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Abstract. In the automotve industry Lattice-Boltzmanrtype o w solerslike
PowerFlav from ExaCorporationarebecomingincreasinglyimportant.in con-
trastto the traditional nite volume approachPowverFlav utilizes a hierachical
cartesiargrid for o w simulation.In this casestudywe shav how to take adwan-
tageof thesehierarchicalgridsin orderto extendanexisting Lattice-Boltzmann
CFD ervironmentwith anautomotve soiling simulationsystemTo achieve this,
we choseto constantlygeneratea hugenumberof massve particlesin userma-
nipulableparticleemitters Theproces®f tracingtheseparticlesstepby stepthus
createsvolving particlestreamswhich canbedisplayednteractively by our vi-
sualizatiorsystem Eachparticleis createdwith stochasticallywarying diameter
speci ¢ massandinitial velocity, whereasalreadyexisting particlesmay decay
becauseof aging, whenleaving the simulationdomainor when colliding with
thevehicles surface.On the onehandthe displayof theseanimatedparticlesis
avery naturalandintuitive way to explorea CFD dataset.Ontheotherhandan-
imatedmassie particlescanbe easilyutilized for driving an automotve soiling
simulationjust by coloringthe particles'hit pointsonthevehicle’s surface.

1 Intr oduction and Motivation

In the o w visualizationcommunitymary CFD simulationandvisualizationen-
vironmentshave beenpresentedn the past[6,5,3,1,2,10]. In orderto solwe
the Navier-Stokesequationsnostof todaysavailablesimulationapplicationsare
basedon the nite volume approachwhich is well knovn and establishedn
the automotve industry More recentapproachesuchasPaverFlov from Exa
Corporation[4] usea Lattice-Boltzmanrsimulationalgorithmbasedon hierar
chically re ned cartesiargrids (seeFigure 1). With PoverFlov now beingused
asastandardo w solver in mary developmentprojectsespeciallyin automotve
aerodynamicstherehadbeenthe demandfor a visualizationsystemthat could
take adwantageof the specialpropertiesof the hierarchicalgrids.In cooperation
with theBMW Group,Munich, sucha visualizationsystemwasdevelopedlead-
ing to avisualizationapplicationthatallows interactve andintuitive exploration
of aCFD dataset[7]. A varietyof well knowvn o w visualizationtechniquesike
particle probesand cutting planeshave beenincorporatednto the visualization
system(seeFigure2), which canbe con guredalsofor immersve ervironments
like the Pover\Wall or the CAVE.



Fig. 1. The wireframesshav the boundarie®f a hierarchicalcartesiargrid,
which is re ned at the mostinterestingregions of a BMW 5 seriesfor a
Lattice-Boltzmannype CFD simulation.

Startingwith this approachthe following obserationsleadto the development
andinclusion 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-
Boltzmann o w simulationandvisualizationervironmentin suchaway thatthe
o w engineewould 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 interactvely simulatethe
evolution of particlestreamsconsistingof a large numberof dustparticles.The
sustainedreationandsimulationof massve particleswith stochasticallywarying
diameter initial velocity, initial positionandspeci c massproducesa groving
andevolving particlestreamwhich mimicsthe propertiesof dust.Eachparticle
of the streameventually decayseitherbecauséts ageis exceedingthe allowed
life time, or whena particleleavesthe domainof the simulation,or because
collision with the vehicle's surfaceoccured Thenthe accumulatiorof duston a
carcanbevisualizedsimply by meansf coloringeachparticle’s hit pointonthe
vehiclesurface.

2 Physical Propertiesof Dust Particles

The rst andmostimportantsteptowardsarealisticsoiling simulationis to model
the physicalpropertiesof dustcorrectly We chooseto restrictour modelto dry
driving conditions becaus¢herearenumerougessunderstooeffectsthatin u-

encesoiling in awet environment.Without greatlossof accuray dustparticles
canbeidealizedasspheresvith adiameterD, anda speci ¢ mass . Thedrag
coefcient ¢y, which characterizethe forcesinducedon a dustparticle by the
uid ow, basicallydepend®n the particle’s diameterandits velocity Dvp, rela-
tivetothe o w. In generalthedragcoefcient hasto bemeasuredxperimentally
but for the low Reynoldsnumbers(with typical valuesof Re up to 10) we en-



Fig.2. An example of traditional ow visualizationtechniquesA cutting
planeshawving pressurevaluesand several unanimatedarticlesprobeslike
streanlines, streanribbonsandglyphs.

counterin automotve CFD simulationghe dragcoefcient canbeapproximated
with sufcient accurag by theformulaof O'Seen
24 3
- 1 — 10 O'Seen
G & ! g FRe S
Rewriting the formula of O'Seen sothatRe is eliminated,we arrive at the fol-
lowing equationfor the drag coefcient cq, in anair ow with densityr 4r

13kg me andviscosityna; 10 ®m? s:
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Next we substitutethe drag coefcient Cd, in the formula, which describeghe

forcesinducedon the particlesby the uid ow andwe derve the following

equationfor a force Fp thatdrivesa particleof diameterDp, o w-effective area

Ao  1pDp? massm, iropDp® andrelative velocity Dvp:
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3 Masswe Particle Tracing on Cartesian Grids

Now eachdustparticlethatwasemittedwith stochasticallywaryingdiameteDp,
speci ¢ massr p, initial velocity vy, andinitial positionxg, is treatedasa point
mass.Accordingto the following secondorderdifferentialequationtheintegra-
tion of a particle’s pathis accomplishedy anadaptve, embeddedRunge-Kitta
particletracer which integratesthe acceleratiora, t of a dustparticleto com-
putetheparticle’s positionaftera determinecperiodof time [9].
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Both thein uence of the uid ow andgravity mustbe accountedor, thusthe

totalacceleratiomddsupto ap t ':r‘]’q—t gwithg 981m s2. Adaptiveem-
beddedrunge-Kuttatracershave beenevaluatedin depthin numericalanalysis.
As the domainof the integrationis basicallya trilinearly interpolatedand hier-
archicallyre ned cartesiargrid it canbe shavn thatanembeddedRunge-Kitta
integrator of order4(3) is fully sufcient with respectto integration accurag.
Takingthis into accountwe reimplementea particletracerassuggestedh [8].
Theintegrationstepsize,hawever, tendsto berathersmallfor particlediameters
well belowv 3um. Fortunately the averagediameterof the relevantdustparticles
liesin therangeof 5 to several 10Qum.

4 Near-SurfaceEffects

For soiling simulationsthe correctnearsurfacebehaiour of the simulateddust
particlesplaysanimportantrole with respecto simulationaccurag. The adhe-
sionprobabilityof aparticledependsnainly onthespeedy whichit is approach-
ing thesurface .Fastemparticlesaremorelik ely to hit thesurfacethanslower ones.
Since o w velocity is zeroon the vehicle's surface theadhesiorof eachparticle
is drivenby its momentumandby electrostatieffects(seeFigure3). At thetime
of writing thelattereffectis notyet completelyunderstoodndwill be subjectto
furtherresearchactvities. For nov we assumehatthe electrostatidorcesareof
inversequadraticorder(Fe  Ce r% with ce beinganelectrostaticeld coefcient
andr beingthe Hausdorf distanceo the vehicle’s surface).

Particle Velocity:
Near-surface -
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Particle Forces:

Electrostatic
attraction
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Fig. 3. A dustparticlethatis acceleratedby its movementrelative to the di-
rectionof the o w andby electrostati@andgravitationalforces.

Thecartesianmepresentationf the ow eld impliesseveralrestrictionsIn prin-
ciple,thevehiclegeometryhasto be storedandhandledexplicitly, sincethe sim-
ulation grid is derived by voxelization. For the samereasonspecialcarehasto
betakenwhenmodelingary nearsurfaceeffect. In a correctphysicalsettingthe



o w velocity, for example,is zeroon the vehicle's suriaceas said before. This
conditionis not guaranteedvhenusinga cartesiano w representatiorhecause
of the nite resolutionof the grid. To compensatéor thatwe de ne a socalled
nearsurfacezone.lts thicknessequalsthe sizeof the smallestvoxelsin thegrid
(seeFigure4). Insidethis nearsurfacezonethe o w velocity is attenuatedy the
squareroot of the normalizedHausdorff distanceo the vehicle's surface.These
distancesirecalculatedn-the- y by utilizing anoctreerepresentationf theex-
plicit setof surfacetriangles.
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Fig. 4. Hierarchicalgrid representatiowith explicit vehiclesurfaceandnear
surfacezone.

5 Massive Particle Visualization

With aparticletracerasdescribedbore acloudof dustparticlescanbeanimated
by continuouslyproceedingrom keyframeky, to keyframek,, 1. Duringthattask
new particlesarebeingcreatectontinuouslyin the extentof the particleemitters
emplogying astochasticaprocesasmentionedefore Likewise,afractionof the

particlesis decayingconstantlybecausef theirage whencolliding with thesur

faceof thevehicle,or whenleaving thedomainof the simulation.Theemeping

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

ageof the animationthanslower ones(seeFigure5). This providesthe viewer

with animproved physicaland three-dimensionahsightinto the o w proper

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

Cosmo3D/OpenGL-Optimiztreparticleanimationis embeddeéhto animmer

sive ervironment,which providesthe o w engineewith the ability to navigate
and manipulatethe particle emittersin an intuitive way. This proceduréds very

similar to the handlingof smole probesin a real-world wind tunnel,hencethe

acceptancef suchavisualizationtechniqués high.

Onetheonehandwe mentionedhatwe wantedto tracetheparticlesatreal-time,
but for anapproachingo w with atypical velocity of uy ~ 20m s a particleis



passinghevehiclein circa0 3 second®ntheaveragewhichis fartoo fastfor a
humanviewerto catchary details.Thesolutionis to interactiely tracethe parti-
cle cloudin slow motion.Onthe 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 determinecby
thefrequeng of particlesbeingcreatedandthe averagetime the particlesspend
in thedomainof thesimulation.In our case 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 ef ciently . Therefore,the simulationcan be spedup dramaticallyon
symmetricalmulti-processingystemsNeverthelessthe tracing of massie an-
imatedparticlesat high frameratesequiresan enormousamountof ow eld
evaluationsandinterpolationgper secondBy taking advantageof the hierarchi-
cal cartesiargrids, cell localizationandtrilinear interpolationcanbe performed
very ef ciently, so that a high numberof animatedparticlescan be displayed
simultaneously

Fig.5. Stepsl to 5 of aninteractve particleanimation.Dust particlesareemitted
from a smalluserde nable wireframebox behindthe car The emeging massie
particlestreamis rst moving down andthenup thebackwindow. Eventually it is
diverging atthetop of thecardueto shearingorces.

Now the accumulatiorof dirt on a vehicle's surfacecanbe visualizedeasily by
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. For thatpurposehardware-
accelerated D-texturesareemplagyed,whichalsoallow smooth Gouraud-shaded
transitionsbetweenthe vertices.In orderto accelerateahe detectionof the hit
points we are taking advantageof an octreerepresentatiof 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 detectiorevenfurther

6 Resultsand Conclusion

A seriesf screenshotfom asoiling simulationemplg/ing thetechniquesnen-
tionedaboreis shawvn in Figure6. Thetotal runtime wasapproximately24 hours
of continuougarticleanimationwith screenshotakenafter15 minutes 45 min-

utes,2 hours,12 hoursand nally 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-threadedanimationwas7 Hz, which cor-

responddgo a speedumf about85%in comparisorno a singleprocessosystem.
Undernormaldry driving conditionsthe probabilityfor a singledustparticlein

the air to hit the caris fairly low. Whenusingtime-azeragedo w elds, which

smoothoutthetransiento w componentsheprobabilityby whichaparticlehits

thesurfaceis reducedevenfurther Thereforethe mainproblemof a soiling sim-

ulation asdiscussedbove is the hugenumberof emittedparticlesthat mustbe
tracedin orderto achieve asufciently smoothdustdistribution on thevehicle’s

surface.To improve thiswe areplanningto usetime-dependenb w elds in the
future.Besideghis,avarietyof lessunderstooghhysicaleffectsandenvironmen-
tal in uencesmalesit very dif cult to comparetheresultof a soiling simulation
to the real-world evaluationsconductecby BMW. Neverthelesswe have been
ableto verify thatour physicalmodelof the dustbehaiour is sufciently exact.

In orderto improve our knowledgeaboutthe involved electrostatieffectsnear
the vehicle’s surfacefurtherresearclactvities areneededIn the meantime our

efforts will sene asa basisfor further corvergencetowardsthe comple real-
world soiling situationand as an accompaying visualizationtool for the ow

engineers.
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Fig. 6. Stepsl to 5 of asoiling simulationrunningfor approximately\24 hours
onadualprocesso6GI 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 particlesare emittedfrom a
smalluserde nable wireframebox behindthe car The emeging massie particle
streams rst maving down andthenupthebackwindow. Eventually it is diverging
atthetop of the cardueto shearindgorces.

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



