(16)isplacedinformsshilartoequations(!5),
(6),,(7),and(8)intheanalysis,andequation(17)is solvedina

2 kan-ffectivedropdiameteras usedinthepresentrepbrtIsthe
sizoofdropina cloudsamyleforwhichtheamountofliquidwater.
existinginwaterdropslargerthanthatdropisequal.totheamount
ofl~quldwaterexistingIndropssmallerthanthedrop.

.

.
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maker sfkUarto that indicatedintable11,a three-di.mnsionalcase
maybe handledby step-by-stepintegrationwhenair-velgcitycomponents
andstartingconditionsareknown.Applicationoftrajectorycomp~-
tionsforthree-dimensionalflowcanbemadeto thecaseofwindshield
icaprevention,whereit3.sdesirabletoknowtherateatwhichwater
impingesupona windshieldindeterminingheatrequire~ntstokeep
a windshieldclearof ice. Equations(16)and(17)arebasicones
whichcanbe atiptedalsoforusetitha differentiala?@YZer.

TheconcentrationfactorC inequation(12)forthethree-
dimmsio&.caseisnowevaluatedby

d.(lo
c =—

& (18)

Inequation(18),A. IS~ ~ea whichis outlinedby several
st=t= trajectories;~ % iSthe~ea~ on”theSWfaCeO?the ‘. ........
body,whichisoutlinedwhenthesetrajectoriesinterceptthe“b@y.

The rateofwaterimpingementMT inequation(12)isevaluated
forthethree-di~nsioWcaseby ~ 8

,-

Mr= UWEAfronta~ (lg)

Inequation(19),E, theefficiencyofwate~op depositiononthe
bo~~ isnowexpressedby

E
,.

. whore~li&tfS the=?a
justimpingeuponthebo&y,
body. “

.

includedby startingtrajectorieswhich
and Afrontalisthefrontalareaofthe

.,.
—.
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As’hasalready
dropimpingemento;
thebodyordinates;

beenmeritioned,thelimit-distribution”ofwater-
theleading’edgeofa bodycm be obtainedfrom
It isinterestingto observethat,forveryhim

.

speeds,-thelimitcondition-K=uJis ~ppr~ched.Hence,it.1s- : -
b61ievedthata compqrisonof thewater-dMpimpingementoverseveral
differentairfoilsforthelimitconditionis ofinterest.6ucha

..-

comparisonismadeinfigure11. FortheseMmlt conditf.ens,.anybo~
havinga lehding-edgeradiuswillhavea valueoftheconcentration
factorat.$helea@g edgeofunity;whereas,anybodywithouta
leading-b-dgeradiuswill”havea muchlowervalue oftheconcentration
factordependingupontheslopeofthecontournemrthestagnation
point● Accordingtoequgtion(13),theareaunderthecurvesin

—

figure11 isproportionaltorqteofi.c@gperunitspan,andin
accordwiththeory,forairfoilswiththesamevaluoofmcximum

—

thickness,regardlessoflocation,thoareasunderthecurvesIn
figurel.1areequal.Thediffemoncebetweeneachofthethree
airfoilsliesinthemannerinwhich.waterdropsdistributethmnsolvos
over theairfoil.Thereasonforthisdiffercncoisbecausea limit-
ingwate~impingementdistributioncorrespondstothecasewhorodrops
areeitherso,lar~oram travelingsofastthattheyareundefloctod
by forces.intheairstream.Therefore,theeffectofshifti~the
locationofmaximumthickrmssIstochangethedegreeandpositionof
wate%dropimpingement.Thusthelimitwater~op-impi,~mmtdistr3.-
butionfora givenbodycanbemadetohavemy desiredprofileby tho
propercombinationofcontourandlocationof?nn@.muthj-cknass. _ , —

.
CONCLUSIONS ,

Fromthemethodoutlinedinthisreportto obtaintra~ectories .
ofwaterdropsforwardofa body,thefollowingconclusionscanb~
drawn:

1. By a step-by-stepprocesswhichconsidersdeviationsfrom
Stokesrlawofresistanco,theareaanddistributionofwate&drop
impingementona bodyofanyshapeandangleofattackcanbe cticulatmd
whentheair-velmitycomponentsareknown.

2. Therateandareaofwater-dropimpingmmntonanNACA0012
airfoilhavingan&foot chordisajpr!ximatedwithreasonable
accuracyby theimpingementona cylinderofradiusequaltotho

J-

leadin&edgere,dlu~oftheairfoilforonlydrop,diametersbelow20
micronsat speedsofabout200milesperhourandat analtitudeof

-~

7000feet. ~~
.-

.



NACATNNo.1397 17

3. Thecriticaldro~sizedie.mdercorrespondingto zeroimphge-
mentcanba detertinadfora tw&dimensionalbodyifthevelwity
componentsarekmwn at thestagnationpoint. -..

4. Theareaanddistributionofwatetiop impingewntonan
airfoilinmotionthrougha cloudofknowndro~ize distributioncan
bc obtainedby calculatingtheareaqd distributionof impingement
foreachdrop-sizerangepre8ent.

5. Th3nairfoilsofdifferentsections(suchas wedge-shape,
NACA0006,andcircular-arcairfoils),havingthesameexposedfrontal .
aroas,ti-11haveapproximatelythes- rates-ofwater-dro~impingmnmt
athighspeeds,butthe”distribution.of
be differentforeachsection,andwill
oftheslopeoftbeairfoilsurfaceand
thickness.

water-dropimpingetintwill
dependupontherateofc-
thelocationofmaximum

AmesAeronauticalLaboratory,
NationalAdvisoryCommittee

MoffettField,Calif.,
forAeronautics,
July 1947,

.
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AYPENDIXA

DerivationofStartin&PointEquations

A% a Tosition~, y. wellforwardoftheairfoil,itie
aesumedthate dropismoving

Thepositionofthedrop

witha free-dreamvelocity~. Then

Uxo= Txo (Q}

Uyo= Vyo .

afteran intervaloft- At ie

xl =XO+AX

I Yl”Yo+’&

whereAy n@.ybe expressedinte- of ~ bY

—

.

Thevelocityofa drop,startinginitiallyfroinapoint Xo,yo,
afteran intervaloftime At is .

(M)

.

.
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l%om%asictrajectoryequations ,.. .

where

..—
-.

(A4)
.._L

B
CDR

‘z. .

By substitutingequations(Al)and (A~)intoequation(Ah)

v~= (-VX=-UXO)““B(Vq-uxl)ax

andby solvingfor v-xl,

.

.

(A5)

Ina mannersimilar
theinitialvalueorthe
obtained.Thevalueof

.—

to thatby whichequation(A5)wasderived,
y-ocmrponentofthedropveloo~tyVy= maybe
~Yl becomes

(A6)

.

.

,.
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mrmx B

DerivationofEquationsfortheConditionWhere
NoDropsImpingeUpona Body

Inderivingtherelationshipwhichdescribethelimitingvalue
of K belowwhichnodropswillimpingeupona body,it isnecessary
toconsiderthebasictrajectoryequationsandtheflowfieldat the
stagnationpointofthebody.

Nearthestagnationpoint”ofa body,thevelocityofbothairand
ofdropswhiohnearlyfollowthestreamlinesis somnallthat,c)R/24
maybe takenas unity.Inaddition,theair-velocitycomponentsare
nearlylinearinrelationtotheirdistancefrcmthestagnationpoint.
Glauertshowsinreference2 that K isproportionaltotherangeof
a dropinstillair;andinreference3,Langpmirdenotesthisrange
by As, where

AsK=—
c

SinceK isa f~tion oftheair-vel~itycomponentsand
becaus~nearthestagnationpointofthebody x-canponentsofair
velocit~accordingtoreference~may be simplifieLto

Ux=ap (Bl)

andtherangeofa dropqayhe writtenintermsofa distance
y forwardofthestagnationpointofa lody:.~is distanceIs
definedby

P
Cx

‘z (B2)

Equation(1)maybe written ‘

(B3)

.

.

.
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● TOsolve equation(~3), Vx IIW be replaoedinmannersimilar
to ~ by

whereby differentiating

Then

By differentiatingeqp.ation(B2)withre%peotix)2S,

(J34).

(B5)

Kdp. ax (B6)

andby substitutingequations(B4)md (B6)intoequation(B3),

.

dvx
—=l -dp

By setting eqyatims (B5} and(B7]
terms,

; (B7)

equalto eaohotherandrearranging

dp pap—=-—
P C4+J32

(B8)

Fortheintegrationof equ@ion(B8),Piozve~etables(reference6)
. gives

.

(B9)
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and

’22

where

In equation(B9)

. .

e = 4ah-# —
.

Sinceg-l and h=l, equation(B8)becomes

.

- Znp=#tn(a-P+p2)- _
()
2p-11 tin-l

G.m
,

@lc)

.

Inequation(B1O),itisapparentthat a=~ isa criticalvalue
inevaluatingthefunctionof p.

.

A substitutionof!

andby differentiating

equation(Bl)intoe’~uation(B2)gives

., —
. .

Witll

SincJequation(i310)is
equations,thevalueof a

Kux=ax‘,,

respect‘to‘x;”’

dependent%olelyuponthetrajectory
my alwayshe takenas1/4inevaluating

,

●

thecriticalK valuebelowwhichno dropswiu impingeona body.
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~OWWO~,tk qL?Xltft:d.1.lx/Mx. t~doycmd,ontu~:ontk sha:wofa b*s
theattitudeofthe1o~vintheairstream,
thebody.

andthetypeofflowaround
It,therefore,mustbe evaluatedat thestagnationpointfor

theflowuounl thebo~ tier consideration.

KET?!mDnc

EquationsforObtainingStreenihwsandVelocity
Componentsabouta.S_trical Jodcowskl

.Airfoil,12PercentThick

Thecontourofa streamlineis

x=(rcose+c)!~

Y = (r sill@)!zl-
\

inwhich

+

givekby

1—

1 \

— /,2 S:ny+(k)’s /
‘=2sin6+ .

w.
s =---

u

(cl)

where$, a streamfunction,canhaveanydesiredvalue.Inaddition,
fora symmetricalJoukowekiairfoil,12percentthick,thevalueof 6
is0.1021.
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Thecompcm.enteofairvelocityinterms.offree+treamvelocity .
aregivenby .,.. --...

Uy = U1V2+ L12~

where

- (1+E)2‘
U1 = l“- — COB2e

r2

.-

—

(l+G)=vl.=-— sin2Q
rc

[

D(TM)+F2LQ= —- 1(D-1)2+F2d

.—
-:

(C2) -.k..:

.

(C3)
-Y,

Inequations(C2)and (C3),

D= r2 cos20 + 2 re cose,+ Ca

.

F = 2r sin@ (rCOE0 +“K)
.
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AX’FEI!’IXD

.ComputatS.onofStartingValuesforthe
Step-bystepComputations.

Accordingtoequation(As),thex-ve&ity componentofa dropis

r“’~x=.(UXO+-}*(W+@ -JW@x
—

2

In orderto obtainstartingvalueswtththtsequation,thisequa~ion
mastbe solvedby a trial-d~rrormethcd.A procedurefora trial–
and.-errorsolutionisdemonstratedforthestartingvaluesusedin
table11.

FortheconditionsoftableII,” .

K = 0.0581;RU =93.63 —.—

Severalchordlengthsfolnm-doftheairfoil,as a firstappr~-
imatton,thequantityVy=-uylmaybe consideredzero.Thus

R=&~ (VX1-uXl)

Assuminga valueof-(vxl-uxl)= 0.0001,thevalueof R is

R z 0.00?56. — .—
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forwhichthevalueof c@/24 is

With ~ as 2.1chordlengthsforwardoftheairfoil,and xl as
2.0,thecorrsspondi~magnitudesofair-velocitycomponentsare
Cx ..o.9979 ma UX1=0.9978.Thevalueof Ax isthen0.1,* the
.&ueof B is17.228,frczuwfiichthevalueof Vxl fromequation
(A5)iS0.9979.Therefore,theinitialassumptionof
-(~xl-uxl)=0.0001wasverynearlycorrect.

.

.-

2Sincethequantity(vyl-Uyl)cotitributesveryli-ttleto the
initia.ivalueof c@/24, oncetheapproximatevalueof Vxl-uxl
hasbeendetermined,anapproximationof Vyl-uylmaybemadeby
equation(A6)withoutchangingtheinitialvaluechosenfor CDR/24.
ForthetrajectorycalculatedIntableII,

—
Vyz-uy=w~~assumedtO~

o.lKLo-5,andItwasalsofcmndby equation(A2)and(A6)tobe of
this~@tub. .

AfterthedifferentialsvX1-%1 m ‘Y1-%1 areevaluated,
theyareenteredintheappropriatecolumnsintableII,andthe

.

prooesscontinuedby thestepsindicatedinthetable.
,.-
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1.

2.

3.

h

5

6
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TABISI

VALUESOF ~ A8 FUNCTIONSOF R

28

R
cm

R
C*

z E

0.00 1.00 200 6d52
●05 1.009 250 7.38
.1 1.013 3& 8*26
.2 1.037 3s0 9●00
●4 1.073 400 9.82
●6 1.103 500 11.46
,8 1.142 600 la 97
1.0 1s176 800 16.81
1.2 1.201 1000 18.62
1.4 1*225 1200 a .3
1,6 1.248 1400 24.0
1,8 1.267 1600 26●9
2.0 Z0285 1800 29.8
2e5 1*332 2000 32.7
3*O 1.374 2600 40.4
3.5 1.412 3000 47.8
4. 1.447 3500 55*6
5. 1.513 4000 63*7
6* 1*572 5000 8000
8* 1.6?8 6000 96*8
10. le782 8000 13006
12. 1.901 10000 166.3
14. 2s009 12DO0 204.
160 2.109 14000 243●
1$● 2.198 16000 285.
2(3. 2.291 18000 3250
25e 2●489 20000 365.
30● 2e673 25000 470.
35. 2*851 30000 574.
40. 3.013 35000 674,
50. 3.327 40000 ?78e
60a 3e60 50000 980e
800 4.11 60000 1175.
100. 4.59 80000 1552e
120. 5.01 ~os 1905●
L40* 5*4O 1.2X10S 2234o
160. 5-76 1.4Xlo: 2549*
180s 6.16 lo6?U0 2851.

NATIONALADVISORY
COMMITTEEFORAERONAUTICS
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.

I*05
●O6
.10
●lo
●lo
●10
010
.10
●10
.10
●1O
●lo
.10
,10
.10
●1O
.10
.10
●10
.10
●01
.01
.01
.01
.01
●01
●01
.01
●01
.01
●01
.01
●01
●01
●01
.01
●01
.01

clz
009979

●9978
●9977
●9974
●9970
●9967
●9962
●9968
●9952
s9848
●9940
●9931
.9915
●9906
●9881
●9861
●9623
●9772
●9684
●9540
,9245
.9169
●9092
●9011
●8924
●8827
●8714
●8587
●8436
.8260
●8062
●7786
.7430
,6978
●6393
●5717
●5127
.5307

‘MBLEII*-COMPUTATIONOF A WATER-DROPTRAJECTORY
RU== 9e16x 10SJK =0.0581]

0,9978
●9976
●9975
●9972
●9968
.9964
●9960
●9965
●9950
●9944
●9935
.9922
09910
●9892
G9870
.9840
.9795
●9725
,9610
.9400
●8925
●8845
●8750
c8650
●8530
.8380
.8220
●8020
.7790
.7510
.7140
.6680
●611O
.5420
●4720
.4400
.5440
47000

1.001
1.002
10002
1.003
1.003
1.004
1.003
1●006
1.004
1.008
1.009
1,016
10009
1.024
1.019
1.038
1,050
1●083
1*126
1.220
1.379
1.382
1.596
1*41O
1●432
1s468
1*498
1.544
1.588
1.648
1.738
1.870
1.990
2s180
2m350
2.600
2,S36
2.540

:W:g

17.2461
17-2633
17.2633
17m2805
17,2633
17.3150
17.2805
17.3494
17-3666
17.4871
17,3666
17-6248
17.5387
17.8667
18.0723
18.6403
1903804
20.9983
23-7349
23-7866
24-0275
24s2685
24*6472
25.2668
25.7831
26-6749
27-3322
28-3649
29.9139
32e1859
34,2513
37e5216
40.4476
44.7504
43e6489
43.7177

000001
●0002
.0002

:=
●0003
●0002
●0003
●0002
.0004
●0005
,c009
●0006
●0014
.0011
.W22
,0028
●0047
●0074
●0141
.0320
●0324
●0342
.0362
●0394
.0447
.0484
●0667
●0647
.0750
●0922
●1106
●1320
,1558
●1673
.1317
-.0413
-*1693

0-001722
.002828
●OQ2983
.003884
,003228
●004662
.003691
●006042
●O04233
●008188
●008735
.016263
●O08762
.(X5168
.019503
.036625
●060684
.06837s
.143512
,296089
●760561
●771590
●822269
●878495
.971445
1.12943
le27384
1.50595
1-76591
1o97605
2*75776
3.56015
4*52165
5.84570
6-76844
5.89161
1080100
7s39926

2
~

bs2
T’n+o
‘sc

0.997814
.997673
.997s75
●996987
.996664
.996208
●995849
●995246
.994822
●984003
●993130
.991504
●990629
●988112
●986162
●982299
●977241
●9684(24
.954053
●924544
●916938

,.909222
.901199
●892414
.862700
●871406
.858668
.843609
.825950
●806190
,776612
.743011
●697796
.639339
●571655
.512739
●530749
●604742

.

.

NATIONAL AOVISORY

COMMITTEE FOR AERONAUTICS

.
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TAE611.-COMT_. CCXPUTATI~OFA m2ER=OP TRA~T~Y
[R@ -9*16x10s;K =0.0s811

90 n

$ f“
ts &

} I~ $-’ ~~ mjr ?‘# +~ s
) > yj $ 4+/< x x

v OW PM H ➤#? #

●C49895 0.0025WJOQ8e 2*1W 0A49893 1.95011 1.s000
●C49890

le60
●0026 .00141 3.5350 ●049887 1-90022 1,5861 1.76

.0997672!.0100 .00180 14.9179●0997s2 1.80047 1.7274 1.90
●0997S76.0100 .oo184 19*4212●099718 1.7ocn6 2.0250 2*2O
●0998987.0100 ●oo161 16.1412.099674 1.60108 2e3270 2.s0
●0996664●0100 ●00228 22.8102.099844 1.60144 2.6256 2*9O
.0998208.0100 .00180 17.9669,099603 1.40184 3.0997 3.50
.0995849.0100 .00302 30P2147 .0%9556 laSC229 S.7941 4a20
,099s245.0100 .O@ll 21.1686●099603 1.20279 4-4969 S*O
●0994822.OICQ .0CM09 40.9446.099441 1.10335 5.3662 6.0
.0994003●O1OO .004S6 43.6770.099357 1.00399 6.4667 7.4
.0993130.O1oo .00813 81,S160.099232 ●90476 8.08e2 992
.0891504.0100 .004s7 43-7638.099107 ●80s65 10.032 12.0
.099082s.0100 ●012S6 12s.841 .098937 .70871 13.452 1s.5
.0988112.0100 .00975 97.S16 .098714 .60800 17.061 20.0
●098616Z●O1OO .01931193.128 ●09W23 cS0958 22.21s 29.0
.0982299.0100 .02529252.922 .097877 .41160 34.3s3
●0977241

43.0
.0100 .04419441.868 .097282 .31432 49*995 70.0

.09t384c4●0100 ●07176 717-660 .096123 .21820 87e284 120.0

.0954053.0100 .147s4147s.44 .093930 ●12427 150.689 2s6.0

.m924s4 .Oopl .38028 38eCk?80.0092074 ●nso6 369e724 660.0
●0091693●Ooo1 .38560 S8e6796 .0091308 .10593
●0090922

4S8-621 750.0
.0001 .4111s 41.11s4.0090531 .09688 SIZ.687 680.0

.0090119.Ooo1 ●43924 4s.9247sO@9680 .08791 6#a9S4 1020.0

.0089241●Ooo1 ●48672 48eS722 .008876S .0790s 702.6SS

.0088270
1200.0

.0001 .68471 S6.471O.008770s .07026 826a222 ;SO&
.0087140.0001 .83692 63.6920-0088S03 ●06161 995.717
.0086866●0001 .75297 75.2970●00851138.Osno 1203.09 2300.0
c00WS60 .Ooo1 .88296 68.2960●0083478 .04476 1454s69 2800.0
cOW259S ●0001 .988(X298m8020●0081607 A3669 1862●S2 3800.0
.00%2619.Ooo1 1.S7886 13’?.888.008C4XOI.068S7 2411.94 480000
.0077661:.Oool 1078007178@07 .00760812cC@096 3126.S0 7000.0
.CKW4301.0001 2.26077226-077 ●00720403.01S76 4S78.08 1000O.O
.0069779.CKlol2s92286292.285 .00868668.007W 6S00.S7 160CG0
.006393s.Ooo1 2-38422338*422 .0060s497.Oolcz 99s9.82 26000.O
●O06’7166.OQol 2-%580 294-680 ●00542197-.(YX4O16031sS 42300s0
.005127S●0001 .90050 90.050 .005037s4-*CQ944 27786-8 6S000=0
.0053074.Ooo1 3.69963369-963 .00493763-.01438S%666.I 61700,0

NATIONALAOVISORY

00MMITTEE FOR AERC+IAUTIOS
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TABLE11-.CONTINUED*COMPUTATIONOFA WATKR-DROPTRAJtOTORY

●10000
.16386
●17256
●17496
.17282
.27440
●40220
,40689
●50s09
●63372
●93425
1.11178
1.9676
2.0473
Z*9S90
6.7844
8.6666
20.0041
3Z*7159
104.s11
22GZ’?6
?511.s79
S67.313
419,066
497.S66
674.778
804,283
1096c91O
1345.410
1937,68
Z388.06
S673,70
6626.92
9699.63
5060.Z
6269.0
7213.2
2034.9

1.72Z89
Ze8Z524
2.97599
3.02038
Ze$8517
4.74177
6e94330
7.02799
8.6936S
10.9947
16,2247
19,4418
34.2044
S6.0815
51.6463
1210206
156.625
372.882
634m(M7
2180.s6
6889.67
740Sm65
8826.61
lol.7old
lZZe587Xl~
170.486~
207.S69
291e50S

3S67.730A
649.621xl&
714.362*=
124,67W40

S
182.7Z9%
363-945
609e147Xlge
l1750548X10
1187a~26da
9630315~

[Iq2= 9015X 10S;K . G0681]

xf
$

31s$
& :

1.68614
1*72744
ZOC!25M
Z.S2706
2.63560
3.09978
3.’78411
4.49691
5.S6628
6*46676
8a068Z2
10.0s24
lSe4628
17,0610
22.2166
34.3ss4
49*9969
87~2641
160.689
S69.7Z4
438.631
51Z,687
6000934
7(W0636
8Z5e222
995.?17
1203.09
L494.69
1862eSZ
!411*94
S126dJ0
4373.08
6300,37
9939.82
60s1.s
?786.8
9666.1
9398.3

$
2

;
g
●

●076
●079
.172
.Zoz
.2s3
.Z62
.s09
●s79
.449
.6S6
.646
,808
1.00s
1*645
1.706
2.221
3*433
4*999
8*7ZB
16,068
3m697
4.386
6,126
6.009
7,026
8e26Z

1

9.967
12.(X3O
14.645
16.623
24.119
31.263
43.730
63.003
99,388
160.313
Z77,868
S96.661

8
8
19
2Z
26
29
34
41
49
69
73
91
117
15s
196
28S
422
681
1190
2802
404
478
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