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SUMMARY

As thesizeof CFD simulationdatasetsexpand,the job of theengineerto analyze,explore,and
presentthedatabecomesmorechallenging.Thescienti�c visualizationtoolsusedby theengineer
shouldevolve to meetthegrowing demandspresentedby largesimulationdatasets.Furthermore,
no singlevisualizationtechniquecanmeeteachusersneeds.We presenta detailedselectionof
recentlydevelopeddirect,geometric,andtexture-based�o w visualizationtechniques.Thesetech-
niquesaddressthedemand,setforth by engineers,for visualizationsolutionswhichprovideinsight
into CFDsimulationdata.Includedarealgorithmsfor (1) theresamplingof CFDsimulationdata,
(2) fast,animatedtexture-based�o w visualization,and(3) geometric�o w visualizationincluding
dashed,animated-streamlines,orientedstreamlines,streamlets,andstreamcomets.Eachapproach
is targetedat the visual analysisof computational�uid dynamics(CFD) simulationdata. This
relatively new selectionof techniquesprovidesvaluabletoolsthatallow engineersto gain insight
into theirCFDsimulationresults.

1 Intr oduction

Visualizationis an importantpart of exploring, analyzing,andpresentingthe resultsof a CFD
simulation.As thesizeof CFDsimulationdatasetsincreases,theutility of scienti�c visualization
for gaining insight into thedatasetsalsoincreases.Visualizationoffersoneway to managesuch
largecollectionsof simulationdatasinceit bringsthedatato ahigherlevel of abstraction.Simply
readingtheraw datadoesnot meetall of thedemandssetforth by theuserandmaynot evenbe
feasible.Furthermore,nosinglevisualizationsolutioncanspantherangeof eachengineer'sneeds.
Hencea rangeof solutionsmustbeat theuser'sdisposal.

Wepresentaselectionof recentadvancesin �o w visualizationthataddressesthegrowing demand
for solutionsthat offer insight into the continuouslyexpandingCFD simulationdatasets. Our
presentationdraws upon�o w visualizationtechniquesbeingclassi�ed into four maincategories:
(1) direct,(2) texture-based,(3) geometric,and(4) feature-based[8, 13]. This classi�cationpro-
videsa framework usefulfor placingour techniquesin a largercontext. Theresamplingtool we
presentfalls into the direct �o w visualizationcategory [6]. The ImageSpaceAdvection (ISA)
andImageBasedFlow Visualizationfor CurvedSurfaces(IBFVS) algorithmsfall into thetexture-
basedcategory [11]. And our discussionof geometrictechniquesincludes,orientedstreamlines,
animated-dashedstreamlines,streamlets,andstreamcomets[7]. Theserecentadvancesareap-
plied to real-world applicationsin the �eld of CFD including the investigation andvisualization
of patternsof �o w motion speci�c to automotive engineering.We discussthe bene�ts of these
techniquesalongthewayusingreal-world results.
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Therestof this paperis organizedasfollows: Section2 brie�y outlinessomerelatedwork. Sec-
tion 3 describesa resamplingtool for CFD simulationdata.Section4 presentsrecentalgorithms
for thefastadvectionof texturesonsurfaces.Section5 outlineshow texture-based�o w visualiza-
tion canbeappliedto isosurfaces.Section6 describesacollectionof geometric�o w visualization
techniquesapplicableto CFD simulationdataandSection7 demonstrateshow direct,geometric
andtexture-based�o w visualizationtechniquescanbeusedto solve real-world problemsfrom the
automotive industry.

2 RelatedWork

Fourdifferentapproachesarewidely usedin �o w visualization[8, 14]:

Direct�ow visualization: Thiscategoryof techniquesusesa translationthatis asstraightforward
aspossiblefor representing�o w datain theresultingvisualization.Theresultis anoverall picture
of the �o w. Commonapproachesaredrawing arrows or color codingvelocity. Intuitive pictures
result,especiallyin the caseof two dimensions.SeeSchulzet at. [16] for goodillustrationsof
direct �o w visualizationtechniquesappliedto CFD simulationdata.Westermanndemonstratesa
volumerenderingtechniquein orderto visualize3D vectordata[23].

Geometric�ow visualization: Theseapproachesoften�rst integratethe�o w dataandusegeomet-
ric objectsin theresultingvisualization.Theobjectshaveageometrythatre�ects thepropertiesof
the�o w. Examplesincludestreamlines,streaklines,streamsurfaces,andtimelines.Not all geomet-
ric objectsarebasedon integration.Anotherusefulgeometricapproachis generatingisosurfaces,
e.g.,with respectto anisovalueof pressureor magnitudeof velocity. A morethoroughdescription
of geometrictechniquesis presentedby Postet al. [13]. Seethework of Schroederet al. [15] or
Zöckler et al. [24] for classicexamplesof geometric�o w visualizationtechniqueappliedto 3D
vectordata.

Dense, texture-based�ow visualization: A texture is computedthat is usedto generatea dense
representationof the �o w. A notionof wherethe �o w travels is incorporatedthroughco-related
texturevaluesalongthevector�eld. In mostcasesthiseffect is achievedthrough�ltering of texels
accordingto thelocal �o w vector. Texture-basedmethodsoffer a denserepresentationof the�o w
with completecoverageof thevector�eld. RecentexamplesincludeImageBasedFlow Visualiza-
tion (IBFV) [19] andImageSpaceAdvection(ISA) [11], whichcangeneratebothSpotNoise[18]
andLIC-lik e [1] imagery. Wenotethata full comparisonof texture-based�o w visualizationtech-
niquesis givenelsewhere[8].

Feature-based�ow visualization: Anotherapproachmakesuseof anabstractionand/orextraction
stepwhich is performedbeforevisualization. Specialfeaturesare extractedfrom the original
dataset,suchasimportantphenomenaor topologicalinformationof the�o w. Visualizationis then
basedonthese�o w features(insteadof theentiredataset),allowing for compactandef�cient �o w
visualization,even of very large and/ortime-dependentdatasets.This canalsobe thoughtof as
visualizationof deriveddata.Postet al. [14] cover feature-based�o w visualizationin detail. The
work of Doleischetal. [2, 3] presentsrecentdevelopmentsin featurespeci�cationandextraction.

3 Resamplingof CFD Simulation Data

To startoff, we introducea�e xible, variableresolutiontool for interactiveresamplingof computa-
tional �uid dynamics(CFD)simulationdataonunstructuredgrids.Thetool andcoupledalgorithm
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Figure1: (top) A slicemeshwith discontinuities-two gapsin theshapeof rings,usinghedgehogvisual-
ization(bottom)Thesamesliceresampledontoa regulargrid.

afford usersprecisecontrolof glyphplacementduringvector�eld visualizationvia six interactive
degreesof freedom. The resamplingtool, calledFIRST (a Flexible andInteractive ReSampling
Tool), is avaluableassetin theengineer'spursuitof understandingandvisualizingtheunderlying
�o w �eld in CFDsimulationresults[6]. FIRST solvesboththeperceptualproblemsresultingfrom
abruteforcehedgehogvisualizationapproach,whereavectorglyphis renderedateveryCFDgrid
cell, andglyph placementproblemsby (1) giving theusercontrolof theresolutionof theglyphs
in theimageand(2) giving theuserprecisecontrolof where to placethevectorglyphsfor viewing
the�o w with normalcomponents.

The key distinguishingfeaturesof FIRST stemfrom the fact that it was speci�cally developed
in order to provide the userwith a rangeof �e xible interactionsat multiple resolutions. The
reasonwe focuson a combinationof usercontrol with resamplingis becauseengineersrequire
interactive visualizationsolutions. This is partly dueto a large amountof time engineersspend
searchingthedatasets.Theanalysisof anengineerincludestaskssuchassearchingfor areasof
extremepressure,looking for symmetriesin the�o w, searchingfor critical points,andcomparing
simulationresultsprevioussimulationresultsandwith measured,experimentalresults.

FIRST providesthefollowing features:(1) six interactive DoFs: threetranslational,scaling,rota-
tion, andresolution,(2) handleschangesto bothunderlyingtopologyandgeometry, i.e., canbe
utilized for thedisplayof time-dependent,unstructuredgrid sliceswheregeometryandtopology
changeover time or space,(3) resamplesany unstructuredgrid ontoany structuredgrid, (4) han-
dlesunstructuredgridswith holesanddiscontinuities,(5) doesnot rely on any pre-processingof
the data(6) consistsof a straightforward implementation,e.g.,requiresno neighbor-�nding ca-
pabilitiesor complicateddatastructures,(7) processeslarge quantitiesof unstructured,scalene
trianglesef�ciently . Also, theunderlyingalgorithmoperateson a per-unstructured-polygonbasis,
makingit suitablefor parallelization.

Theresamplerfeaturesareassociatedwith auser-de�ned,2D slicethrougha3D meshfrom CFD.
Engineerstake a sliceof thedataandslidetheslicethroughthegeometryin orderto �nd features
of the simulationdata,e.g.,areasof extremepressureandvortices. As the usermovesthe slice
throughthe3D mesh,theresamplerautomaticallyresizesitself aroundthesliceboundary, handling
changesto boththeunderlyinggeometryandtopology.

Figure1 illustratesour techniqueonameshwith discontinuities.Thediscontinuitiesaretwo gaps
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Figure2: ISA andIBFVS appliedto the�o w simulationdataat thesurfaceof two intakeportssideby side:
ISA with thewhitebackgroundandIBFVS with thegraybackground.

in the shapeof rings. Visualizationof �o w with normal componentsis shown using both the
hedgehogtechniqueversusthe glyphsonto a resampledgrid 2. Figure1 illustrateshow FIRST

reducesocclusionandvisual complexity thusmakingthe resultsmoresuitablefor presentation.
Also, renderingtimesareacceleratedbecausethenumbervectorglyphsis reduced.

4 ImageSpaceBasedVisualization of Flow on Surfaces

In this sectionwe presenta brief, side-by-sideanalysisof two recentimagespaceapproachesfor
thevisualizationof vector�elds on surfaces.Thetwo methods,ImageSpaceAdvection(ISA) [9]
andImageBasedFlow Visualizationfor CurvedSurfaces(IBFVS) [20] generatedenserepresen-
tationsof time-dependentvector�elds with highspatio-temporalcorrelation(seeFigure2). While
the 3D vector �elds areassociatedwith arbitrarysurfacesrepresentedby triangularmeshes,the
generationandadvectionof texture propertiesis con�ned to imagespace.Fast frameratesare
achieved by exploiting frame-to-framecoherency andgraphicshardware. In our comparisonof
ISA andIBFVS we pointout thestrengthsandweaknessesof eachapproachandgive recommen-
dationsasto whenandwherethey arebestapplied.

Theclassof �uid �o w visualizationtechniquesthatgeneratedenserepresentationsbasedon tex-
turesstartedwith SpotNoise [18] andLIC [1] in the early 1990s. The main advantageof this
classof algorithmsis their completedepictionof the�o w �eld while their drawbacksare,in gen-
eral, the computationaltime requiredto generatethe results,lack of �o w orientation(upstream
vs. downstream),andapplicability to 3D �o w. Figure2 illustratestwo texture-basedtechniques
thatmaintaincompletecoverageof thevector�eld while at thesametime overcomesomeof the
aforementioneddisadvantages,namely, long computationtime andlack of �o w orientation[11].
Texturevaluesarecorrelatedalongthedirectionof the �o w. Theorientationof the �o w is espe-
cially apparentin aninteractiveanimation.

Traditionalvisualizationof boundary�o w usingtexturemapping�rst mapsoneor more2D tex-
turesto a surfacegeometryde�ned in 3D space.Thetexturedgeometryis thenrenderedto image
space[17]. Here,we alter this classicorderof operations.First we projectthesurfacegeometry
andits associatedvector�eld to imagespaceandthenapplytexturing. In otherwords,while con-
ceptuallytexturepropertiesareadvectedonboundarysurfacesin 3D, in factthealgorithmsrealize

2For supplementaryimagesandMPEGanimationsof theresampler, pleasevisit:
http://www.VRVis.at/ar3/pr2/resampler/
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texture advection in imagespace. In particular, the methodshave the following characteristics:
They (1) generatea denserepresentationof unsteady�o w on surfaces(Figure2), (2) visualize
�o w on complex surfacescomposedof polygonswhosenumberis on the order of 250,000or
more,(3) canhandlearbitrary, complex mesheswithout relying on a parametrization,(4) support
user-interactionsuchasrotation,translation,andzoomingwhile maintainingaconstant,highspa-
tial resolution,(5) deliverhighperformance,i.e.,severalframespersecond,and(6) visualize�o w
ondynamicmesheswith time-dependentgeometryandtopology.

ISA andIBFVSsimplify theproblemby con�ning thesynthesisandadvectionof textureproperties
to imagespace.Both methodsprojectthesurfacemeshandassociatedvectordatato imagespace
and thenapply a seriesof textures. Summarizing,the methodsarecomprisedof the following
pipeline:

1. associatethe3D �o w datawith thepolygonsat theboundarysurface,i.e., a velocity vector
is storedateachpolygonvertex of thesurface

2. projecteithertheassociatedvector�eld or thedistortedsurfacemeshontotheimageplane
3. advect texture propertiesaccordingto the projectedvector�eld or the projected,distorted

meshin imagespace
4. injectandblendnoise
5. overlayoptionalvisualizationcuessuchasshowing asemi-transparentrepresentationof the

surfacewith shading

Eachstepof thepipelineis necessaryfor thedynamiccasesof unsteady�o w, time-dependentge-
ometry, rotation,translation,andscaling,andonly asubsetis neededfor thestaticcasesinvolving
steady-state�o w andno changeto the viewing parameters.Conceptually, the algorithmsshare
severaloverlappingcomponentssuchasprojectionto imagespace,advectionmeshcomputation,
texture-mapping,noiseinjection andblending,andthe additionof shadingor a color map. The
maindifferencebetweenthetwo methodsis thatISA usesanimage-basedmeshin orderto advect
thetextures,whereasthetextureadvectionin IBFVS is drivenby theoriginal 3D mesh.As a re-
sult,differencesarisestemmingfrom partsof thealgorithmthatuseimagespacevs.objectspace.
Thesedecisionsresultin advantagesanddisadvantagesfor bothmethods.More detailsaregiven
by Larameeetal. [11] 3.

The choiceof whetherto apply ISA or IBFVS dependson the complexity of the model. For
surfacevisualizationIBFVS is a goodchoice. Polygonsgenerallycover several pixels in image
spacehencetheamountof computationtime per-pixel is low. For visualizationof �o w on large
meshessuchasshown in Figure2, ISA is a goodchoice.For thesemeshes,many polygonscover
lessthanapixel andmany polygonsareoccluded.ISA avoidsspendingcomputationtimeonthese
pixels.Also, in termsof softwaredevelopment,IBFVS is generallyeasierto implementbecauseit
is amorestraightforwardextensionof IBFV [19].

5 TextureBasedVisualization of Flow on Isosurfaces

For many of theautomotive componentsthatundergo evaluation,thereis anidealpatternof �o w
engineerstry to create. Figure3, left illustratesthe swirl motion of �uid �o w in a combustion
chamberfrom a dieselengine. In order to generateswirl motion, �uid entersthe combustion

3For supplementaryimagesandMPEGanimationsof ISA andIBFVS, pleasevisit:
http://www.VRVis/ar3/pr2/isa-ibfvs/
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Figure3: (left) Theswirling motionof �o w in thecombustionchamberof a dieselengine.Swirl is used
to describecirculationaboutthecylinderaxis.Theintakeportsat thetopprovide thetangentialcomponent
of the�o w necessaryfor swirl. Thedatasetconsistsof 776,000unstructured,adaptive resolutiongrid cells.
(right) Somegasenginecomponentsrequirea tumblemotion�o w pattern(right) in orderto mix �uid with
oxygen.Tumble�o w circulatesaroundanaxisperpendicularto thecylinder axis,orthogonalto swirl �o w.
Thedatasetis composedof 61,700unstructured,adaptive resolutioncells.

chamberfrom the intake ports. Later on in the enginecycle, the kinetic energy associatedwith
this swirl motion is usedto generateturbulencefor mixing of freshoxygeninto the �uid. The
more turbulencegenerated,the betterthe mixture of air anddieselfuel, andthus the betterthe
combustion itself. Ideally, enoughturbulent mixing is generatedsuchthat 100%of the fuel is
burned.

From the point of view of the mechanicalengineersdesigningthe intake ports, increasedswirl
�o w leadsto bene�cial conditions:(1) improvedmixturepreparation,i.e.,morefuel contactwith
oxygen,(2) a higherEGR(ExhaustGasRatio)which meansa decreasein fuel consumption,and
(3) loweremissions.However, toomuchswirl displacesthe�ame usedto ignite thefuel. As such,
abalancemustbeachievedbetweengeneratingenoughswirl �o w in orderto createturbulenceand
notdisplacingthe�ame usedto ignitethe�o w. Someroutinequestionsthatamechanicalengineer
may askwhen investigating swirl �o w are: Canvisualizationprovide insight into or verify the
characteristicshape(s)or behavior of the �o w? What tool(s)canhelp to visualizetheswirl �o w
pattern?andWherein thecombustionchamberis theswirl �o w patternnot beingmet?

Isosurfacesareavisualizationtool usedroutinelyby mechanicalengineersto investigatetheprop-
ertiesof the�o w insidea3D volume.Theshapeof anisosurfacecangive theengineerinsightinto
its 3D characteristics.Figure4, left shows a velocity isosurfacein thecombustionchamberof the
datasetin Figure3, left. Theengineercanseethat the �o w hassomeof theswirling orientation
that they are looking for. However, what is missingfrom Figure4, left, is a clear indicationof
�o w direction,e.g.,the upstreamanddownstreamnatureof the �o w. In particular, it is not ob-
viouswherethe �o w doesnot follow the idealswirl patternthat thecombustionchambershould
encapsulate.

Applying texture-based�o w visualizationtechniquesto suchisosurfacesprovidesengineerseven
moreinsight into the characteristicsof 3D vector �elds. And this hasbecomea feasibleoption
only recently. WeappliedtheISA methodof Larameeetal. [9] for producingdense,texture-based
representationsof �o w on isosurfaces.The result is a combinationof two well known scienti�c
visualizationtechniques,namelyiso-surfacingandtexture-based�o w visualization,into a useful
hybrid approach.Our applicationis a versatilevisualizationtechniquewith the following char-
acteristics: (1) generatesa denserepresentationof �o w on adaptive resolutionisosurfaces,(2)
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Figure4: (left) avelocity isosurfaceof value5.0m/swith aCFDsimulationattributemappedto hue,(mid-
dle) with texture-based�o w visualizationapplied,(right) texture-based�o w visualizationon theisosurface
combinedwith anormalmask.

visualizes�o w on complex isosurfacescomposedof polygonswhosenumberis on the orderof
200,000or more,(3) visualizes�o w independentof theisosurfacemesh's complexity andresolu-
tion, (4) supportsuser-interactionsuchasrotation,translation,andzoomingalwaysmaintaininga
constant,high spatialresolution,and(5) producesfastanimations,realizingup to 60 framesper
second.

Whenvisualizing�o w on normalboundarysurfacesthedirectionof the�o w generallycoincides
with thesurfaceitself. As the�o w approachestheboundary, it is not allowedto passthroughand
is pushedin a tangentialdirection,i.e., it canbedescribedassurfacealigned�o w. However, in the
caseof isosurfacesthis is no longertrue.The�o w atanisosurfacecansometimesexhibit astrong
�o w that is normalto thesurface,e.g.,cross-surface�o w. Thesamealsoholdstrue for thecase
of arbitraryclipping geometries.Simply advectingtexturepropertiesaccordingto thevector�eld
projectedontotheisosurfacecouldbeconsideredmisleading.

We proposeanideainspiredby thewell known velocity mask[4], namely, a normalmask. A ve-
locity maskcanbeusedto dim or highlighthighfrequency noisein low velocityregions.Whereas,
a normalmaskcanbeusedto dim regionsof thevector�eld thathave strongcross-�ow compo-
nentto theisosurface.For moredetailsabouthow we implementedthenormalmask,pleaserefer
to Larameeet al. [10]. Someresultsof applyingthis normalmaskto an isosurfaceareshown in
Figure4, right. We canseethat the �o w at the isosurfacejust below the intake port in the fore-
ground(in white) hasa strongnormalcomponentto theisosurface.Thehigherfrequency texture
in this region is dif�cult to see.Notealsothatwe have chosena simplercolor scalein this case
to reducethevisualcomplexity of theresult. We �nd thatusingusinga full rangeof huefor the
color mappingin combinationwith variableopacityfor thenormalmaskis visually complex. So
we provide theoptionof tradingoff somecomplexity in thecolor mapwhile applyingthenormal
mask4.

4For supplementaryimagesandanimationsof texture-based�o w visualizationon isosurfaces,pleasevisit:
http://www.VRVis.at/ar3/pr2/VisSym04/
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Figure5: Thevisualizationof blood�o w at thesurfaceof ananeurysm:(left) geometric�o w visualization
usingstreamlines(middle-left)orientedstreamlinesand(middle-right)streamlets,and(right) streamcomets.

Seeding Location

DoF -Animation Speed

DoF
DiameterDoF -Length of Tail

DoF -Position of Head

Figure6: Thestreamcometpromotesfour interactive DoFs: (1) thepositionof thecometheadalongthe
pathof integration,(2) thediameterof thecometheadandtail, (3) thelengthof thesemi-transparentcomet
tail, andoptionally(4) theanimationspeedof thecometsalongthepathof integration.

6 GeometricFlow Visualization Techniques

This sectionturnsour attentionto a collectionof geometric�o w visualizationtechniquesinclud-
ing orientedstreamlines,streamlets,a streamrunnertool, streamcomets,anda real-timeanimated
streamlinetechnique.Weplacespecialemphasisonnecessarymeasuresrequiredin orderfor geo-
metrictechniquesto beapplicableto real-world datasets.While someof thegeometrictechniques
herehave beenpresentedin previous literature, they are often not illustratedin the context of
real-world datasets.For full overview of relatedresearch,seethework by Postetal. [13].

Oneof the drawbacksof conventionalstreamlinesis the lack of �o w orientation(upstreamvs.
downstreamdirection)depictedin a still image. Our systemincorporatesan orientedstreamline
implementation.Orientedstreamlinesconvey the downstreamdirectionof the �o w by varying
the opacityasa function of particletraceevolution. In otherwords, the further downstreaman
integrationpathis traced,the higherthe opacityof the streamline.This canbe implementedby
giving thestreamlinesa �nite width, eitherautomaticallyor throughuser-de�ned parameters,and
usingsemi-transparentpolygonsin orderto depictanorientedstreamline(Figure5, middle-left).
Arrow headscould also be usedto achieve the sameeffect. However, arrow headglyphs can
moreeasilyleadto visualclutterwithout carefultreatment.Theresultis similar to thatof OLIC
(OrientedLine Integral Convolution) [21, 22]. Oneimportantdifferenceis thatOLIC is basedon
a traditionallyslower approachderivedfrom LIC andOLIC is moreapplicableto 2D �o w rather
than3D.

For thecaseof unsteady�o w, drawing acontinuousparticlepathusingonly asingletimestepcan
beconsideredmisleading.This is becauseno particleactuallytracessucha path. For thecaseof
slicesandsurfaces,thevisualizationbecomesevenmoreproblematicbecausea componentof the
vector�eld is takenaway, namelythatcomponentorthogonalto thesliceor surface,absentaftera
projectionontothesliceor surface.Oneapproachto handlingthis is throughtheuseof streamlets
(shortstreamlines)asillustratedin Figure5 middle-right.
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Streamcometsare an extensionof the streamrunner[5]. The streamrunneraddressesthe prob-
lemsof occlusionandscenecomplexity directly by giving theusercontrolover theevolution of
streamlinesfrom seedingtime until they terminate.A streamlinemay terminatewhenit reaches
a boundaryin the geometry, reachesa region of zerovelocity, or reachesa maximumlengthset
by theuser. Streamcometsfollow avery intuitive metaphor. They offer four interactive degreesof
freedomasshown in Figure6. Coupledwith moreinteractive degreesof freedom,streamcomets
offer theadvantageof showing local �o w directionandcurvaturefor staticimages.

Anotherusefulfeatureis theoptionof animatingthestreamcomets.Conceptually, animatingthe
streamcometssuchthatthecometheadpositionis automaticallyincrementedalongthestreamline
path,actsasavisualsearchfunction.Theviewer is ableto usetheanimationto searchfor optimal
cometheadpositions. This is very usefulwhenthe useris not surewhereto positionthe head,
searchingfor interestingfeaturesin the �o w �eld, or optimizing the otherinteractive DoFs. We
emphasizethe importanceof theuser's ability to resizethestreamcometsalongarbitrarydimen-
sionswhenzoomingin andoutof thedatasets.

Figure5, left-to-right, shows theuseof streamlines,orientedstreamlines,streamletsandstream-
cometsall appliedto thesamedataset. Thedatasetin this caseis simulationdatacomingfrom
blood�o w throughananeurysm.Notethatthesetechniqueshighlight �o w characteristicssuchas
areasof divergenceandconvergence.Furthermore,they arewell suitedfor 3D �o w visualization
of which we will seemorein Section7. Also We usea stipplingapproachto animatestreamlines
suchthatthedownstreamdirectionof the�o w is depicted.SeeLarameeandHauser[7] for more
detailsabouttheimplementation.5

7 InvestigatingSwirl and Tumble Flow

TheVRVis ResearchCentercollaborateswith AVL (www.avl.com) in orderto providevisualization
solutionsfor analysisof their CFD simulationresults.Previously, AVL engineersuseda seriesof
severalcolor-mappedslicesto assessandvisualizetheresultsof theirCFDsimulations.Here,new
solutionsfor thevisualizationof CFD simulationdatahave beenintroduced.This sectionreports
on theapplicationof thesetechniquesin additionto themoretraditionalapproaches.Wedescribe:
(a)theapplicationof differentvisualizationtechniquesto speci�c applicationcases,(b) advantages
anddisadvantagesof whatthesetechniquesoffer, and(c) a comparisonwhich mayapplyto other
applicationcases.We alsoto give recommendationson whento usespeci�c techniquesandin
whichapplicationscenario.

In the �o w within a cylinder, we candistinguishbetweentwo typesof motion: swirl �o w com-
monly found in dieselenginesandtumble�o w commonlyfound in gasengines.In both cases,
rotationalmotionoccursaboutanaxis, thoughthepositionof the respective axis is different. In
thecaseof swirl �o w, theaxis is moreor lesscoincidentwith thecylinder axis,asshown in Fig-
ure3, left. In thecaseof tumble(Figure3, right), therotationaxisis perpendicularto thecylinder
axisandmorecomplex, thusmakingtumble�o w moredif�cult to controlthanswirl �o w.

In orderto generateswirl or tumblemotion,�uid entersthecombustionchamberfrom theintake
ports. Lateron in theenginecycle, thekinetic energy associatedwith this motionis usedto gen-
erateturbulencefor mixing of freshoxygenwith evaporatedfuel. Themoreturbulencegenerated,
the betterthe mixture of air andfuel, andthusthe morestablethe combustionitself. By stable

5For supplementaryimagesandMPEGanimations,pleasevisit:
http://www.VRVis.at/ar3/pr2/geometricApproach/
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Figure7: (left) Visualizingswirl �o w using3D streamlinesand texture-based�o w visualizationon an
isosurface.Comparewith Figure3, left. (right) An isosurfaceand3D streamlinesvisualizetumblemotion
with theadditionof texture-based�o w visualizationonacolor-mappedslice.Compareto Figure3, right.

Coverage

Density

Spatial Dimensionality

Perceptual Clarity,
Visual Complexity

Spatial Coherence

Figure8: In general,trade-offs aremadebetweenthedensity, coverage,andspatialdimensionalityof the
visualizationwith thatof perceptualclarity, visualcomplexity, andspatialcoherence.

wemeanachieving thesameconditionsfor eachenginecycle. Ideally, enoughturbulentmixing is
generatedsuchthat100%of thefuel is burned.Theswirl or tumblemotionshouldbemaximized
to maximizeturbulence.Fromthepoint of view of themechanicalengineersdesigningtheintake
ports,the ideal �o w patternleadsto bene�cial conditionsnamely, thoseoutlinedin Section5. A
controlled�o w motionis usedto getstableandreproducibleconditionsateachenginecycle.

We investigatedtwo typical �o w patternsfrom CFDusingthreeclassesof �o w visualizationtech-
niquescommonlyavailablein 2D, 2.5D,and3D6. By 2.5D we meansurfacesthrough3D space.
Figure7 show someof theresultsof this investigation.Figure7, left is ahybrid of multiplevisual-
izationapproachesincluding3D streamlines,isosurfacing,color-mapping,andtexture-based�o w
visualization.Thestreamlineshighlight thedominantcharacteristicstructureof the�o w insidethe
volumewhile the texturing appliedto the isosurfacepointsout someof the destructive areasof
the �o w at the top. Figure7 helpsverify that theoverall behavior of the �o w is characteristicof
thatof swirl motion. Figure7, right is anotherhybrid of approachesincludingslicing with color-
mappingandtexture-based�o w visualizationapplied,a pressureisosurface,and3D streamlines
seededfrom two seedingplanes.Figure7, right shows that in this casethe tumblemotion axis
is off-center, pointingdown andto the left ratherthanstraightout towardsthereaderin the ideal
case.

Our side-by-sidecomparisonof each�o w visualizationcategory illustratesthat eachhasits re-
spective advantagesanddisadvantages.Figure8 summarizessomeof thetrade-offs thataremade

6For supplementarymaterialincludinghigh resolutionimagesandMPEGanimations,pleasevisit:
http://www.VRVis.at/ar3/pr2/swirl-tumble/
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whenvisualizingswirl andtumblemotion. For example,Themoredensethevisualization,gen-
erally the moredif�cult is to perceive the result. Thusa trade-off is often madebetweenthese
two factors. As a resultof thesetrade-offs, the �e xible combinationsof approachesofferedby
our systemaregoodalternatives. For a moreelaboratediscussionof theseresults,pleaserefer to
Larameeetal [12].

8 Conclusionsand Acknowledgements

The larger the datasetsfrom CFD simulationbecome,the more useful scienti�c visualization
is in order to gain insight into thoseresults. In addition,no single “one-size-�ts-all” approach
exists, henceengineersrequirea rangeof tools in order to carry out their analysis,exploration,
andpresentation.We have presenteda selectionof recentadvancesin �o w visualization.These
recentadvanceshave beenappliedto real-world applicationsin the �eld of CFD including the
investigationandvisualizationof patternsof �o w motionspeci�c to automotive engineering.We
have alsodiscussedthebene�ts of thesetechniquesandhow engineersgain valuableinsight into
their CFD simulationresultsusingthis recentlydevelopedselectionof tools. We would like to
thankall thosewho have contributedto �nancing this research,including AVL (www.avl.com )
andthe AustriangovernmentalresearchprogramKplus (www.kplus.at ). All CFD simulation
datais courtesyof AVL.
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[21] R. Wegenkittl andM. E. Gröller. FastOrientedLine Integral Convolution for VectorField Visualiza-
tion via theInternet.In ProceedingsIEEEVisualization'97, pages309–316,October19–241997.

[22] R.Wegenkittl,M. E.Gröller, andW. Purgathofer. AnimatingFlow Fields:Renderingof OrientedLine
IntegralConvolution. In ComputerAnimation'97 Proceedings, pages15–21,June1997.

[23] R. Westermann.The Renderingof UnstructuredGrids Revisited. In Proceedingsof the Joint Eu-
rographics- IEEE TCVGSymposiumon Visualizatation(VisSym-01), pages65–74.Springer-Verlag,
May 28–302001.
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