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Abstract. Due to the limitations of the traditional finite volume CFD approachmodern
Lattice-Boltzmannmethodsarebecomingmoreandmorewidespread.Theresultsof devel-
oping anefficient visualizationandexplorationtool basedon the Lattice-Boltzmannsolver
PowerFlow aresummarizedhereto give thereadera basicinsight into theprosandconsof
suchanapproach.Also, the implementationof anautomotive soiling simulation,which has
beenincorporatedinto thevisualizationtool, is presentedhere.

1 Introduction and Motivation

In theflow visualizationcommunitymany solutionshave beenpresentedto embed
flow visualizationtechniquesinto interactive andimmersive environments,which
allow an intuitive explorationandmanipulationof a CFD dataset [6,5,3,1,2,10].
In orderto solve the Navier-Stokesequationsmostof todaysavailablesimulation
applicationsarebasedon thefinite volumeapproach,which is well known andes-
tablishedin the automotive industry. More recentapproachessuchasPowerFlow
from Exa Corporation[4] useLattice-Boltzmannsimulationalgorithmsbasedon
hierarchicallyrefinedcartesiangrids (seeFigure 1), which allow the simulation
meshto be generatedautomatically. Also, thesemethodsarewell suitedfor mas-
siveparallelization.Wind tunnelvalidationsatBMW AG, Munichhaveshown that
thesimulatedflow coincidesverywell with real-world measurements,sowith Pow-
erFlow now beingusedasa standardflow solver at BMW, therewasthe demand
for a visualizationsystemthatcouldtake advantageof thespecialpropertiesof the
hierarchicaldata.The cartesianrepresentationof the CFD data,however, implies
severalrestrictions.In particular, thecargeometryhasto bestoredandhandledex-
plicitly, sincethe simulationgrid is derived by voxelization.For the samereason
specialcarehasto betakenwhenmodelingnearsurfaceeffectsin thevisualization
environment.

2 Hierarchical Representation

In ourvisualizationapplicationthehierarchicalcartesiangrid is storedin acompact
way so that eachvoxel is primarily consumingmemoryfor the scalarandvector
componentsassignedwith it. Eachvoxel canbeaccessedby a simpletreetraversal
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Fig. 1. Hierarchicalcartesiangrid,which is refinedatthemostinterestingregionsof aBMW
5 seriesfor aLattice-BoltzmanntypeCFDsimulation.

of thehierarchy, whichis illustratedin Figure2. A typicaldatasetconsistsof about
4 nestedhierarchiescontainingapproximately3 million voxels.With onevectorand
5 scalarsloadedtheseaccountfor a totalof 120megabytes.
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Fig. 2. Hierarchicalgrid representationwith explicit vehiclesurface.

3 Visualization Methods

Becauseof theinherenthierarchicalstructureof thedatasetmany of theestablished
flow visualizationtechniqueshave to be adaptedto the specialpropertiesof the
hierarchicalgrids.Forexample,weareusinganefficientRunge-Kuttaparticletracer
with adaptivestepsizecontrol.Theparticletracerutilizesanevaluationschemeof
order4(3), which hasbeenshown to beoptimally suitedfor streamlineintegration
in cartesiangrids[8,9]. For thepurposeof particletracinga methodis alsoneeded
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to detectthehit pointsof a particletraceon thesurfaceof thecar. To achieve this
aim we areusingan octreerepresentationof the car surfaceas presentedin [7],
whichreducesthetotalnumberof visitedtrianglesto anaverageof 8 to 15triangles
peroctreesearchfor amodelwith approximately70.000triangles.Wecanspeedup
collision detectioneven furtherby storinganadditional”geometrybit” per voxel,
whichdenotesthepresenceof geometryinsideeachvoxel. With thesefundamental
algorithmswe cannow computestreamlines,ribbonsandglyphsinteractively. An
exampleof all threemethodscombinedwith a sliceprobethatshows thepressure
insidethedatasetis givenin Figure3.Thestackedsliceprobe,asshown in Figure4,
is anefficient extensionto traditionalisocontouringmethodsexploiting 2D texture
mappingandtransparency clipping. Thesestackedsliceprobesarewell suitedfor
exploringthewholeextentof avortex andnot justasingleplanethatslicesthrough
it.

Fig. 3. Streamlines,ribbons,glyphsandasmallpressuresliceprobe.

Investigatingscalarvalueson thesurfaceis of greatimportanceto thefluid flow
engineer. In Figure5 for examplethepressureon thecarbody is shown by means
of coloringthesocalledsurfaceelements(surfels).Thesesurfelsarecomputedby
PowerFlow along with the voxels to compensatefor the limited accuracy of the
voxelizationof theCAD geometry.

4 Interactive and Immersive Environment

All the aforementionedtechniquescanbe usedin an immersive environmentlike
thePowerWall or theCAVE (seeFigure6). Spacemouseanda varietyof tracking
devicesaresupportedto allow intuitive three-dimensionalorientationandmanip-
ulationof objects.A CAD geometrythatconsistsof about70.000trianglescanbe
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Fig. 4. Stackedsliceprobe.

Fig. 5. Surfacepressure(brightcolorsdepicthighpressure).

displayedataframerateof approximately15Hz onanSGIOctaneMXI. Theframe
ratedropsto still interactive12Hz whenusinga PowerWall andanSGI InfiniteRe-
ality2 with a singlepipefor stereorendering.Theupdatetimesof theparticleand
sliceprobesdependonthespecificsettingsbut areinteractiveaswell.
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Fig. 6. The4 sideprojectionsof aCAVE.

5 Particle Animation

Reconsideringthe basicvisualizationtoolkit we thoughtthat introducinginterac-
tively animatedparticleprobeswould give the viewer a betterphysicalandthree-
dimensionalunderstandingof the flow properties.Thereforean animatedparticle
systemwith usermanipulableparticleemitterswasdeveloped.Theemergingstream
of particlesis visualizedby meansof avirtual camerawith constantexposuretime,
suchthat particleswith highervelocitiesleave longertraceson eachframeof the
animation(seeFigure7).

Fig. 7. Steps1-3of interactiveparticleanimation.

Furthermore,we extendedthe adaptive Runge-Kuttaparticletracerfor the in-
tegrationof point masses,which leadto anembeddedparticletracerof order4(3).
Hereour maingoalwasto traceandsimulatereal-world dustparticlesin a soiling
simulation.Eachparticleis emittedin theextentof a box probewith stochastically
varyingdiameter, specificmassandinitial velocity. Theforces,whichdrivethepoint
massesdependonthevelocitiesrelativeto theflow streamandthe ��� -valueof each
particle.Assumingthat theparticlescanbe idealizedasspheresthe � � -valueof a
dustparticlecanbeapproximatedby theformulaof O’Seen. This formula is suffi-
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ciently exact for the low Reynoldsnumbers,which areencounteredin automotive
flow simulations.

With sucha particletracingsystemtheaccumulationof dirt on a carbodycan
bevisualizedeasilyby coloringthehit pointsonthesurfaceof thecar. Theadhesion
probabilityof eachparticledependsmainlyon thespeedby which it is approaching
thesurface.Fasterparticlesaremorelikely to hit thesurface.Sinceflow velocity is
alwayszeroon thesurface,theadhesionof eachparticleis drivenby its momentum
andby electrostaticeffects.Thelattereffect is notyetcompletelyunderstoodandis
subjectto furtherresearchactivities.

Therearetwo othereffectsthatintroducesystematicerrorswhenrunningasoil-
ing simulation.Firstof all weareusinga time-averagedflow field, whichsmoothes
out the transientflow componentsandreducesthe probability by which particles
hit the surface.Secondly, the limited accuracy of the cartesiangrid representation
causestheflow velocityto benon-zeroonthesurfacein contrastto thecorrectphys-
ical model.In orderto compensatefor thatwedefinea smalldistancerangearound
the car, in which the flow velocity is attenuatedby a squareroot term depending
on thedistanceto thesurfaceof thecar. Again,thedistancescanbecalculatedeffi-
cientlyby usinganoctreerepresentationof thesurfacetriangles.

Our particlesystemis capableof tracingabout1000point massessimultane-
ouslyon anSGI OctaneMXI. With its dual250MHz R10K processorstherefresh
rateof theanimationis approximately20Hz. Theresultof adirt accumulationsim-
ulationemploying thetechniquesmentionedaboveis shown in Figure8.

Fig. 8. Accumulateddirt aftersimulatingdustparticles.

6 Conclusion

We have presenteda flow visualizationenvironmentthat is optimizedfor thehier-
archicalgrid structureof theLattice-BoltzmannCFDsolverPowerFlow. Thedevel-
opementof aprototypeof thevisualizationenvironmentbeganin thesecondperiod
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of FORTWIHR, the BavarianConsortiumfor High PerformanceScientificCom-
puting, andwassponsoredsubsequentlyby FORTWIHR III. By utilizing efficient
memorystructures,fastparticletracersandhardwaretexturemappingweareableto
explorethehierarchicalCFDdatasetsin real-timeandin immersiveenvironments.
Furthermore,aparticletracingsystemhasbeendevelopedthatis utilizedfor soiling
simulations.
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