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Abstract. Due to the limitations of the traditional finite volume CFD approachmodern
Lattice-BoltzmanmethodsarebecomingmoreandmorewidespreadThe resultsof devel-
oping an efficient visualizationand explorationtool basedon the Lattice-Boltzmanrsolver
PowerFlov aresummarizedhereto give the readera basicinsightinto the prosandconsof
suchanapproachAlso, theimplementatiorof an automotve soiling simulation,which has
beenincorporatednto thevisualizationtool, is presentedhere.

1 Introduction and Motivation

In the flow visualizationcommunitymary solutionshave beenpresentedo embed
flow visualizationtechniquesnto interactive and immersve ervironmentswhich
allow an intuitive explorationand manipulationof a CFD dataset[6,5,3,1,2,10].
In orderto solve the Navier-Stokes equationamostof todaysavailable simulation
applicationsarebasedon the finite volumeapproachwhichis well known andes-
tablishedin the automotve industry More recentapproachesuchas PaverFlov
from Exa Corporation[4] useLattice-Boltzmanrsimulationalgorithmsbasedon
hierarchicallyrefined cartesiangrids (seeFigure 1), which allow the simulation
meshto be generatechutomatically Also, thesemethodsare well suitedfor mas-
sive parallelization Wind tunnelvalidationsat BMW AG, Munich have shavn that
thesimulatedflow coincidesverywell with real-world measurementspwith Pow-
erFlov now beingusedasa standardlow solver at BMW, therewasthe demand
for avisualizationsystemthat could take advantageof the specialpropertiesof the
hierarchicaldata. The cartesiarrepresentationf the CFD data,however, implies
severalrestrictionsln particular the cargeometryhasto be storedandhandledex-
plicitly, sincethe simulationgrid is derived by voxelization. For the samereason
specialcarehasto be takenwhenmodelingnearsurfaceeffectsin thevisualization
ervironment.

2 Hierarchical Representation

In ourvisualizationapplicationthe hierarchicaktartesiargrid is storedin acompact
way so that eachvoxel is primarily consumingmemoryfor the scalarand vector
componentgssignedvith it. Eachvoxel canbeaccessedly a simpletreetraversal
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Fig.1. Hierarchicalkartesiargrid, whichis refinedatthe mostinterestingegionsof aBMW
5 seriedfor a Lattice-Boltzmanrtype CFD simulation.

of thehierarchywhichis illustratedin Figure2. A typical datasetconsistof about
4 nestedhierarchiegontainingapproximatel\8 million voxels.With onevectorand
5 scalardoadedtheseaccountor atotal of 1220megabytes.
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Fig. 2. Hierarchicalgrid representatiomwith explicit vehiclesurface.

3 Visualization Methods

Becausef theinherenthierarchicaktructureof thedatasetmary of theestablished
flow visualizationtechniqueshave to be adaptedo the specialpropertiesof the
hierarchicaprids.For example we areusinganefficientRunge-Kuttaparticletracer
with adaptve stepsizecontrol. The particletracerutilizes an evaluationschemeof
order4(3), which hasbeenshavn to be optimally suitedfor streamlineintegration
in cartesiargrids[8,9]. For the purposeof particletracinga methodis alsoneeded
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to detectthe hit pointsof a particletraceon the surfaceof the car. To achieve this
aim we are using an octreerepresentatiomf the car surfaceas presentedn [7],
whichreduceghetotal numberof visitedtrianglesto anaverageof 8 to 15triangles
peroctreesearctfor amodelwith approximately?0.000triangles We canspeedup
collision detectionevenfurther by storingan additional’geometrybit” pervoxel,
which denoteshe presencef geometnyinsideeachvoxel. With thesefundamental
algorithmswe cannow computestreamlines, ribbonsandglyphsinteractiely. An
exampleof all threemethodscombinedwith a slice probethat shavs the pressure
insidethedatasetis givenin Figure3. Thestacledsliceprobe,asshavnin Figure4,
is an efficient extensionto traditionalisocontouringmethodsexploiting 2D texture
mappingandtranspareng clipping. Thesestacled slice probesarewell suitedfor
exploringthewholeextentof avortex andnotjusta singleplanethatslicesthrough
it.
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Fig. 3. Streamlines,ribbons,glyphsanda smallpressuresliceprobe.

Investigatingscalarvaluesonthesurfaceis of greatimportanceo thefluid flow
engineerln Figure5 for examplethe pressureon the carbodyis shovn by means
of coloringthe so calledsurfaceelementqsurfels). Thesesurfelsare computedoy
PowerFlov alongwith the voxels to compensatdor the limited accuray of the
voxelizationof the CAD geometry

4 |nteractive and | mmer sive Environment

All the aforementionedechniquesanbe usedin animmersve ervironmentlike
the Powver\Wall or the CAVE (seeFigure6). Spacemouseanda variety of tracking
devicesare supportedo allow intuitive three-dimensionabrientationand manip-
ulation of objects. A CAD geometrythatconsistsof about70.000trianglescanbe
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Fig.4. Stacledsliceprobe.

Fig.5. Surfacepressurdbrightcolorsdepicthigh pressure).

displayedataframerateof approximatelyl5Hz onanSGIOctaneMXI. Theframe
ratedropsto still interactive 12 Hz whenusinga PoverWall andan SGl InfiniteRe-
ality2 with a singlepipe for stereorendering.The updatetimesof the particleand
slice probesdependnthe specificsettingsbut areinteractive aswell.
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Fig.6. The4 sideprojectionsof a CAVE.

5 Particle Animation

Reconsideringhe basicvisualizationtoolkit we thoughtthat introducinginterac-
tively animatedparticle probeswould give the viewer a betterphysicalandthree-
dimensionalunderstandingf the flow properties.Thereforean animatedparticle
systemwith usermanipulableparticleemittersvasdeveloped Theemepgingstream
of particlesis visualizedby meansof avirtual camerawith constanexposuretime,
suchthat particleswith highervelocitiesleave longertraceson eachframe of the
animation(seeFigure?).

Fig.7. Stepsl-3of interactve particleanimation.

Furthermorewe extendedthe adaptve Runge-Kitta particletracerfor the in-
tegrationof point masseswhich leadto anembeddegarticletracerof order4(3).
Hereour main goalwasto traceandsimulatereal-world dustparticlesin a soiling
simulation.Eachparticleis emittedin the extentof a box probewith stochastically
varyingdiameteyspecificmassandinitial velocity. Theforces whichdrivethepoint
massesiependnthevelocitiesrelative to theflow streamandthe  -valueof each
particle.Assumingthat the particlescanbe idealizedasspheregshe -valueof a
dustparticlecanbe approximatedy the formulaof O’'Seen This formulais suffi-
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ciently exactfor the low Reynoldsnumberswhich areencounteredn automotie
flow simulations.

With sucha particletracingsystemthe accumulatiorof dirt on a carbody can
bevisualizedeasilyby coloringthehit pointsonthesurfaceof thecar. Theadhesion
probabilityof eachparticledependsnainly onthe speediy whichit is approaching
the surface.Fasterparticlesaremorelikely to hit the surface.Sinceflow velocity is
alwayszeroonthesurface theadhesiorof eachparticleis drivenby its momentum
andby electrostatieffects. Thelattereffectis notyetcompletelyunderstoocndis
subjectto furtherresearchactvities.

Therearetwo othereffectsthatintroducesystemati@rrorswhenrunningasoil-
ing simulation.First of all we areusingatime-averagediow field, which smoothes
out the transientflow componentsand reduceghe probability by which particles
hit the surface.Secondlythe limited accurag of the cartesiargrid representation
causesheflow velocityto benon-zermnthesurfacein contrasto thecorrectphys-
ical model.In orderto compensatéor thatwe definea smalldistanceangearound
the car, in which the flow velocity is attenuatedy a squareroot term depending
onthedistanceo the surfaceof the car Again, the distanceganbe calculatedeffi-
ciently by usinganoctreerepresentatioof the surfacetriangles.

Our particle systemis capableof tracingabout1000 point massesimultane-
ouslyon an SGI OctaneMXI. With its dual250MHz R10K processorsherefresh
rateof theanimationis approximately20 Hz. Theresultof adirt accumulatiorsim-
ulationemploying thetechniquesnentionedaboveis shawvn in Figure8.

Fig.8. Accumulatedirt aftersimulatingdustparticles.

6 Conclusion

We have presented flow visualizationervironmentthatis optimizedfor the hier
archicalgrid structureof the Lattice-BoltzmanrCFD solver PoverFlon. Thedevel-
opemenof aprototypeof thevisualizationervironmentbeganin theseconderiod
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FORTWIHR, the Bavarian Consortiumfor High PerformanceScientificCom-

puting, andwassponsoredubsequentlypy FORTWIHR Ill. By utilizing efficient
memorystructuresfastparticletracersandhardwaretexturemappingwve areableto
explorethehierarchicalCFD datasetsin real-timeandin immersve ervironments.
Furthermorea particletracingsystemhasbeendevelopedhatis utilized for soiling
simulations.
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