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Abstract

In this study, the interactionof liquid droplets with dry andwettedsurfaces
are investigatedby using Direct Numerical Simulation (DNS). For the com-
putations an inhouse3D-CFD code(FS3D)hasbeenused. The aim of this
investigation wasto obtaina correlation describing thesplashing thresholdof
impinging liquid droplets on wettedsurfacesandto determine the maximum
extensiondiameterof dropletsspreading on a dry surface.Therefore previous
experimental investigations from literaturehave beenrecalculated by DNS.
Thenew obtainedsplashingthreshold is presentedin this paper anda correla-
tion for themaximumspreadingdiameter is confirmed.

1. Introduction

In many industrial applicationstheinteractionof liquid dropletswith dry andwettedsurfaces
areimportant. In carindustrydroplet-wall interactionphenomenaareof interestin improving
air conditioning systemsamongotherthings.Variousdropletwall phenomenalike splashing,
formationof wallfilm or re-entrainmentof dropletsoccurin the so-calledwaterboxof a car.
Thewaterboxis oneof thefirst partsof theair conditioning system.It is locatedunderneath
the windscreen. In caseof rain shower, air which is sucked in from the surrounding, can
containwaterdroplets.Theaim of thewaterboxis to separatethewaterdropletsfrom theair
flow to avoid contaminationof theairfilter andunwantedeffectslike foggingor frostingof the
windscreeninside thecar.
For numericalsimulationof therainwaterseparationin thewaterboxit is necessaryto develop
numericalmodelsfor dropletwall interactions.The aim of this study is to verify previous
correlationsandto obtainnew correlationsfor variousphenomenaby usingDirectNumerical
Simulation (DNS) for thecommercialCFD-CodeSWIFT[1].
In mostof thecorrelations,thefollowing dimensionlessparametersweretakento describethe



impingementof liquid dropletsonsurfaces:
Webernumber ���������
	��
�� 
� � � (1)

Ohnesorgenumber ��� � � �� ����� 
 � � � (2)

Reynoldsnumber � ��� � ������ � ����	 
 � 
� � (3)

anddimensionlessfilm height � � �� 
 (4)

where ��� , � � , � � denotethe density, the surfacetensionand the dynamicviscosity of the
liquid, respectively, and 	 
 and � 
 arethe impinging velocity normalto thewall andthe im-
pingingdiameterand

�
theheightof thefilm.

Theimpactphenomenaof a liquid dropletonasolidsurfacecanbedividedinto threedifferent
cases:the impingementon a high temperaturesurface(higherthantheLeidenfrosttempera-
ture), the impingementon a cold dry surfaceandthe impingementon a cold wettedsurface.
Thefirst caseis not consideredin this study. In Fig. 1 the investigatedphenomenawith two
differentoutcomesareshown.

Figure 1: Impingement of a droplet on a cold dry surface (Spreading) [left] and on a cold wetted
surface(Splash) [right]

Schelleretal. [2] investigatedthespreadingof a liquid dropletondry surfaces.They obtained
acorrelationfor themaximumspreadingdiameterdependingon

� �
and

���
. Cossalietal. [3]

investigatedthe impactof singledropletson wettedsurfaces.Thesplashing/deposition limit
is describedasa functionof

���
,

���
and

�
.

In the presentstudythe inhouseprogramFreeSurface3D (FS3D)hasbeenusedfor testing
thecorrelationsmentionedabove. ThisCFD-Codecalculatesthe3D Navier-Stokesequations
for incompressible fluidswith freesurfaces.All calculationshavebeendoneontheCrayT3E,
with gridsup to ���! �"$#�% cellsby calculatingonly a quarterof thedropletbecauseof assumed
symmetry. Only impactsnormalto thewall havebeeninvestigated.
Thecorrelationfor themaximumspreadingdiametercouldbeconfirmedby thecalculations.
Differencesbetweenthecorrelationfor theimpingementof aliquid dropletonawettedsurface
andthenumericalresultswerefound.Therefore,anew correlationfor thesplashingthreshold
wasevolved.



2. Empirical models

Thecorrelationof Schelleret al. [2] describesthemaximum spreadingdiameterasa function
of

� �
and

���
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Here � & is thedimensionlessmaximumdiameterdefinedastheratioof themaximum diameter�$7;8<: andtheimpactdiameter� 
 . Theinvestigatedrangesof thedimensionlessparametersare:(�*,($( ">= ��� = (�*@?BA�?
and �C D= � � =E� +BF�($( andasa resultof that "HG F = � � � ��� = ?BF  ($($( .

Thedropletdiametervariedin the rangeof "JIKI = � 
 = F IKI andthe impactvelocity in
therangeof � * GLINMHOP= 	 
 = F�*  JINM$O .
Cossaliet al. [3] presenteda correlationfor a splashing thresholdfor the impactof liquid
dropletsona wettedsurface.Thesplashing/deposition limit is describedin termsof thenum-
ber Q , wherebyonly thenormalcomponentof thevelocity is usedto determine

���
.Q � ���SR -/. T ���
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If animpingingdroplethasa Q valuehigherthan Q � , splashingoccurs.Thecritical value Q �
is in caseof awettedwall a functionof

�
only.Q � �)U � � # � "6� ($(WVX?BA$A$( � 04. T4T 5 � � ��$Y (7)

The correlationfor the splashing thresholdwas carriedout in a wide rangeof conditions:(�*,($( "$"Z= ��� = (�* � F � , " (H( = ��� =[� +H($( and
(
*\($A = � =[� * " . Thedropletdiameterwas� 
 � GLIKI and � 
 � G *@? IKI .

3. Numerical method

For computations,theinhouse3D-CFDprogramFS3D(FreeSurface3D) hasbeenused.This
codesolves the Navier-Stokes equationsfor incompressible flows with free surfaces. The
equationsaresolvedwithout a turbulencemodelby DirectNumericalSimulation (DNS).The
governingequationsareconservationfor momentum, massandenergy. In two phaseflowsad-
ditonalinformation abouttheinterfacepositionbetweenthedisperseandthecontinousphase
areneeded.In FS3Da Volume-Trackingmethod,well known astheVolume-of-Fluid (VOF)
method,is used[4]. In theVOF-methodanadditionaltransportequation] U]�^ V`_ba � 	 U # �)(

(8)

for thevolume fraction
U

(VOF variable)of thedispersedphaseis solved. TheVOF variable
is definedby Uc� degf (

in thecontinousphase(ihjUkh � at theinterface� in thedispersephase
(9)

With this variable,thechangesin densityandviscosity over thesurfacecanbecomputedby
theequations � �ml � ^ # � �'n V � ����op�'n # U �ml � ^ # (10)� �ml � ^ # � � n V � � ��o � n # U �ql � ^ # * (11)



Otherfluid propertiescanbeobtainedin asimilarmanner.
To ensureasharpinterfaceandto suppressnumericaldissipationof thedispersephasein each
stepthe interfaceis reconstructedwith the PLIC-method(Piecewise linear interface recon-
struction computation) [5]. After thereconstruction,thedispersephaseis transportedon the
basisof its reconstructeddistribution. The spatialdiscretizationis realizedby a structured
FiniteVolumeschemeonastaggeredgrid. In eachphasethediscretizationis second-orderac-
curate.Dueto thehighgradientsacrosstheinterfacea limiter is usedto preventtheformation
of oscillationsandspurioussolutions. Theprogramis parallizedwith domaindecomposition
using the communication library MPI. A multigrid solver is includedto solve the Poisson
equationfor thepressure.

4. Computations

The calculationsshown in this studyarefor dropletswith different initial velocities 	 
 , dif-
ferent diameters� 
 and different fluid properties( �'� , � � , � � ) to reachcertainWeberand
Ohnesorgenumbersandwith differentfilm heights

�
to obtaincertainvaluesfor

�
. Mostcom-

putationsaredonewith fluid propertiesfor waterbecauseof theapplicationin airconditioning
systems.The surrounding gasis air. The sizeof the computationaldomainvariedbetween(�* " ?Hr IK% , (�*sF'?Hr IK% , (�*\+Hr IK% and � * " r IK% dependenton thedropletsizeandtheoutcomings of
theinteractionandthedomainhasbeenresolvedwith a �C $"�tu�C �"�tv�C �" grid. Only aquarter
of the dropletwascalculateddueto symmetry. The time discretizationhasbeendoneby a
first-orderaccurateEulerscheme.

5. Results

For thenumericalcalculationsof themaximumspreadingdiameterthevaluesof thedimen-
sionlessparametersweretakenin arelatedrangeto theexperimentalinvestigationsof Scheller
et al. [2].
In Fig. 2 thenumericalresultscomparedwith thecorrelationof Schelleretal. [2] for adroplet
impinging on a dry wall aredisplayed.Thevaluesof thedimensionlessmaximum spreading
diameter� & andtherangeof

� � � ��� areplottedon a logarithmic scale.Thecontinousline is

wWx �zy|{~}@���
��m��B���
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Presentcalculation
Correlation[2]

Figure2: Correlation of themaximumnon-dimensional spreadingdiameter � & of adroplet impinging
on a dry wall anda picture of oneof thenumerical simulations



showing thecorrelationandthesquaresareshowing thenumericalcalculations.Thereis good
agreementwith thecorrelationin thecalculatedrangeof

� � � ��� .
To investigatethesplashing/depositionthresholdalargenumberof numericalsimulationshave
beendone. For this calculationsthe valuesof the dimensionlessparameterswerechosenin
the range

(�*,($( "H"�= ��� = (
*\( G , A�? = ��� =� (H( and
(�* ��= � =�� *,( . Thefluid properties

have beenchosensimilar to theexperimentalinvestigationsto getcomparableresults,water
andwater-glycerinmixtureshavebeenused.
In Fig. 3 andFig. 4 theWebernumberasa functionof thedimensionlessfilm height

�
for nu-

mericalandexperimentalinvestigationsfor two differentOhnesorgenumbersis shown. The
filled symbols are the experimentaldata,the opensymbols are the numericalresults. Cir-
clesarethesymbolsfor depositionandtrianglesfor splashing.In thenumericalcalculations
splashingoccursat lowerWebernumbersthanin experimental investigations.
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Figure3: Comparison of experimental andnumerical Webernumbers for the splashingthresholdat
differentvaluesof

�
at yW{����$�g������� anda pictureof a numerical simulation of a deposition
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Figure4: Comparison of experimental andnumerical Webernumbers for the splashingthresholdat
differentvaluesof

�
at yW{����$�g���$� anda picture of a numerical simulation of a splash
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Figure5: Splashing-threshold of Cossaliet al. [3] dependent on non-dimensionalfilm thickness
�

In Fig. 5 the numericalresultstogetherwith the experimental resultsandthe correlationof
Cossalite al. [3] areshown. All numericallyinvestigatedcasesarebelow theexperimentally
obtainedsplashingthreshold. Reasonsfor that may be inaccuraciesin experimentalmea-
surements,like problemsin reproducingthefilm heightandsurface,anddisturbancesin the
equipmentswhichcannotbemodelledin thenumericalsimulations.Dueto this inaccuracies
it is not possible to determinea sharpsplashing/deposition threshold,neitherin experiment
nor in numericalsimulations.
As aresultof thedifferencesbetweenthenumericalandtheexperimentalresults,anew thresh-
old wasobtainedaccountingfor both,thenumericalandtheexperimentalresults.In termsof
the applicationmostcalculationshave beendonewith water. Therefore,the first stepis to
deriveacorrelationfor waterdroplets.
Theinfluencingvaluesof theimpactonawettedwall investigatedin thisstudyare:density� ,
viscosity � , surfacetension� , dropletimpactdiameter� 
 , impactvelocity ¥ 
 andfilm height

�
.

Usingdimensionalanalysis[6], it is possibleto determinethecharacteristicdimensionlesspa-
rameters.ThesearetheWebernumber, Ohnesorgenumberandthedimensionlessfilm height.
Accountingfor thenumericalresultsof waterdroplets,acorrelationfor asplashing/deposition
thresholdis obtained,which is shown in Fig. 6. Thecorrelationsareof theform����¦��� 7 �~U � � # * (12)

In Fig. 6 the splashing thresholdfor waterdropletsis displayed.The numericallyobtained
splashesaredenotedby triangles,thedepositionsby circles.Thecontinousline is thecorrela-
tion for waterdropletsmentionedin Eq. 12.
Thecorrelationdevidesthe investigatedrangeinto two regions, below theline thereareonly
depositions,abovetheline thereareonly splashes.As mentionedbeforein spiteof thecorrela-
tion for waterdropletsit is not possible to obtaina sharpsplashingthreshold.By considering
the numericalresultsfor otherspeciesvaluesit is evident that the correlationdoesnot hold
for all numericalresults.Thusa correlationwasobtained,holding for both,all numericaland
experimentalresults. For that a lower andan upperlimit wasobtained. In Fig. 7 all three
correlationsareshown togetherwith all numericalandthe experimentalresults. The lower
andtheupperlimit devidesthedomaininto threeregions:adepositionregionandasplashing
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Figure6: Splashing-thresholdfor waterdependenton non-dimensionalfilm thickness
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Figure 7: Splashing-threshold for water and the upperand lower limit dependenton non-
dimensional film thickness

�
regionanda transitionareabetweenthis two regionsin whichboth,deposition andsplashing,
canoccur. Thedifferencesbetweenthecorrelationsareonly constantvalues.In termsof the
applicationin numericalmodelsthis is a greatadvantage.Thewidth of thetransitionareais
constant. « �­¬ ��� ¦�¯® 7¯°²±�³<³µ´�¶ o ¬ ��� ¦�¯® 7¯°�·,¸�¹�´�¶ � "$" * (13)

Thedifferencebetweenthevelocitiesbelongingto theupperandlower limit is dependenton
thespeciesvaluesandthedropletdiameterasshown in Eq. 14:« 	 � « a;¬ � % �º���»µ��» ° 7 * (14)

For a waterdropletwith diameter� 
 � � a � ( R %¼I , the velocity rangein the transition area



is

« 	 � � *,F�½ INMHO . For this dropletthe critical velocity rangefor an impacton a film with
height

� �¾?Pa � ( R T Ib� � �b(�*@? # is
F�* " ½ INM$O>= 	 
 = ?6*@½ GJINM$O , thatmeanssplashing occurs

aboveanimpactvelocityof
?
*@½ GLINMHO , while between

F�* " ½ INM$O and
?
*\½ GJINM$O thereis noexact

declarationpossible.
Becauseof the needof differentcorrelationsfor differentfluid propertiesit is supposedthat
thereareotherparameterswhichinfluencethedropletimpactonawettedwall not investigated
in thisstudy.

6. Conclusion

Two differentphenomenaof dropletwall interactionshavebeeninvestigatedin thisstudy. The
spreadingof a dropleton a dry wall and the impactof a dropleton a wettedwall. These
phenomenahave beencalculatedby usingDirectNumericalSimulation. Two previousinves-
tigationsaboutthesephenomenawerefoundin literatureandwererecalculatedin this study.
A correlationfor the maximumextensionof a droplet impinging on a dry surfacecould be
confirmed,andanew splashing/deposition thresholdhasbeendeveloped.
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