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Abstract

In this study, the interaction of liquid droplets with dry and wetted surfaces
are invegigatedby using Direct Numericd Simulaton (DNS). For the com-
putdions an inhouse3D-CFD code (FS3D) hasbeenused. The aim of this
investigation wasto obtaina correlation descibing the splasing threshold of
impinging liquid droplets on wettedsurfacesandto detemine the maximum
extension diameterof droplets spreadhg onadry surface.Therefae previous
expefimental invesigations from literature have beenrecdculated by DNS.
The new obtaired splashingthreshold is presetedin this pape andacorrda-
tion for themaximumspreadingdiameer is corfirmed.

1. Introduction

In mary indugrial applicationgheinteractionof liquid dropletswith dry andwettedsurfaces
areimportant. In carindustrydroplet-wall interactionphenomenareof interestin improving
air conditionng systemsamongotherthings. Variousdropletwall phenomenéik e splashing
formationof wallfilm or re-entrainmenbf dropletsoccurin the so-calledwaterboxof a car.
The waterboxis oneof thefirst partsof the air conditicning system.lIt is locatedunderneath
the windscreen. In caseof rain shaver, air which is sucled in from the surroundng, can
containwaterdroplets.The aim of the waterboxis to separatehe waterdropletsfrom the air
flow to avoid contamirationof theairfilter andunwantedeffectslik e foggingor frostingof the
windscreernnside thecar.

For numericalimulationof therain waterseparatiorin thewaterboxt is necessaryo develop
numericalmodelsfor dropletwall interactions. The aim of this studyis to verify previous
correlationsandto obtainnew correlationdor variousphenomenéy usingDirectNumerical
Simulaton (DNS) for the commercialCFD-CodeSWIFT[1].

In mostof thecorrelationsthefollowing dimensioessparametersveretakento describehe



impingementof liquid dropletson surfaces:
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wherep;, o1, 1, denotethe density the surfacetensionandthe dynamicviscosty of the
liquid, respectiely, andu; andd; aretheimpinging velocity normalto the wall andthe im-
pingingdiameterandh the heightof thefilm.

Theimpactphenomenaf aliquid dropletonasolid surfacecanbedividedinto threedifferent
cases:itheimpingenenton a high temperaturesurface (higherthanthe Leidenfrosttempera-
ture), theimpingenenton a cold dry surfaceandthe impingenenton a cold wettedsurface.
Thefirst caseis not consideredn this study In Fig. 1 theinvestgatedphenomenavith two
differentoutcomesareshawn.

Figure 1. Impingementof a dropet on a cold dry surface (Spreadhg) [left] and on a cold wetted
surface (Spla$) [right]

Schelleretal. [2] investgatedthe spreadingf aliquid dropletondry surfaces.They obtained
acorrelationfor themaximumspreadingliameterdependingn Re andOh. Cossalietal. [3]
investgatedthe impactof singledropletson wettedsurfaces. The splashingdepositio limit
is describedasafunctionof We, Oh andé.

In the presentstudythe inhouseprogramFreeSurface 3D (FS3D) hasbeenusedfor testirg
thecorrelationanentionedabove. This CFD-Codecalculateghe 3D Navier-Stokesequations
for incompressite fluids with free surfaces.All calculationshave beendoneontheCrayT3E,
with gridsupto (192)* cellsby calculatingonly a quarterof the dropletbecausef assumed
symmetry Only impactsnormalto the wall have beeninvestgated.

The correlationfor the maximumspreadingliametercould be confirmedby the calculations.
Differencedetweerthecorrelationfor theimpingemenof aliquid dropletonawettedsurface
andthenumericalresultswerefound. Thereforeanew correlationfor thesplashinghreshold
wasevolved.



2. Empirical models

Thecorrelationof Schelleretal. [2] describeshe maximum spreadingliameterasa function
of Re andOh: g

d* = 0.61(Re*Oh)™'% P oAt == (5)
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Hered* is thedimensimlessmaximumdiametedefinedastheratio of themaximun diameter
dmee @ndtheimpactdiameterd;. Theinvegigatedrangef thedimensonlesgparameterare:
0.002 < Oh < 0.585 and19 < Re < 16400 andasaresultof that234 < Re?Oh < 549000.
The dropletdiametervariedin the rangeof 2mm < d; < 4 mm andtheimpactvelocity in
therangeof 1.3m/s < u; < 4.9m/s.

Cossaliet al. [3] presentedh correlationfor a splashing thresholdfor the impactof liquid
dropletson a wettedsurface.The splashiig/depositbn limit is describedn termsof the num-
ber K, wherebyonly the normalcomponenbf the velocity is usedto determinéV e.

K =0h™"*We (6)

If animpingingdroplethasa K valuehigherthanK;,, splashing occurs.Thecritical value Ky,
isin caseof awettedwall afunctionof § only.

K, = f(6) = 2100 + 5880 5"+ C§ = 7)

The correlationfor the splashiig thresholdwas carriedout in a wide rangeof conditions:
0.0022 < Oh < 0.141, 200 < We < 1600 and0.08 < § < 1.2. Thedropletdiameterwas
d; = 3mm andd; = 3.5 mm.

3. Numerical method

For computatims,theinhouse3D-CFD programFS3D(FreeSurface3D) hasbeenused.This
code solvesthe Navier-Stokes equationsfor incompressile flows with free surfaces. The
equationsaresolvedwithout a turbulencemodelby DirectNumericalSimulaton (DNS). The
governing equationsareconserationfor momentun, massandenengy. In two phasedlows ad-
ditonalinformation aboutthe interfacepositionbetweernthe disperseandthe continousphase
areneeded.In FS3Da Volume-Trackingmethod,well knowvn asthe Volume-of-Fuid (VOF)
method,s used[4]. In the VOF-methodanadditionaltransportequation

of .
G TV =0 ®)
for the volume fraction f (VOF variable)of the disperseghaseis solved The VOF variable

is definedby

0 in the continousphase
f=¢ 0<f<1 attheinterface (9)
1 in thedispersgphase

With this variable,the changesn densityandviscosty over the surfacecanbe computedby
theequations

p(z,t) = pc + (b — pc)f(z, 1) (10)
u(z,t) = pe + (ur — pe) f(z,1). (11)



Otherfluid propertiescanbe obtainedn a similar manner

To ensurea sharpinterfaceandto suppressiumericaldisspationof thedispersephasen each
stepthe interfaceis reconstructedvith the PLIC-method(Piecewise linear interface recon-
struction computaibn) [5]. After the reconstructionthe dispersephases transportedn the
basisof its reconstructedlistribution. The spatialdiscretizationis realizedby a structured
Finite Volumeschemenastaggeredrid. In eachphasehediscretizationis second-ordeac-
curate.Dueto thehigh gradientsacrosgheinterfacea limiter is usedto preventtheformation
of oscillationsandspurioussoluions. The programis parallizedwith domaindecompogion

using the commuiication library MPI. A multigrid solver is includedto solve the Poisson
equationfor the pressure.

4. Computations

The calculationsshowvn in this studyarefor dropletswith differentinitial velocitiesu , dif-

ferentdiametersd; and differentfluid properties(pr, 1z, o) to reachcertain Weberand
Ohnesogenumbersaandwith differentfilm heightsh to obtaincertainvaluesfor 6. Mostcom-
putationsaredonewith fluid propertiedor waterbecaus®f theapplicationin airconditionirg

systems.The surroundiig gasis air. The size of the computationablomainvaried between
0.25cm3, 0.45em?, 0.6cm? and1.2cm? dependenbn the dropletsize andthe outcoming of

theinteractionandthe domainhasbeenresohedwith a192 x 192 x 192 grid. Only aquarter
of the dropletwas calculateddueto symmetry The time discretizationhasbeendoneby a
first-orderaccurateEulerscheme.

5. Resaults

For the numericalcalculationsof the maximumspreadingdiameterthe valuesof the dimen-
sionlesparametersveretakenin arelatedrangeto theexperimentainvestgationsof Scheller
etal. [2].

In Fig. 2 thenumericalresultscomparedvith thecorrelationof Schelleretal. [2] for adroplet
impinging on a dry wall aredisplayed.The valuesof the dimensonlessmaxinum spreading
diameterd* andtherangeof Re?Oh areplotted on a logarittmic scale. The continoudine is
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Figure2: Correlaton of the maximumnon-dimensonal spreadingdiameer d* of adroplet impinging
onadry wall anda picture of oneof the numercal simuldions



shaving thecorrelationandthe squaresreshaving thenumericalcalculations Thereis good
agreemenwith the correlationin the calculated-angeof Re?Oh.
Toinvestgatethesplashingdepositiorthresholdalargenumberof numericakimulatonshave
beendone. For this calculationsthe valuesof the dimensonlessparametersvere chosenin
therange0.0022 < Oh < 0.03,85 < We < 900 and0.1 < § < 1.0. Thefluid properties
have beenchosensimilar to the experimentalinvestgationsto get comparableesults,water
andwaterglycerinmixtureshave beenused.

In Fig. 3 andFig. 4 theWebernumberasa functionof thedimensiotessfilm heights for nu-
mericalandexperimentalinvestgationsfor two differentOhnesoge numberss shavn. The
filled symlwols are the experimentaldata, the opensymbok are the numericalresults. Cir-
clesarethe symbolsfor depositionandtrianglesfor splashing.In the numericalcalculations
splashingoccursat lower Webernumberghanin experimenal investgations.
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Figure 3: Comparisa of experimental and numerial Webernumbes for the splashing threshold at
differentvaluesof § at Oh = 0.0106 anda picture of anumertcal simulaion of a depogtion
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Figure4: Compariso of experimental and numerial Webernumbes for the splashingthreshold at
differentvaluesof § at Oh = 0.031 anda picture of anumeri@l simulaion of a splash
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Figureb: Splasling-threstold of Cossalietal. [3] depandert on nondimensonalfilm thicknesss

In Fig. 5 the numericalresultstogethermwith the experimenal resultsandthe correlationof
Cossalite al. [3] areshowvn. All numericallyinvestigatedcasesarebelow the experimentaly
obtainedsplashingthreshold. Reasondor that may be inaccuraciesn experimentalmea-
surementslik e problemsin reproducinghe film heightandsurface,anddisturbance the
equipmentsvhich cannotbe modelkedin the numericalsimuations. Dueto thisinaccuracies
it is not possilte to determinea sharpsplashingdepositiom threshold,neitherin experiment
norin numericalsimulatians.

As aresultof thedifferencedetweerthenumericalandtheexperimentatesultsanew thresh-
old wasobtainedaccountingor both,the numericalandthe experimentakesults.In termsof
the applicationmost calculationshave beendonewith water Therefore,the first stepis to
derive acorrelationfor waterdroplets.

Theinfluencingvaluesof theimpacton a wettedwall investgatedin this studyare: densityp,
viscosit i, surfacetensions, dropletimpactdiameterd ;, impactvelocity v; andfilm heightd.
Usingdimensimal analysig6], it is possibleto determinghe characteristidimensonlesspa-
rametersThesearethe Webernumber Ohnesage numberandthe dimensonlesfilm height.
Accountingfor thenumericalresultsof waterdropletsacorrelationfor asplashingdepositio
thresholds obtainedwhichis shavnin Fig. 6. The correlationsareof theform

Wen
)]

(12)

In Fig. 6 the splashimg thresholdfor waterdropletsis displayed. The numericallyobtained
splashesredenotedoy triangles thedepositonsby circles. The continausline is thecorrela-
tion for waterdropletsmentionedn Eq. 12.

The correlationdevidestheinvestgatedrangeinto two regions below theline thereareonly

depositims,abovetheline thereareonly splashesAs mentionedeforein spiteof thecorrela-
tion for waterdropletsit is not possibé to obtaina sharpsplashinghreshold.By considering
the numericalresultsfor otherspeciesvaluesit is evidentthat the correlationdoesnot hold

for all numericalresults.Thusa correlationwasobtained holding for both,all numericaland
experimentalresults. For that a lower and an upperlimit wasobtained. In Fig. 7 all three
correlationsare shavn togetherwith all numericalandthe experimentalresults. The lower

andtheupperlimit devidesthe domaininto threeregions:adepositiorregion anda splashirg
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Figure 7: Splashing-threshdlfor water and the upperand lower limit dependenbn non-
dimensimal film thickness)

region anda transitionareabetweerthis two regionsin which both,depositim andsplashing
canoccur Thedifferencesdbetweerthe correlationsareonly constantvalues.In termsof the
applicationin numericalmodelsthis is a greatadvantage.The width of the transitionareais

constant.
A= (We ) . (We ) — 9. (13)
On™ upper On™ lower

Thedifferencebetweerthe velocitiesbelongingto the upperandlower limit is dependenbn
the speciesaluesandthedropletdiameterasshavnin Eq. 14:

3,2\ ™M
Au:A-(Z5g5> | (14)

For a waterdropletwith diameterd; = 1 - 102 m, the velocity rangein the transition area



is Au = 1.47m/s. For this dropletthe critical velocity rangefor animpacton a film with
heighth = 5-107*m (6 = 0.5) is4.27m/s < u; < 5.73m/s, thatmeanssplashig occurs
above animpactvelocity of 5.73 m/s, while betweent.27 m /s and5.73 m/ s thereis no exact
declaratiorpossble.

Becauseof the needof differentcorrelationsfor differentfluid propertiest is supposedhat
thereareotherparametersvhichinfluencethedropletimpactonawettedwall notinvestgated
in this study

6. Conclusion

Two differentphenomenaf dropletwall interactionshave beeninvestgatedin thisstudy The

spreadingof a dropleton a dry wall and the impactof a dropleton a wettedwall. These
phenomen&ave beencalculatedby usingDirect NumericalSimuldion. Two previousinves-
tigationsaboutthesephenomenaverefoundin literatureandwererecalculatedn this study

A correlationfor the maximumextensionof a dropletimpinging on a dry surface could be

confirmed,anda new splashingdepositim thresholchasbeendeveloped.
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