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Abstract

Thiswork presentsnteractie flow visualizationtechniquespecif-
ically adaptedor PoverFLONTM | alattice-basedCFD codefrom

the EXA corporation. Their Digital Physic€™ fluid simulation
techniqueis performedon a hierarchyof locally refinedcartesian
grids with a fine voxel resolutionin areasof interestingflow fea-

tures. Among other applicationsthe PoverFLON solwer is used
for aerodynamisimulationsn carbodydevelopmentvherethead-

vantage®f automatiagyrid generatiorfrom CAD modelsis of great
interest.In ajoint projectwith BMW andEXA we aredevelopinga

visualizationtool which incorporatesirtual reality techniquedor

the interactve explorationof the large scalarandvectordatasets.
In this paperwe describethe specificdatastructuresandinterpo-
lation techniquesandwe reporton fastparticletracingtaking into

accountcollisionswith the carbody geometry An OpenGLOpti-

mizer basedimplementatiorallows for the inspectionof the flow

with particleprobesandslice probesatinteractve framerates.

Keywords: Computationafluid dynamics,interactie flow visu-
alization,locally refinedcartesiargrids, virtual environment

1 Motivation and related work

Computationafluid dynamicg CFD) is becomingncreasinglyim-
portantfor the evaluationof carbodydesignconceptsn thevehicle
developmentprocess.Commonlyusedsimulationapplicationsare
baseduponthe Navier-Stokes equationand usethe finite volume
methodto numericallysolve the partial differentialequationsThe
finite volumesareorganizedn curvilinearor unstructuredjridsthat
fit the car body surface. The procesgo male the cell facesmatch
thesurfaceis the mosttime-consumingproblemin grid generation.
Comple surfacestructure®f vehicledeadto grid generatiorimes
of upto severalweeks.

Competition and reducedmodel cycles require the iteration
loopsduringthe vehicledevelopmentprocesgo beasshortaspos-
sible. Therefore keepingthe simulationmodelup to datewith the
designedsurfacechangesequiresa fastgeneratiorof the simula-
tion grids. Themorevariantsthedesigneis ableto checkthebetter
shouldbetheresultof the optimizationsteps.Thisis in contrasto
the efforts involved in regeneratinga new grid structurefor finite
volumemethodsafteronly smallvehiclesurfacemodifications.

A promisingway to speedup the grid generationis to usethe
Lattice Gasor Lattice Boltzmannmethodgo solwe the flow prob-
lems.In this casetheunderlyinggridsareusuallycartesiarwith an

additionalexplicit descriptionof the vehicle surface. Thesegrids
can be generatechutomaticallyfrom the CAD representatiorof
the car geometryand they can be refinedin interestingregions.
Thereby a fastregeneratiorof the grid after small designchanges
is guaranteed.

PowverFLOW is lattice-basedflow code developed by EXA
which usesa specialsimulationtechnologycalled Digital Physics.
Thegridsof PoverFLOW consistof locally refinedcartesiargrids.
At interestingegions,definecby theengineerthevoxel sizeis suc-
cessvely cutinto halvesallowing for afine resolutionof interesting
flow features.BMW is presentlyevaluatingthis software for the
simulationof air flow arounda carbodyby comparingheir results
with measurementakenin a wind tunnel. Introducingthis soft-
wareinto the productve developmentprocesdncreaseshe strong
demandor aninteractve visualizationtool.

Advancednteractie visualizationtechniquesireneededo ana-
lyze thelarge amountof datageneratedby suchsimulations.How-
ever, existing visualizationtools for curvilinear or unstructured
meshegannotbeusedfor the datasetsgeneratedy PoverFLOWN.
Thus,our goalis to adaptknown visualizationmethodgo the spe-
cial requirementsf thelocally refinedcartesiargrids. Specifically
we will shav how the basicalgorithmsfor cell locationandin-
terpolationhave to be modified. The combinationof volumedata
andgeometricdataalsorequiresnew techniquego handleparticle
tracing. Theapplicationdevelopedat the University of Erlangenin
cooperatiorwith BMW andEXA aimsat interactve performance
in virtual environments. Therefore specialattentionis paidto the
positioningand manipulationof visualizationprobesaswell asto
the optimizationof renderingperformance.

In this respecwe areguidedby the pioneeringwork of Bryson
[1] who demonstratedhe usefulnesf virtual reality techniques
for fluid dynamicvisualizationin the virtual wind tunnel project.
Furthermorewerely onresearchesultsfrom theflow visualization
community[4, 3, 6] andwe try to includeexperiencesrom other
casestudiesdescribingflow visualizationervironmentd7].

2 Grid structure

The Lattice Gassolution of EXA works on a cartesiangrid with
severallevels(called“VRIlevel”) of differentvoxel sizes.A typical
simulationvolumeis a cubewith alengthof about60 metersanda
voxel sizeof abouts millimetersin thefinestregions.In eachof the
next higherlevelsthe edgelengthof the voxelsis doubled. These
regions(called“VRregion”) of a certainVVRIlevel are specifiedby
the engineerin a CAD description. Several VRregions canshare
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25 million voxels. In orderto reducethe disk spacerequirements,
the averagevalue of eightvoxelsis combinedinto one“measure-
mentcell” which definesthe simulationparameterso be constant
acrosgheentirecell. A morepracticalview is to definetheparam-
eteratthecell center An averagedatasetasstoredon disk consists
of around3 million measuremertells.



Voxelsinsidethe vehiclearenot relevantfor the simulationand
donotcontainary parametersThevehiclegeometryintersectser-
eral voxels, which needspecialhandlingto allow particletracing.
In figure 1 a grid structureexamplewith two VRIlevelsis shavn.
Olviously, notevery voxel of anaxisalignedrefinementegionhas
to besplit.
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Figurel1: Grid structureof alocally refinedcartesiargrid contain-
ing explicit geometry

Figure2: Exampledatasetwith locally refinedregions

Figure 2 presentsa datasetwith threeVRlevels andnine VR-
regions. The VRIlevel with the smallestcell sizeis cut into seven
VRregions. This example clarifies the interestingregions for re-
finement.They arelocatedaroundthewheels,in front of thewind-
screerandatthefront andbackof the car

Mostvisualizationalgorithmsarebuilt oncelllocationandinter-
polationasbasicoperations.Finding the enclosingcell to a given
positionshouldbe asfastaspossiblein orderto achiee interactive
ratesof visualization. For the describedyrid structurethis means
traversingthe hierarchyof VRIevels. In orderto speedup this pro-
cessaconditionbytefor eachcell in eachlevel is usedto storethe
following information:

o thecell containgparameters

o thecellis refinedandwhichis theunderlyingVRregion

o thecellis intersectedy surfacegeometry
This three-dimensionatonditionbytefield is storedin additionto
the othercell parametersUsingthis bytefield analgorithmcanbe

foundwhich is simpleandfastcomparedo cell locationin curvi-
lineargrids(e.g.stencilwalk) or unstructuredyrids:

start in the highest VR eve
whi l e(1) {
calculate the cell index of the position in the grid:
index = (position - mininal grid bound) / cell size
if (cell has no paraneters)
return no cell found
if (cell is refined)
continue with underlying VR evel/VRregion
/* cell found */
return this cel

With respecto interpolationthe datamodelwith cell-centered
parametersyhich are consideredo be constantacrossthe voxel
volume,impliesthat“nearesineighbouiinterpolation”is sufiicient.

3 Particle tracing and collision detection

Particle tracing in stationarygrids is known in differentvariants.
Thecommonlyusedintegrationmethodis the RungeKuttascheme
of up to the 4th order Betterresultsthanwith fixed stepsizecan
beachieved with adaptve stepsizecontrol,i.e. with theembedded
3(2) or 4(3) RungeKuttamethodqd5]. Sincewe haveimplementa-
tionsof all thesemethodsavailable,we let the userchoosebetween
the differentintegration methodsin orderto getbestperformance
for acertaindesiredaccurag.

In curvilinearor unstructuredridsthevehiclesurfaceis implied
in the grid structure.If a particle hits the surfaceit justleavesthe
grid. However, the grids consideredn this work have an explicit
descriptiorof thevehiclesurface(seefigure 1). Particletracesear
the surface could cut throughthe surfaceand appearagainat an-
otherpoint,asshavn ontheleft sidein figure 3. Sincethisviolates
the surface boundarycondition, it would be betterif the particle
pathendson the surfaceor if the particletracingis continuedin
closerelationshipto the surface.

Figure 3: Particle tracingwithout (left) andwith (right) collision
detectioronthecarsurface.

An averagesurfacegeometryconsistof about70.000triangles.
Thus,it would notbeefficientto checkeachparticlestepagainsall
trianglesof thevehiclesurface.In thiswork anoctreehasbeenim-
plementedo reducghenumberof trianglesthathaveto bechecled
for a specificstepto lessthen20.



Theoctreeis built asusualby dividing thewhole cubeinto eight
smallerunitswith half the cell size. Regionswith no geometryare
enclosedy a large octreecell, whereasells containinggeometry
areasarerefineduntil thenumberof trianglesin theoctreecell falls
shortof aminimumlimit or thecell enclose®nly onevoxel. Since
the octreecuboidssharetheir edgeswith the grid structure,each
measuremertell of the grid is assignedo oneoctreecell. How-
ever, atriangleof the vehiclesurfacecanbe partof differentcells,
becausehetriangleedgesarein generalnotin parallelto the grid
axis.

During the integration of the particletrace,all cells intersected
by a pathhave to be checled for intersectionwith the vehiclesur
face. Without the conditionbyte field eachcell hasto be foundin
the octree. Checkingthe condition-bytefor geometryinformation
reduceghe necessaryctreeteststo a minimum (figure 4). Only
thecellsthatareintersectedby geometryhave to be searcheéh the
octree. The traversalof the octreereturnsthe trianglesfor inter-
sectiontestingwhichis doneby the Glassnealgorithm[2], known
from ray tracingtechniquesFigure3 comparegparticletraceswith
andwithoutintersectiortest. In theleft figure mary particletraces
cutthroughthehoodandappeargainwhereagheintersectiortest
stopsthemat the surface,asshavn in theright image.
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Figure4: Particletraceintersectinghevehiclesurface.

An averageof tentriangleshasto be checled for onecell. The
high-lightedtrianglesof figure 5/7 have beenreferencedor inter-
sectiontests.Only a very smallnumberof thewhole carsurfaceis
usedfor thetraceof oneparticle. Theexampleof figure5/7 clearly
demonstratetherequiremenbf theintersectiortest. Firstthe par
ticle flies closeto the surfaceandfinally hits thewheelhouse.

Figure5: Thehigh-lightedtriangleshadto bechecledfor collision
duringthe particletracecalculation.

Evenmoreinterestings thecollision detectiorfor particleswith

massesndsize,e.g. dirt particles. Becauseof gravity andaccel-
eration,they hit the vehicle surfacemore often which requiresthe
octreestructurefor afasthit pointcalculation.

As canbeseernin figure9 our systemallows particletracego be
visualizedasstreaklinestibbons andglyphs. Theribbonsshawv the
local rotationof theflow by calculatingthe Jacobiarof the particle
velocity. The glyph is constructedas an arrov pointing into the
flow direction. The peak,the shaftandthe stumpcanbe colored
andscaledby differentscalarparametersScalingthe shaftby the
vorticity is agoodexamplefor scalarparametemapping.

4 Implementation and measurement

probe interactions

Thevisualizationsystemimplementedn this projectis basedupon
SGIsgraphicsAPI OpenGLOptimizer whichis availablefor SG|,
HP and Windows NT platforms. The underlyingobjectoriented
Cosmo3DscenegraphAPI offers several optimizationtechniques,
e.g. occlusionculling, polygonreductionand accelereatednov-
ing of picked objects.Thereby Cosmo3Dallows full accesgo the
graphicalobjects,ncludingOpenGl-calls.

At thecurrentprojectstatususerinputis supportedor astandard
2D mouseandfor the DLR spacemouse which allows simultane-
ousinput in six degreesof freedomin a precisemanner In the
futurewe planto supporttrackingdevicesto run the applicationin
a CAVE or onlarge screerstereogprojectionwalls. Usingthesen-
put devicesthe usercanmanipulatethe positionandorientationof
theview pointor of oneof the measuremergrobes.

Using measurementrobesgivesthe useranintuitive andeasy
way to analyzethe datasets. The probescanbe freely moved and
orientedo definetheinitial positionsfor particletracesor theorien-
tationof slices.Thereforethe shapeof the probescanbeexpanded
in all threedimensionsand the samplepoints are alignedon the
rake or insidethe cube(seefigure6).

Figure6: Freelymovable measurementrobes,asrake, slice and
cube.

In caseof theslicemeasuremergrobe planescanbecoloredby
the scalarvalue calculatedat the samplepoints. Using the texture
hardware allows interactie visualizationof isolineson the slices
(seefigure 9). The deficit of slicesis therestrictionto two dimen-
sions. Direct volumerenderingis an expensve way to getathree
dimensionapresentationTo keepup with interactve rates,we ar
rangedseveral slicesin a cubicalprobe,avoiding the occlusionby
renderinga specificrangeof the scalarparameteby usingtrans-
parenttextures. For example,in figure 8 the slicesare coloredby
the velocity norm andfor large valuesthe texture is transparent.



Thereby we can seethe shapeof the vortex causedoy the wheel
housing.

5 Results

Thecharacteristisizeparametersf atypical datasetarepresented
in tablel with thecorrespondingehiclesurfacecontaining70.820
triangles(seefigure 2). While a full cartesiangrid of the finest
resolutionwould have about60 million cells, the locally refined
grid hasjustabout3 million cellscontainingflow parametersNote
againthatnot every cell in a refinedregion is divided into the un-
derlyingVVRlevel. Theexampledatasetcanbevisualizedona SGI
OctaneSI with a R10000175 MHz processoand256 MB mem-
ory runningunderlRIX 6.5 usingOpenGLOptimizerl.2 Beinga
typical workstationconfigurationin engineeringervironmentswe
considetthisto bethetamgetplatformfor our visualizationsystem.

VRregion | VRlevel child dimensions cell size
regions of cells incm
0 2 1 309 44 69 5.0
1 1 2-8 287 80 125 25
2 0 - 87 72 49 1.25
3 0 - 87 72 49 1.25
4 0 - 43 71 189 1.25
5 0 - 191 125 189 1.25
6 0 - 111 67 189 1.25
7 0 - 87 72 49 1.25
8 0 - 87 72 49 1.25

Tablel: Grid structureof atypical exampledataset.

In table2 the calculationtime for 100 particletracesgachwith
1000 steps,with and without geometrycheckis compared. The
time measuremenncludesthe interpolation,integrationand gen-
erationof the visualizationgeometry The “worst case”for the al-
gorithmwith geometrycheckis atracenearthevehiclesurfacewith
apolygonintersectiortestfor eachstep.For suchatrace,we need
for 100particlesabout3.52secondwith and1.67secondsvithout
geometrytesting. The “best case”is a tracewith no geometryin-
terferencest all, wherethe timesare2.12 secondswith and 1.66
secondswithout surfacetest. This clearly shaws the limited over
headof geometrytesting: while in the worst casewe needabout
twice thetime theincreasdor the bestcaseis only 27 percent.An
averageparticleexhibits anintersectiortestin lessthan30 percent
of thestepssotheaveragetime for 100 particlestracess around2
secondsKeepin mind thatall numbersarefor 100 particleseach
with 1000calculatedsteps.Reducingthe numberof steps.e.g. by
usingadaptve integrationmethodsspeedaip the calculation.The
effect of the decreasingatio for higherorderintegrationschemes
is causedy the constantime for thegeometrycreation.

Orderof traceneargeometry tracein volume
Runge “worstcase” “bestcase”
Kutta with | without | ratio | with | without | ratio
scheme | check| check check| check
2. 3.22 135 | 2.38| 1.80 135 | 1.33
3. 3.56 172 | 2.07| 2.16 169 | 1.27
4, 3.80 1.94 196 | 241 1.94 1.24

Table2: Tracingandgeometrygeneratiortime in secondgor 100
particles,eachwith 1000calculatedsteps.

Using a probewith about10 particle tracesallows interactve
explorationof the givencomplex dataset. The particlerake canbe
positionedreelyandintuitively with thespaceamouseandthetraces
are updatedinstantaneously For the engineershis a significant

progresomparedo their previous plot-job orientedvisualization
proceduresWith respecto theslice probea planeof thesizeof 70
X 70 pointscanbe moved atinteractve rates.

Themosttime consumingpartin thevisualizationprocesss the
geometryrefresh. The examplemodelof 70.000trianglescanbe
renderedvith 8 framespersecondon the describedplatform. Our
goalis to achieve frameratesof morethan10 by geometryopti-
mizationlik e adaptedri-strippingandpolygonreduction.

6 Conclusions and future work

Advancedsimulation techniquedike the Lattice Gas Automata
conceptfor CFD introducecomplex new grid structuresvhich re-

quirethemodificationof well-known visualizationalgorithms.We

have shavn thatcarefuladaptionto the hierarchyof thelocally re-

fined cartesiargrids of EXA’'s PaverFLOW solver allows particle
tracingwith setsof lines, ribbons,andglyphsat interactve frame
rates. Specialeffort is requiredto avoid the penetratiorof parti-

clesinto thecarbody anaspectvhichis notrelevantfor geometry
adaptedunstructurear curvilineargrids. Interactve manipulation
of probesfor particlerakesor slice planescanbe driven by space
mice attachedo the graphicsworkstationsor by pointing devices
in immersve visualizationenvironments. In the future we planto

implementothermappingtechniquedike LIC for depictingsurface
flow andiso-surficesrepresentingcalarvalueslike pressureand
temperature Furthermorewe continueto improve renderingper

formanceby reducingand optimizing the car body geometryand
culling occludedparts. Ultimately, we headfor the interactve ex-

plorationof time-dependerdomputationsindtheintegrationof our

visualizationsysteminto the developmentprocesof BMW.
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Figure7: Thelightedtriangleshadto be checledfor collision duringthe particle Figure 8: Freely movable slicing probe, using texture
tracecalculation. hardwvareto visualizethe shapeof a vortex.

Figure9: Particle tracevisualizationwith streaklinesribbonsandglyphs. Isolineson the slice arevisualizedinteractvely by the texture
hardware.



