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Abstract. In the automotve industry Lattice-Boltzmanrtype flow solverslike
PowerFlav from ExaCorporationarebecomingincreasinglyimportant.Iln con-
trastto the traditionalfinite volume approachPaverFlow utilizes a hierachical
cartesiargrid for flow simulation.In this casestudywe shav how to take adwan-
tageof thesehierarchicalgridsin orderto extendan existing Lattice-Boltzmann
CFD environmentwith anautomotve soiling simulationsystem:To achieve this,
we choseto constantlygeneratea hugenumberof massie particlesin userma-
nipulableparticleemitters Theproces®f tracingtheseparticlesstepby stepthus
createsvolving particlestreamswhich canbedisplayednteractiely by our vi-
sualizationsystem Eachpatrticleis createdwith stochasticallyarying diameter
specificmassandinitial velocity, whereasalreadyexisting particlesmay decay
becausef aging, whenleaving the simulationdomainor when colliding with
thevehicles surface.On the onehandthe displayof theseanimatedparticlesis
avery naturalandintuitive way to explorea CFD dataset.On the otherhandan-
imatedmassve particlescanbe easilyutilized for driving an automotve soiling
simulationjust by coloringthe particles’hit pointson thevehicle’s surface.

1 Introduction and Motivation

In theflow visualizationcommunitymary CFD simulationandvisualizationen-
vironmentshave beenpresentedn the past[6,5,3,1,2,10]. In orderto solve
the Navier-Stokesequationsnostof todaysavailablesimulationapplicationsare
basedon the finite volume approachwhich is well knovn and establishedn
the automotve industry More recentapproachesuchasPaverFlov from Exa
Corporation[4] usea Lattice-Boltzmanrsimulationalgorithmbasedon hierar
chically refinedcartesiargrids (seeFigure 1). With PoverFlov now beingused
asastandardlow solver in mary developmentprojectsespeciallyin automotve
aerodynamicstherehad beenthe demandfor a visualizationsystemthat could
take adwantageof the specialpropertiesof the hierarchicalgrids. In cooperation
with theBMW Group,Munich, sucha visualizationsystemwasdevelopedead-
ing to a visualizationapplicationthatallows interactive andintuitive exploration
of aCFD dataset[7]. A varietyof well known flow visualizationtechniquedike
particle probesand cutting planeshave beenincorporatednto the visualization
system(seeFigure?2), which canbe configuredalsofor immersie ervironments
like the PowverWall or the CAVE.



Fig. 1. The wireframesshav the boundarie®f a hierarchicalcartesiargrid,
which is refined at the most interestingregions of a BMW 5 seriesfor a
Lattice-Boltzmanrype CFD simulation.

Startingwith this approachthe following obserationsleadto the development
and inclusion of a soiling simulationmoduleinto the visualizationsystem:In
the traditional developmentprocessa vehicle cannotbe checled for its soiling
behaiour until an operablefull-scalemodelis available. Sincethis is the case
only attheendof thedesignprocesspur goalwasto extendthe existing Lattice-
Boltzmannflow simulationandvisualizationervironmentin suchaway thatthe
flow engineemwould be ableto predictandunderstandhe soiling behaiour ata
muchearlierdesignstage.Therefore soiling problemscould be detectedbefore
the expensve full-scale prototypesare being built. In orderto achieve this we
developeda particleanimationsystemwhichis ableto interactively simulatethe
evolution of particlestreamsconsistingof a large numberof dustparticles.The
sustainedreationandsimulationof massie particleswith stochasticallywarying
diameter initial velocity, initial positionand specificmassproducesa growing
andevolving particlestreamwhich mimicsthe propertiesof dust.Eachparticle
of the streameventually decayseitherbecauséts ageis exceedingthe allowed
life time, or whena particle leavesthe domainof the simulation,or becausea
collision with the vehicles surfaceoccured . Thenthe accumulatiorof duston a
carcanbevisualizedsimply by meanf coloringeachparticles hit pointonthe
vehiclesurface.

2 Physical Propertiesof Dust Particles

Thefirstandmostimportantsteptowardsarealisticsoiling simulationis to model
the physicalpropertiesof dustcorrectly We chooseto restrictour modelto dry

driving conditions becauseherearenumeroudessunderstooeffectsthatinflu-

encesoiling in awet environment.Without greatlossof accurag dustparticles
canbeidealizedasspheresvith adiameterD, anda specificmasspp. Thedrag
coeficient ¢y, which characterizehe forcesinducedon a dustparticle by the
fluid flow, basicallydependsn the particle’s diameterandits velocity Avp rela-
tiveto theflow. In generalthedragcoeficienthasto bemeasure@xperimentally
but for the low Reynoldsnumbers(with typical valuesof Re up to 10) we en-



Fig.2. An exampleof traditional flow visualizationtechniquesA cutting
planeshaving pressurevaluesand several unanimatedarticlesprobeslike
streanlines, streanribbonsandglyphs.

counterin automotve CFD simulationghe dragcoeficientcanbe approximated
with sufiicientaccurag by theformulaof O’'Seen
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Reawriting the formula of O’Seen sothatRe is eliminated,we arrive at the fol-
lowing equationfor the drag coeficient cy, in an air flow with densitypajr =

1.3 kg/m? andviscosityva; = 107> m?/s:
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Next we substitutethe drag coeficient cq, in the formula, which describeghe
forcesinducedon the particlesby the fluid flow andwe derive the following
equatiorfor a force Fp thatdrivesa particleof diameterDp, flow-effective area

Ap = FTDp2, massmp = EpprDp® andrelative velocity Avp:
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3 Massive Particle Tracing on Cartesian Grids

Now eachdustparticlethatwasemittedwith stochasticallwaryingdiameteDp,
specificmasspp, initial velocity vy, andinitial positionxy, is treatedasa point
mass.Accordingto thefollowing secondorderdifferentialequationthe integra-
tion of a particle’s pathis accomplishedby anadaptve, embeddedRunge-Kitta
particletracer which integratesthe acceleratioray(t) of a dustparticleto com-
putetheparticle’s positionaftera determinegeriodof time [9].
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Both the influenceof thefluid flow andgravity mustbe accountedor, thusthe
totalacceleratiomddsupto ap(t) = F,‘;]—(:) +gwith g=—9.81m/s?. Adaptive em-
beddedRunge-Kittatracershave beenevaluatedin depthin numericalanalysis.
As the domainof the integrationis basicallya trilinearly interpolatedand hier-
archicallyrefinedcartesiargrid it canbe shavn thatanembeddedRunge-Kitta
integrator of order4(3) is fully suficient with respectto integration accurag.
Takingthis into accountwe reimplemented particletracerassuggestedn [8].
Theintegrationstepsize,however, tendsto berathersmallfor particlediameters
well below 3um. Fortunately the averagediameterof the relevant dustparticles
liesin therangeof 5 to several 10Qum.

4 Near-Surface Effects

For soiling simulationsthe correctnearsurfacebehaiour of the simulateddust
particlesplaysanimportantrole with respecto simulationaccurag. The adhe-
sionprobabilityof aparticledependsnainly onthespeedy whichit is approach-
ing thesurface Fasteparticlesaremorelik ely to hit thesurfacethansloverones.
Sinceflow velocity is zeroon the vehicles surface the adhesiorof eachparticle
is drivenby its momentumandby electrostatieffects(seeFigure3). At thetime
of writing thelattereffectis notyet completelyunderstoocdndwill be subjectto
furtherresearclactiities. For nov we assumehatthe electrostatidorcesareof
inversequadraticorder(Fe = Ce- r% with ce beinganelectrostatidield coeficient
andr beingthe Hausdorf distanceo thevehicles surface).
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Fig. 3. A dustparticlethatis acceleratedby its movementrelative to the di-
rectionof theflow andby electrostatiandgravitationalforces.

Thecartesiamepresentatioof theflow field impliesseveralrestrictionsIn prin-
ciple, thevehiclegeometrnhasto be storedandhandledexplicitly, sincethesim-
ulation grid is derived by voxelization.For the samereasonspecialcarehasto
betakenwhenmodelingary nearsurfaceeffect. In a correctphysicalsettingthe



flow velocity, for example,is zeroon the vehicles surfaceas said before.This
conditionis not guaranteedvhenusinga cartesiarflow representatiorhecause
of thefinite resolutionof the grid. To compensatéor thatwe definea so called
nearsurfacezone.lts thicknessequalsthe sizeof the smallestvoxelsin the grid
(seeFigure4). Insidethis nearsurfacezonetheflow velocity is attenuatedby the
squareroot of the normalizedHausdorf distanceo the vehicle’s surface.These
distancesrecalculatecn-the-flyby utilizing anoctreerepresentationf the ex-
plicit setof surfacetriangles.
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Fig. 4. Hierarchicalgrid representatiowith explicit vehiclesurfaceandnear
surfacezone.

5 Massive Particle Visualization

With aparticletracerasdescribe@bove acloudof dustparticlescanbeanimated
by continuouslyproceedingrom keyframek, to keyframeky.1. Duringthattask
new particlesarebeingcreateccontinuouslyin the extentof the particleemitters
emplg/ing a stochasticaprocessasmentioneefore.Lik ewise,afractionof the
particlesis decayingconstantlybecausef theirage whencolliding with thesur

faceof the vehicle,or whenleaving the domainof the simulation.The emeging

streamof dustparticlesis visualizedby a virtual camerawith constanexposure
time, suchthat particleswith highervelocity resultin longertraceson eachim-

ageof the animationthanslower ones(seeFigure5). This providesthe viewer

with animproved physicalandthree-dimensionahsightinto the flow proper

ties, sincethe velocity of eachparticleis implicitly visible. By utilizing SGI's

Cosmo3D/OpenGL-Optimiz#re particleanimationis embeddedhto animmer

sive ervironment,which providesthe flow engineemwith the ability to navigate
andmanipulatethe particle emittersin anintuitive way. This procedures very
similar to the handlingof smole probesin a real-world wind tunnel,hencethe
acceptancef suchavisualizationtechniques high.

Onetheonehandwe mentionedhatwe wantedto tracetheparticlesatreal-time,
but for anapproachindglow with a typical velocity of u, = 20 m/s a particleis



passinghevehiclein circa0.3 second®ntheaveragewhichis fartoo fastfor a
humanviewerto catchary details.Thesolutionis to interactvely tracethe parti-
cle cloudin slow motion.On the otherhanda particleis very likely to leave the
simulationdomainbeforeit hasreached particleageof typically 2 to 4 seconds,
which mainly depend®n the massof the particles.Undernormalconditionsthe
total numberof tracedparticlesthenstabilizeson a level thatis determinedby
thefrequeng of particlesbeingcreatedandthe averagetime the particlesspend
in thedomainof thesimulation.In ourcase however, we have foundit necessary
to setthe maximumlife time of a particleto about5 secondgo reliably pre-
venttherarecaseof particlesrotatingendlesslydueto simulationor integration
errors.Otherwisea constantlyincreasingnumberof simulatedparticleswould
slow down the simulation.

The continuousstepby stepintegrationof the entire particlestreamcanbe par
allelized efficiently. Therefore,the simulationcan be spedup dramaticallyon
symmetricalmulti-processingystemsNeverthelessthe tracing of massve an-
imatedparticlesat high framerategequiresan enormousamountof flow field
evaluationsandinterpolationger secondBy takingadwantageof the hierarchi-
cal cartesiargrids, cell localizationandtrilinear interpolationcanbe performed
very efficiently, so that a high numberof animatedparticlescan be displayed
simultaneously

Fig.5. Stepsl to 5 of aninteractve particleanimation.Dust particlesare emitted
from a small userdefinablewireframebox behindthe car The emeging massie
particlestreamis first moving down andthenup the backwindow. Eventually it is
diverging atthetop of the cardueto shearingorces.

Now the accumulatiorof dirt on a vehicle’s surfacecanbe visualizedeasilyby
coloring the hit points on the surface of the car In our casethe nearestver-
ticeson the car surfaceare searchedThe color of eachof the verticesis deter



minedby colorcodinghenumberof encounteredits. Forthatpurposehardvare-
accelerated D-texturesareemplagyed,whichalsoallow smooth Gouraud-shaded
transitionsbetweenthe vertices.In orderto acceleratehe detectionof the hit
points we are taking adwvantageof an octreerepresentatiorof the explicit car
surface,which reduceghe total numberof visited trianglesfrom 70.0000f the
original CAD modelto anaverageof 8 to 15trianglesperoctreesearchBy stor
ing a singlebit pervoxel, which denoteghe presencef geometrywe canspeed
up collision detectionevenfurther

6 Resultsand Conclusion

A seriesf screenshotom asoiling simulationemplg/ing thetechniquesnen-
tionedaboveis shawn in Figure6. Thetotal runtime wasapproximatel\24 hours
of continuougarticleanimationwith screenshotakenafter 15 minutes 45 min-

utes,2 hours,12 hoursandfinally 24 hours.During the simulationrun our par

ticle animationsystemwas simultaneouslytracingan averagenumberof about
930dustparticleson an SGI OctaneMXI. With its dual250 MHz MIPS R10K
processorgherefreshrateof the multi-threadedanimationwas? Hz, which cor

responddo a speedumf about85%in comparisorto a singleprocessosystem.
Undernormaldry driving conditionsthe probability for a singledustparticlein

the air to hit the caris fairly low. Whenusingtime-averagedflow fields, which

smoothoutthetransienflow componentgheprobabilityby whicha particlehits
thesurfaceis reducedevenfurther Thereforethe main problemof a soiling sim-

ulation asdiscussedbore is the hugenumberof emittedparticlesthat mustbe
tracedin orderto achieve a sufficiently smoothdustdistribution on the vehicles

surface.To improve thiswe areplanningto usetime-dependerftow fieldsin the
future.Besideghis,avarietyof lessunderstoogbhysicaleffectsandenvironmen-
talinfluenceanalesit very difficult to compareheresultof a soiling simulation
to the real-world evaluationsconductedby BMW. Neverthelesswe have been
ableto verify thatour physicalmodelof the dustbehaiour is suficiently exact.

In orderto improve our knowledgeaboutthe involved electrostatieffectsnear
the vehicles surfacefurtherresearchactvities areneededIn the meantime our

efforts will sene asa basisfor further convemgencetowardsthe comple real-
world soiling situationand as an accompawing visualizationtool for the flow

engineers.
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Fig. 6. Stepsl to 5 of asoiling simulationrunningfor approximately24 hours
onadualprocessoS5GI OctaneMXI with 2x250MHzMIPS R10K. Thecol-
orcodingshaws the hit rate of particlescolliding with the carbody Redhot
spotsindicateareaswith a high degreeof soiling.
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Stepsl to 3 of aninteractve particleanimation.Dust particlesareemittedfrom a
smalluserdefinablewireframebox behindthe car The emeging massve particle
streamis firstmoving down andthenupthebackwindow. Eventually it is diverging
atthetop of the cardueto shearingorces.

Stepsl to 3 of a soiling simulationrunningfor approximately24 hourson a dual
processoSGI OctaneMXI with 2x250MHzMIPS R10K. The colorcodingshavs
thehit rateof particlescolliding with thecarbody Redhotspotsindicateareasvith
ahigh degreeof soiling.



