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Abstract. In the automotive industryLattice-Boltzmanntype �o w solvers like
PowerFlow from ExaCorporationarebecomingincreasinglyimportant.In con-
trast to the traditional �nite volumeapproachPowerFlow utilizes a hierachical
cartesiangrid for �o w simulation.In thiscasestudyweshow how to takeadvan-
tageof thesehierarchicalgrids in orderto extendanexisting Lattice-Boltzmann
CFDenvironmentwith anautomotivesoilingsimulationsystem.To achieve this,
we choseto constantlygeneratea hugenumberof massive particlesin userma-
nipulableparticleemitters.Theprocessof tracingtheseparticlesstepby stepthus
createsevolving particlestreams,whichcanbedisplayedinteractively by ourvi-
sualizationsystem.Eachparticleis createdwith stochasticallyvaryingdiameter,
speci�c massandinitial velocity, whereasalreadyexisting particlesmaydecay
becauseof aging,when leaving the simulationdomainor whencolliding with
thevehicle's surface.On theonehandthedisplayof theseanimatedparticlesis
averynaturalandintuitiveway to exploreaCFDdataset.On theotherhandan-
imatedmassive particlescanbeeasilyutilized for driving anautomotive soiling
simulationjustby coloringtheparticles'hit pointson thevehicle's surface.

1 Intr oduction and Moti vation

In the�o w visualizationcommunitymany CFDsimulationandvisualizationen-
vironmentshave beenpresentedin the past[6,5,3,1,2,10]. In order to solve
theNavier-Stokesequationsmostof todaysavailablesimulationapplicationsare
basedon the �nite volume approach,which is well known and establishedin
the automotive industry. More recentapproachessuchasPowerFlow from Exa
Corporation[4] usea Lattice-Boltzmannsimulationalgorithmbasedon hierar-
chically re�ned cartesiangrids(seeFigure1). With PowerFlow now beingused
asa standard�o w solver in many developmentprojectsespeciallyin automotive
aerodynamics,therehadbeenthe demandfor a visualizationsystemthat could
take advantageof thespecialpropertiesof thehierarchicalgrids.In cooperation
with theBMW Group,Munich,suchavisualizationsystemwasdevelopedlead-
ing to a visualizationapplicationthatallows interactive andintuitiveexploration
of aCFDdataset[7]. A varietyof well known �o w visualizationtechniqueslike
particleprobesandcuttingplaneshave beenincorporatedinto the visualization
system(seeFigure2), whichcanbecon�guredalsofor immersiveenvironments
like thePowerWall or theCAVE.



Fig.1. The wireframesshow the boundariesof a hierarchicalcartesiangrid,
which is re�ned at the most interestingregions of a BMW 5 seriesfor a
Lattice-BoltzmanntypeCFDsimulation.

Startingwith this approach,the following observationsleadto thedevelopment
and inclusionof a soiling simulationmoduleinto the visualizationsystem:In
the traditionaldevelopmentprocessa vehiclecannotbe checked for its soiling
behaviour until an operablefull-scalemodel is available.Sincethis is the case
only at theendof thedesignprocess,ourgoalwasto extendtheexistingLattice-
Boltzmann�o w simulationandvisualizationenvironmentin suchaway thatthe
�o w engineerwould beableto predictandunderstandthesoilingbehaviour at a
muchearlierdesignstage.Therefore,soiling problemscouldbedetectedbefore
the expensive full-scaleprototypesarebeingbuilt. In order to achieve this we
developedaparticleanimationsystem,which is ableto interactively simulatethe
evolution of particlestreamsconsistingof a largenumberof dustparticles.The
sustainedcreationandsimulationof massiveparticleswith stochasticallyvarying
diameter, initial velocity, initial positionandspeci�c massproducesa growing
andevolving particlestream,which mimicsthepropertiesof dust.Eachparticle
of the streameventuallydecayseitherbecauseits ageis exceedingthe allowed
life time, or whena particle leavesthe domainof the simulation,or becausea
collision with thevehicle's surfaceoccured.Thentheaccumulationof duston a
carcanbevisualizedsimplyby meansof coloringeachparticle'shit pointonthe
vehiclesurface.

2 PhysicalPropertiesof Dust Particles

The�rst andmostimportantsteptowardsarealisticsoilingsimulationis tomodel
thephysicalpropertiesof dustcorrectly. We chooseto restrictour modelto dry
driving conditions,becausetherearenumerouslessunderstoodeffectsthatin�u-
encesoiling in a wet environment.Without greatlossof accuracy dustparticles
canbeidealizedassphereswith a diameterDp anda speci�c massr p. Thedrag
coef�cient cdp, which characterizesthe forcesinducedon a dustparticleby the
�uid �o w, basicallydependson theparticle's diameterandits velocity Dvp rela-
tiveto the�o w. In general,thedragcoef�cient hastobemeasuredexperimentally,
but for the low Reynoldsnumbers(with typical valuesof Re up to 10) we en-



Fig.2. An exampleof traditional �o w visualizationtechniques:A cutting
planeshowing pressurevaluesandseveral unanimatedparticlesprobeslike
streamlines,streamribbonsandglyphs.

counterin automotiveCFDsimulationsthedragcoef�cient canbeapproximated
with suf�cient accuracy by theformulaof O'Seen:
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Rewriting the formula of O'Seen, so that Re is eliminated,we arrive at the fol-
lowing equationfor the dragcoef�cient cdp in an air �o w with densityr air
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Next we substitutethe dragcoef�cient cdp in the formula,which describesthe
forcesinducedon the particlesby the �uid �o w and we derive the following
equationfor a forceFp thatdrivesa particleof diameterDp, �o w-effective area
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3 MassiveParticle Tracing on CartesianGrids

Now eachdustparticlethatwasemittedwith stochasticallyvaryingdiameterDp,
speci�c massr p, initial velocity vp0 andinitial positionxp0 is treatedasa point
mass.Accordingto thefollowing secondorderdifferentialequationtheintegra-
tion of a particle's pathis accomplishedby anadaptive, embeddedRunge-Kutta
particletracer, which integratestheaccelerationap � t � of a dustparticleto com-
putetheparticle'spositionafteradeterminedperiodof time [9].
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Both the in�uence of the �uid �o w andgravity mustbeaccountedfor, thusthe
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beddedRunge-Kuttatracershave beenevaluatedin depthin numericalanalysis.
As the domainof the integrationis basicallya trilinearly interpolatedandhier-
archicallyre�ned cartesiangrid it canbeshown thatanembeddedRunge-Kutta
integratorof order 4(3) is fully suf�cient with respectto integration accuracy.
Takingthis into accountwe reimplementeda particletracerassuggestedin [8].
Theintegrationstepsize,however, tendsto berathersmallfor particlediameters
well below 3µm. Fortunately, theaveragediameterof therelevantdustparticles
lies in therangeof 5 to several100µm.

4 Near-SurfaceEffects

For soiling simulationsthecorrectnear-surfacebehaviour of thesimulateddust
particlesplaysan importantrole with respectto simulationaccuracy. Theadhe-
sionprobabilityof aparticledependsmainlyonthespeedbywhichit isapproach-
ing thesurface.Fasterparticlesaremorelikely tohit thesurfacethanslowerones.
Since�o w velocity is zeroon thevehicle's surface,theadhesionof eachparticle
is drivenby its momentumandby electrostaticeffects(seeFigure3). At thetime
of writing thelattereffect is notyetcompletelyunderstoodandwill besubjectto
furtherresearchactivities.For now weassumethattheelectrostaticforcesareof
inversequadraticorder(Fe

� ce �

1
r2 with ce beinganelectrostatic�eld coef�cient

andr beingtheHausdorff distanceto thevehicle's surface).
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Fig.3. A dustparticlethat is acceleratedby its movementrelative to thedi-
rectionof the�o w andby electrostaticandgravitationalforces.

Thecartesianrepresentationof the�o w �eld impliesseveralrestrictions.In prin-
ciple,thevehiclegeometryhasto bestoredandhandledexplicitly, sincethesim-
ulation grid is derived by voxelization.For the samereasonspecialcarehasto
betakenwhenmodelingany near-surfaceeffect. In acorrectphysicalsettingthe



�o w velocity, for example,is zeroon the vehicle's surfaceassaidbefore.This
conditionis not guaranteedwhenusinga cartesian�o w representation,because
of the �nite resolutionof thegrid. To compensatefor thatwe de�ne a socalled
near-surfacezone.Its thicknessequalsthesizeof thesmallestvoxels in thegrid
(seeFigure4). Insidethisnear-surfacezonethe�o w velocity is attenuatedby the
squareroot of thenormalizedHausdorff distanceto thevehicle's surface.These
distancesarecalculatedon-the-�y by utilizing anoctreerepresentationof theex-
plicit setof surfacetriangles.
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Fig.4.Hierarchicalgrid representationwith explicit vehiclesurfaceandnear-
surfacezone.

5 MassiveParticle Visualization

With aparticletracerasdescribedaboveacloudof dustparticlescanbeanimated
by continuouslyproceedingfrom keyframekn to keyframekn

�

1. Duringthattask
new particlesarebeingcreatedcontinuouslyin theextentof theparticleemitters
employing astochasticalprocessasmentionedbefore.Likewise,a fractionof the
particlesis decayingconstantlybecauseof theirage,whencolliding with thesur-
faceof thevehicle,or whenleaving thedomainof thesimulation.Theemerging
streamof dustparticlesis visualizedby a virtual camerawith constantexposure
time, suchthatparticleswith highervelocity resultin longertraceson eachim-
ageof the animationthanslower ones(seeFigure5). This providesthe viewer
with an improved physicalandthree-dimensionalinsight into the �o w proper-
ties, sincethe velocity of eachparticle is implicitly visible. By utilizing SGI's
Cosmo3D/OpenGL-Optimizertheparticleanimationis embeddedinto animmer-
sive environment,which providesthe �o w engineerwith the ability to navigate
andmanipulatethe particleemittersin an intuitive way. This procedureis very
similar to the handlingof smoke probesin a real-world wind tunnel,hencethe
acceptanceof suchavisualizationtechniqueis high.
Onetheonehandwementionedthatwewantedto tracetheparticlesatreal-time,
but for anapproaching�o w with a typical velocity of u¥

� 20 m
 s a particleis



passingthevehiclein circa0 	 3 secondson theaverage,whichis far too fastfor a
humanviewer to catchany details.Thesolutionis to interactively tracetheparti-
cle cloudin slow motion.On theotherhanda particleis very likely to leave the
simulationdomainbeforeit hasreachedaparticleageof typically 2 to 4 seconds,
whichmainlydependson themassof theparticles.Undernormalconditionsthe
total numberof tracedparticlesthenstabilizeson a level that is determinedby
thefrequency of particlesbeingcreatedandtheaveragetime theparticlesspend
in thedomainof thesimulation.In ourcase,however, wehavefoundit necessary
to set the maximumlife time of a particle to about5 secondsto reliably pre-
vent therarecaseof particlesrotatingendlesslydueto simulationor integration
errors.Otherwisea constantlyincreasingnumberof simulatedparticleswould
slow down thesimulation.
Thecontinuousstepby stepintegrationof theentireparticlestreamcanbepar-
allelized ef�ciently . Therefore,the simulationcan be spedup dramaticallyon
symmetricalmulti-processingsystems.Nevertheless,the tracingof massive an-
imatedparticlesat high frameratesrequiresan enormousamountof �o w �eld
evaluationsandinterpolationspersecond.By takingadvantageof thehierarchi-
cal cartesiangrids,cell localizationandtrilinear interpolationcanbeperformed
very ef�ciently , so that a high numberof animatedparticlescan be displayed
simultaneously.

Fig.5. Steps1 to 5 of an interactive particleanimation.Dustparticlesareemitted
from a small userde�nable wireframebox behindthe car. The emerging massive
particlestreamis �rst moving down andthenup thebackwindow. Eventually, it is
divergingat thetopof thecardueto shearingforces.

Now theaccumulationof dirt on a vehicle's surfacecanbevisualizedeasilyby
coloring the hit points on the surfaceof the car. In our casethe nearestver-
ticeson the car surfacearesearched.The color of eachof the verticesis deter-



minedby colorcodingthenumberof encounteredhits.For thatpurposehardware-
accelerated1D-texturesareemployed,whichalsoallow smooth,Gouraud-shaded
transitionsbetweenthe vertices.In order to acceleratethe detectionof the hit
points we are taking advantageof an octreerepresentationof the explicit car
surface,which reducesthe total numberof visited trianglesfrom 70.000of the
originalCAD modelto anaverageof 8 to 15 trianglesperoctreesearch.By stor-
ing asinglebit pervoxel, whichdenotesthepresenceof geometry, wecanspeed
up collisiondetectionevenfurther.

6 Resultsand Conclusion

A seriesof screenshotsfrom asoilingsimulationemploying thetechniquesmen-
tionedaboveis shown in Figure6.Thetotalruntimewasapproximately24hours
of continuousparticleanimationwith screenshotstakenafter15minutes,45min-
utes,2 hours,12 hoursand�nally 24 hours.During thesimulationrun our par-
ticle animationsystemwassimultaneouslytracingan averagenumberof about
930dustparticleson anSGI OctaneMXI. With its dual250MHz MIPS R10K
processorstherefreshrateof themulti-threadedanimationwas7 Hz, whichcor-
respondsto a speedupof about85%in comparisonto a singleprocessorsystem.
Undernormaldry driving conditionstheprobabilityfor a singledustparticlein
the air to hit the car is fairly low. Whenusingtime-averaged�o w �elds, which
smoothoutthetransient�o w components,theprobabilityby whichaparticlehits
thesurfaceis reducedevenfurther. Thereforethemainproblemof asoilingsim-
ulationasdiscussedabove is thehugenumberof emittedparticlesthatmustbe
tracedin orderto achieve a suf�ciently smoothdustdistributionon thevehicle's
surface.To improve thisweareplanningto usetime-dependent�o w �elds in the
future.Besidesthis,avarietyof lessunderstoodphysicaleffectsandenvironmen-
tal in�uencesmakesit verydif�cult to comparetheresultof asoilingsimulation
to the real-world evaluationsconductedby BMW. Nevertheless,we have been
ableto verify thatour physicalmodelof thedustbehaviour is suf�ciently exact.
In orderto improve our knowledgeaboutthe involved electrostaticeffectsnear
thevehicle's surfacefurtherresearchactivities areneeded.In themeantime our
efforts will serve asa basisfor further convergencetowardsthe complex real-
world soiling situationandasan accompanying visualizationtool for the �o w
engineers.
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Fig.6.Steps1 to 5 of asoilingsimulationrunningfor approximately24hours
on adualprocessorSGIOctaneMXI with 2x250MHzMIPS R10K.Thecol-
orcodingshows thehit rateof particlescolliding with the carbody. Redhot
spotsindicateareaswith ahighdegreeof soiling.
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Steps1 to 3 of an interactive particleanimation.Dustparticlesareemittedfrom a
smalluserde�nablewireframebox behindthecar. Theemerging massive particle
streamis �rst moving down andthenupthebackwindow. Eventually, it is diverging
at thetop of thecardueto shearingforces.

Steps1 to 3 of a soiling simulationrunningfor approximately24 hourson a dual
processorSGI OctaneMXI with 2x250MHzMIPS R10K.Thecolorcodingshows
thehit rateof particlescolliding with thecarbody. Redhotspotsindicateareaswith
ahighdegreeof soiling.


