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SUMMARY

As the sizeof CFD simulationdatasetsexpand,the job of the engineerto analyze explore, and
presenthedatabecomesnorechallenging.Thescienti ¢ visualizationtoolsusedby theengineer
shouldevolve to meetthe groving demandpresentedby large simulationdatasets.Furthermore,
no single visualizationtechniquecan meeteachusersneeds. We presenta detailedselectionof
recentlydevelopeddirect,geometricandtexture-basedo w visualizationtechniquesTheseech-
niquesaddresshedemandsetforth by engineersfor visualizationsolutionswhich provide insight
into CFD simulationdata.Includedarealgorithmsfor (1) theresamplingof CFD simulationdata,
(2) fast,animatedexture-basedo w visualization,and(3) geometrico w visualizationincluding
dashedanimated-streamlinesrientedstreamlinesstreamletsandstreamcomets£achapproach
is targetedat the visual analysisof computationaluid dynamics(CFD) simulationdata. This
relatvely new selectionof techniquegrovidesvaluabletoolsthatallow engineergo gain insight
into their CFD simulationresults.

1 Intr oduction

Visualizationis an importantpart of exploring, analyzing,and presentingthe resultsof a CFD

simulation.As thesizeof CFD simulationdatasetsincreasesthe utility of scienti ¢ visualization
for gaininginsightinto the datasetsalsoincreasesVisualizationoffers oneway to managesuch
large collectionsof simulationdatasinceit bringsthe datato a higherlevel of abstractionSimply

readingthe raw datadoesnot meetall of the demandsetforth by the userandmay not even be

feasible.Furthermoreno singlevisualizationsolutioncanspantherangeof eachengineers needs.
Hencearangeof solutionsmustbe atthe users disposal.

We presenta selectionof recentadvancesn o w visualizationthataddressethegrowing demand
for solutionsthat offer insightinto the continuouslyexpandingCFD simulationdatasets. Our
presentatiordravs upon o w visualizationtechniqueseingclassi ed into four main cateyories:
(1) direct, (2) texture-based(3) geometric,and(4) feature-basefB, 13]. This classi cationpro-
videsa framework usefulfor placingour techniquesn a larger context. The resamplingool we
presentfalls into the direct o w visualizationcateyory [6]. The Image SpaceAdvection (ISA)
andlmageBasedFlow Visualizationfor Curved SurfaceqIBFVS) algorithmsfall into thetexture-
basedcateyory [11]. And our discussiorof geometrictechniquesncludes,orientedstreamlines,
animated-dashestreamlinesstreamletsand streamcomet$/]. Theserecentadwancesare ap-
plied to real-world applicationsin the eld of CFD including the investication andvisualization
of patternsof o w motion speci ¢ to automotve engineering.We discussthe bene ts of these
techniqueslongtheway usingreal-world results.

1ResearchCenter for Virtual Reality and Visualization, Donau-City-Strassel, 1220 Vienna, Austria,
f Laramee,Hauser g@VRVis.at



INTERACTIVE 3D FLOW VISUALIZATION

Therestof this paperis organizedasfollows: Section2 brie y outlinessomerelatedwork. Sec-
tion 3 describesa resamplingool for CFD simulationdata. Section4 presentsecentalgorithms
for thefastadwectionof textureson surfaces.Section5 outlineshow texture-basedo w visualiza-
tion canbeappliedto isosurbices.Section6 describes collectionof geometrico w visualization
techniquesapplicableto CFD simulationdataand Section7 demonstratebow direct, geometric
andtexture-basedo w visualizationtechniqueganbeusedto solve real-world problemsrom the
automotve industry

2 RelatedWork

Four differentapproachearewidely usedin o w visualization[8, 14]:

Direct ow visualization: This category of techniquesisesatranslationthatis asstraightforward
aspossiblefor representingo w datain theresultingvisualization.Theresultis anoverall picture
of the o w. Commonapproachesredraving arrons or color codingvelocity. Intuitive pictures
result, especiallyin the caseof two dimensions.SeeSchulzet at. [16] for goodillustrationsof

direct o w visualizationtechniquesppliedto CFD simulationdata. Westermanmemonstratea
volumerenderingechniquen orderto visualize3D vectordata[23].

Geometricow visualization: Theseapproachesften rst integratethe o w dataandusegeomet-
ric objectsin theresultingvisualization.The objectshave ageometrythatre ects the propertiesof
the o w. Examplesncludestreamlinesstreaklinesstreamsudcesandtimelines.Not all geomet-
ric objectsarebasedon integration. Anotherusefulgeometricapproachs generatingsosurfces,
e.g.,with respecto anisovalueof pressurer magnitudeof velocity. A morethoroughdescription
of geometrictechniquess presentedy Postet al. [13]. Seethework of Schroedeetal. [15] or
Zockler et al. [24] for classicexamplesof geometric o w visualizationtechniqueappliedto 3D
vectordata.

Dense texture-basedow visualization: A textureis computedthatis usedto generatea dense
representatiof the ow. A notionof wherethe o w travelsis incorporatedhroughco-related
texturevaluesalongthevector eld. In mostcaseshis effectis achiezedthrough ltering of texels
accordingto thelocal o w vector Texture-basedanethodsoffer adenserepresentatioof the o w
with completecoverageof thevector eld. ReceniexamplesncludelmageBasedrlow Visualiza-
tion (IBFV) [19] andimageSpaceAdvection(ISA) [11], which cangeneratdoth SpotNoise[18]
andLIC-like[1] imagery We notethatafull comparisorof texture-basedo w visualizationtech-
niquesis givenelsavhere[8].

Featue-basedow visualization: Anotherapproachmakesuseof anabstractiorand/orextraction
stepwhich is performedbefore visualization. Specialfeaturesare extractedfrom the original
datasetsuchasimportantphenomenar topologicalinformationof the o w. Visualizationis then
basedntheseo w featureqinsteadof theentiredataset)allowing for compactandef cient ow
visualization,even of very large and/ortime-dependentlatasets.This canalsobe thoughtof as
visualizationof deriveddata.Postet al. [14] cover feature-based w visualizationin detail. The
work of Doleischetal. [2, 3] presentsecentdevelopmentsn featurespeci cationandextraction.

3 Resamplingof CFD Simulation Data

To startoff, weintroducea e xible, variableresolutiontool for interactve resamplingdf computa-
tional uid dynamicqCFD)simulationdataonunstructuredrids. Thetool andcoupledalgorithm



INTERACTIVE 3D FLOW VISUALIZATION

Figurel: (top) A slice meshwith discontinuitiestwo gapsin the shapeof rings, usinghedgehogisual-
ization (bottom)The samesliceresampleantoa regulargrid.

afford usergprecisecontrolof glyph placementluringvector eld visualizationvia six interactve
degreesof freedom. The resamplingtool, called FIRST (a Flexible and Interactve ReSampling
Tool), is avaluableassein theengineers pursuitof understandingndvisualizingthe underlying
ow eld in CFD simulationresultg[6]. FIRST solvesboththeperceptuaproblemsesultingfrom
abruteforcehedgehogisualizationapproachwhereavectorglyphis renderedatevery CFD grid
cell, andglyph placemenproblemsby (1) giving the usercontrol of the resolutionof the glyphs
in theimageand(2) giving the userprecisecontrolof whee to placethevectorglyphsfor viewing
the o w with normalcomponents.

The key distinguishingfeaturesof FIRST stemfrom the fact that it was speci cally developed
in orderto provide the userwith a rangeof e xible interactionsat multiple resolutions. The
reasonwe focuson a combinationof usercontrol with resamplingis becausesngineergequire
interactve visualizationsolutions. This is partly dueto a large amountof time engineerspend
searchinghe datasets. The analysisof an engineetincludestaskssuchassearchingor areasof
extremepressurelooking for symmetriesn the o w, searchindor critical points,andcomparing
simulationresultsprevious simulationresultsandwith measuredexperimentakresults.

FIRST providesthefollowing features:(1) six interactve DoFs: threetranslationalscaling,rota-

tion, andresolution,(2) handleschangego both underlyingtopologyandgeometryi.e., canbe

utilized for the displayof time-dependentinstructuredyrid sliceswheregeometryandtopology
changeover time or space(3) resamplesry unstructuredyrid ontoary structuredgrid, (4) han-
dlesunstructuredyrids with holesanddiscontinuities(5) doesnotrely on ary pre-processingf

the data(6) consistsof a straightforvard implementationg.g.,requiresno neighbof nding ca-

pabilities or complicateddatastructures(7) processesarge quantitiesof unstructuredscalene
trianglesef ciently. Also, theunderlyingalgorithmoperate®n a perunstructured-polygobasis,
makingit suitablefor parallelization.

Theresamplefeaturesareassociateavith auserde ned, 2D slicethrougha 3D meshfrom CFD.

Engineerdake a slice of the dataandslide the slicethroughthe geometryin orderto nd features
of the simulationdata,e.g.,areasof extremepressureandvortices. As the usermovesthe slice

throughthe3D meshtheresampleautomaticallyresizestself aroundhesliceboundaryhandling
changedo boththe underlyinggeometryandtopology

Figurel illustratesour techniqueon a meshwith discontinuities Thediscontinuitiesaretwo gaps
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Figure2: ISA andIBFVS appliedto the o w simulationdataat the surfaceof two intake portssideby side:
ISA with thewhite backgroundandIBFVS with thegraybackground.

in the shapeof rings. Visualizationof ow with normal componentss shavn using both the
hedgehogechniqueversusthe glyphs onto a resampledyrid 2. Figure 1 illustrateshow FIRST
reducesocclusionandvisual compleity thus makingthe resultsmore suitablefor presentation.
Also, renderingimesareacceleratetbecauséhe numbervectorglyphsis reduced.

4 Image SpaceBasedVisualization of Flow on Surfaces

In this sectionwe present brief, side-by-sideanalysisof two recentimagespaceapproachegor
thevisualizationof vector elds on surfaces.Thetwo methods)mageSpaceAdvection(ISA) [9]
andlmageBasedFlow Visualizationfor Curved Surfaces(IBFVS) [20] generatalenserepresen-
tationsof time-dependentector elds with high spatio-temporatorrelation(seeFigure2). While
the 3D vector elds areassociatedvith arbitrary surfacesrepresentedby triangularmeshesthe
generationand adwection of texture propertiesis con ned to imagespace. Fastframe ratesare
achieved by exploiting frame-to-framecohereng and graphicshardware. In our comparisorof
ISA andIBFVS we pointoutthe strengthsandweaknessesf eachapproacrandgive recommen-
dationsasto whenandwherethey arebestapplied.

Theclassof uid o w visualizationtechniqueshatgeneratelenserepresentationsasedon tex-
turesstartedwith SpotNoise[18] andLIC [1] in the early 1990s. The main advantageof this
classof algorithmsis their completedepictionof the ow eld while their dravbacksare,in gen-
eral, the computationatime requiredto generatehe results,lack of o w orientation(upstream
vs. downstream)andapplicabilityto 3D o w. Figure2 illustratestwo texture-basedechniques
that maintaincompletecoverageof thevector eld while atthe sametime overcomesomeof the
aforementionediisadwantagespamely long computationtime andlack of o w orientation[11].
Texture valuesare correlatedalongthe directionof the o w. The orientationof the o w is espe-
cially apparentn aninteractve animation.

Traditionalvisualizationof boundary o w usingtexture mapping rst mapsoneor more2D tex-

turesto a surlacegeometryde nedin 3D space.Thetexturedgeometryis thenrenderedo image
spacegl17]. Here,we alterthis classicorderof operations.First we projectthe surfacegeometry
andits associatedector eld to imagespaceandthenapplytexturing. In otherwords,while con-
ceptuallytexture propertiesareadvectedon boundarysurfacesn 3D, in factthealgorithmsrealize

2For supplementarimagesandMPEG animationsof theresamplerpleasevisit:
http://www.VRVis.at/ar3/pr2/resampler/
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texture adwectionin imagespace. In particular the methodshave the following characteristics:
They (1) generatea denserepresentatiof unsteadyo w on surfaces(Figure 2), (2) visualize
ow on compl surfacescomposeddf polygonswhosenumberis on the order of 250,0000r
more,(3) canhandlearbitrary complex meshesvithout relying on a parametrization(4) support
userinteractionsuchasrotation,translationandzoomingwhile maintaininga constanthigh spa-
tial resolution(5) deliver high performancei.e., severalframespersecondand(6) visualize o w
ondynamicmeshewith time-dependergeometryandtopology

ISA andIBFVS simplify theproblemby con ning thesynthesisandadwectionof textureproperties
to imagespace Both methodsorojectthe surfacemeshandassociatedectordatato imagespace
andthenapply a seriesof textures. Summarizing,the methodsare comprisedof the following
pipeline:

1. associatehe 3D o w datawith the polygonsat the boundarysurface,i.e., a velocity vector
is storedat eachpolygonvertex of the surface

2. projecteithertheassociatedector eld or thedistortedsurfacemeshontotheimageplane

3. adwecttexture propertiesaccordingto the projectedvector eld or the projected distorted
meshin imagespace

4. injectandblendnoise

5. overlayoptionalvisualizationcuessuchasshaving a semi-transparemepresentatioof the
surfacewith shading

Eachstepof the pipelineis necessaryor the dynamiccasesf unsteadyo w, time-dependenge-

ometry rotation,translationandscaling,andonly asubseis neededor the staticcasesnvolving

steady-stateo w and no changeto the viewing parameters.Conceptually the algorithmsshare
several overlappingcomponentsuchasprojectionto imagespace adwectionmeshcomputation,
texture-mappingnoiseinjection and blending,andthe additionof shadingor a color map. The

maindifferencebetweerthetwo methodss thatISA usesanimage-basedeshin orderto advect
the textures,whereaghetexture adwectionin IBFVS is driven by the original 3D mesh.As are-

sult, differencesarisestemmingfrom partsof thealgorithmthatuseimagespacevs. objectspace.
Thesedecisiongesultin advantagesanddisadwantagedor both methods.More detailsaregiven

by Larameeetal. [11] 2.

The choice of whetherto apply ISA or IBFVS dependson the complity of the model. For

surfacevisualizationIBFVS is a goodchoice. Polygonsgenerallycover several pixelsin image
spacehencethe amountof computationtime perpixel is low. For visualizationof o w on large
meshesuchasshowvn in Figure2, ISA is agoodchoice.For thesemeshesinary polygonscover
lessthanapixel andmary polygonsareoccludedISA avoidsspendingcomputatiortime onthese
pixels. Also, in termsof softwaredevelopment)BFVS is generallyeasierto implementbecausét

is amorestraightforvard extensionof IBFV [19].

5 Texture BasedVisualization of Flow on Isosurfaces

For mary of the automotve componentshatundego evaluation,thereis anideal patternof ow
engineerdry to create. Figure 3, left illustratesthe swirl motion of uid ow in a comhustion
chamberfrom a dieselengine. In orderto generateswirl motion, uid entersthe comhustion

3For supplementarimagesandMPEG animationof ISA andIBFVS, pleasevisit:
http://www.VRVis/ar3/pr2/isa-ibfvs/
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Intake Ports

Rotation

Figure3: (left) The swirling motionof o w in the comhustionchamberof a dieselengine. Swirl is used
to describecirculationaboutthe cylinder axis. Theintake portsat thetop provide thetangentiacomponent
of the o w necessarfor swirl. Thedatasetconsistsf 776,000unstructuredadaptve resolutiongrid cells.
(right) Somegasenginecomponentsequirea tumblemotion o w pattern(right) in orderto mix uid with
oxygen.Tumble o w circulatesaroundan axis perpendiculato the cylinder axis, orthogonalo swirl o w.
Thedatasetis composedf 61,700unstructuredadaptve resolutioncells.

chamberfrom the intake ports. Later on in the enginecycle, the kinetic enegy associatedvith
this swirl motion is usedto generataurbulencefor mixing of freshoxygeninto the uid. The
more turbulencegeneratedthe betterthe mixture of air and dieselfuel, andthusthe betterthe
comhustionitself. Ideally, enoughturbulent mixing is generatedsuchthat 100% of the fuel is
burned.

From the point of view of the mechanicakengineerglesigningthe intake ports, increasedswirl
o w leadsto bene cial conditions:(1) improved mixture preparationj.e., morefuel contactwith
oxygen,(2) a higherEGR (ExhaustGasRatio) which meansa decreasén fuel consumptionand
(3) lower emissionsHowever, too muchswirl displacegshe ame usedto ignite thefuel. As such,
abalancemustbeachiezedbetweergeneratinggenoughswirl o w in orderto createturbulenceand
notdisplacingthe ame usedto ignitethe o w. Someroutinequestionghata mechanicaéngineer
may ask wheninvestigating swirl ow are: Canvisualizationprovide insightinto or verify the
characteristishape(spr behaior of the o w? Whattool(s) canhelpto visualizethe swirl ow
pattern?andWherein the comlustionchambeiis theswirl o w patternnot beingmet?

Isosurbicesareavisualizationtool usedroutinelyby mechanicakngineerso investicatethe prop-
ertiesof the o w insidea 3D volume. Theshapeof anisosurficecangive theengineeinsightinto
its 3D characteristicsFigure4, left shavs a velocity isosurficein the comlustionchamberof the
datasetin Figure3, left. The engineercanseethatthe o w hassomeof the swirling orientation
thatthey arelooking for. However, whatis missingfrom Figure4, left, is a clearindication of
o w direction, e.g., the upstreamand downstreamnatureof the o w. In particular it is not ob-
viouswherethe o w doesnot follow theideal swirl patternthatthe comhustionchambershould
encapsulate.

Applying texture-basedo w visualizationtechniquego suchisosurbicesprovidesengineergven
moreinsightinto the characteristic®f 3D vector elds. And this hasbecomea feasibleoption
only recently We appliedthelSA methodof Larameeetal. [9] for producingdensetexture-based
representationsf ow onisosurfices. Theresultis a combinationof two well known scienti ¢
visualizationtechniquespamelyiso-surficingandtexture-basedo w visualization,into a useful
hybrid approach.Our applicationis a versatilevisualizationtechniquewith the following char
acteristics: (1) generates denserepresentatiorof ow on adaptve resolutionisosurfces,(2)
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Figure4: (left) avelocity isosurficeof value5.0m/swith a CFD simulationattribute mappedo hue,(mid-
dle) with texture-basedo w visualizationapplied,(right) texture-basedo w visualizationon theisosurfice
combinedwith anormalmask.

visualizes o w on comple isosurbicescomposedf polygonswhosenumberis on the order of
200,0000r more,(3) visualizes o w independenof the isosurbcemeshs compleity andresolu-
tion, (4) supportauserinteractionsuchasrotation,translationandzoomingalwaysmaintaininga
constanthigh spatialresolution,and(5) producedastanimationsyealizingup to 60 framesper
second.

Whenvisualizing o w on normalboundarysurfacesthe directionof the o w generallycoincides
with the surfaceitself. As the o w approacheghe boundaryit is not allowedto passthroughand
is pushedn atangentiadirection,i.e.,it canbedescribedssurfacealigned o w. However, in the
caseof isosuraiceshisis nolongertrue. The o w atanisosurbcecansometime®xhibit a strong
o w thatis normalto the surface,e.g.,cross-suidice o w. The samealsoholdstrue for the case
of arbitraryclipping geometriesSimply adwectingtexture propertiesaccordingto the vector eld
projectedontotheisosurbicecouldbe considerednisleading.

We proposeanideainspiredby the well known velocity mask[4], namely anormalmask A ve-
locity maskcanbeusedto dim or highlighthighfrequeng noisein low velocity regions.Whereas,
anormalmaskcanbe usedto dim regionsof the vector eld thathave strongcross- ow compo-
nentto theisosurhice.For moredetailsabouthow we implementedhe normalmask,pleaserefer
to Larameeet al. [10]. Someresultsof applyingthis normalmaskto anisosurbiceareshavn in
Figure4, right. We canseethatthe o w attheisosurficejust belav the intake portin the fore-
ground(in white) hasa strongnormalcomponento theisosurace. The higherfrequeng texture
in this region is dif cult to see.Note alsothatwe have chosena simplercolor scalein this case
to reducethe visual compleity of theresult. We nd thatusingusinga full rangeof huefor the
color mappingin combinationwith variableopacityfor the normalmaskis visually comple. So
we provide the option of tradingoff somecompl«ity in the color mapwhile applyingthe normal
mask®.

4For supplementarimagesandanimationsof texture-basedo w visualizationon isosurbces pleasevisit:
http://www.VRVis.at/ar3/pr2/VisSym04/
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Figure5: Thevisualizationof blood o w atthe surfaceof ananeurysm{left) geometrico w visualization
usingstreamlinegmiddle-left)orientedstreamlinegnd(middle-right)streamletsand(right) streamcomets.
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Figure6: The streamcomepromotesfour interactive DoFs: (1) the positionof the cometheadalongthe
pathof integration,(2) the diameterof the cometheadandtail, (3) thelengthof the semi-transparemomet
tail, andoptionally (4) the animationspeedf the cometsalongthe pathof integration.

6 Geometric Flow Visualization Techniques

This sectionturnsour attentionto a collectionof geometric o w visualizationtechniquesnclud-
ing orientedstreamlinesstreamletsa streamrunnetool, streamcometsndareal-timeanimated
streamlingechnique We placespecialemphasi®n necessaryneasuresequiredin orderfor geo-
metrictechniqueso beapplicableto real-world datasets.While someof thegeometridechniques
herehave beenpresentedn previous literature,they are often not illustratedin the context of
real-world datasets.For full overview of relatedresearchseethework by Postetal. [13].

One of the dravbacksof corventionalstreamliness the lack of o w orientation(upstreanws.

downstreamdirection)depictedin a still image. Our systemincorporatesan orientedstreamline
implementation. Orientedstreamlinesconvey the downstreamdirection of the o w by varying

the opacity asa function of particletraceevolution. In otherwords, the further downstreaman

integration pathis traced,the higherthe opacity of the streamline.This canbe implementedoy

giving the streamlines nite width, eitherautomaticallyor throughuserde ned parametersand
usingsemi-transparermiolygonsin orderto depictan orientedstreamling(Figure5, middle-left).

Arrow headscould also be usedto achiare the sameeffect. However, arrav headglyphscan
moreeasilyleadto visual clutter without carefultreatment.The resultis similar to thatof OLIC

(OrientedLine Integral Corvolution) [21, 22]. Oneimportantdifferenceis thatOLIC is basedon

atraditionally slower approactderived from LIC andOLIC is moreapplicableto 2D o w rather
than3D.

For the caseof unsteadyo w, draving a continuougarticlepathusingonly a singletime stepcan
be considerednisleading.This is becausao particleactuallytracessucha path. For the caseof
slicesandsurfacesthevisualizationbecome®ven moreproblematidoecausa componentf the
vector eld is takenaway, namelythatcomponenbrthogonato thesliceor surface,absentftera
projectionontotheslice or surface.Oneapproacto handlingthis is throughthe useof streamlets
(shortstreamlinesasillustratedin Figure5 middle-right.
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Streamcometsire an extensionof the streamrunnef5]. The streamrunneaddresseshe prob-
lemsof occlusionandscenecompleity directly by giving the usercontrol over the evolution of
streamlinedrom seedingtime until they terminate.A streamlinemay terminatewhenit reaches
a boundaryin the geometry reachesa region of zerovelocity, or reachesa maximumlengthset
by theuser Streamcomet®llow a very intuitive metapharThey offer four interactve degreesof
freedomasshawn in Figure6. Coupledwith moreinteractve degreesof freedom,streamcomets
offer theadwantageof shaving local o w directionandcurvaturefor staticimages.

Anotherusefulfeatureis the option of animatingthe streamcometsConceptuallyanimatingthe

streamcometsuchthatthe cometheadpositionis automaticallyincrementedlongthe streamline
path,actsasavisualsearchunction. Thevieweris ableto usetheanimationto searchor optimal

cometheadpositions. This is very usefulwhenthe useris not surewhereto positionthe head,
searchingor interestingfeaturesin the ow eld, or optimizing the otherinteractve DoFs. We

emphasizehe importanceof the users ability to resizethe streamcometalongarbitrarydimen-

sionswhenzoomingin andout of thedatasets.

Figure5, left-to-right, shawvs the useof streamlinesprientedstreamlinesstreamletand stream-
cometsall appliedto the samedataset. The datasetin this caseis simulationdatacomingfrom
blood o w throughananeurysmNotethatthesetechniquesighlight o w characteristicsuchas
areavf divergenceandconvergence.Furthermorethey arewell suitedfor 3D o w visualization
of whichwe will seemorein Section7. Also We usea stipplingapproacto animatestreamlines
suchthatthe downstreandirectionof the o w is depicted.SeeLarameeandHauser[7] for more
detailsabouttheimplementation.®

7 Investigating Swirl and Tumble Flow

TheVRVis ResearclCentercollaboratesvith AVL (www.avl.com)in orderto provide visualization
solutionsfor analysisof their CFD simulationresults.Previously, AVL engineersiseda seriesof
severalcolormappedslicesto assesandvisualizetheresultsof their CFD simulations Here,nen
solutionsfor the visualizationof CFD simulationdatahave beenintroduced.This sectionreports
ontheapplicationof thesetechniquesn additionto the moretraditionalapproacheswWe describe:
(a)theapplicationof differentvisualizationtechniqueso speci ¢ applicationcases(b) advantages
anddisadantage®f whatthesetechniqueoffer, and(c) a comparisorwhich mayapplyto other
applicationcases.We alsoto give recommendationsn whento usespeci ¢ techniquesandin
which applicationscenario.

In the o w within a cylinder, we candistinguishbetweentwo typesof motion: swirl o w com-
monly foundin dieselenginesandtumble o w commonlyfoundin gasengines.In both cases,
rotationalmotion occursaboutan axis, thoughthe positionof the respectie axisis different. In

the caseof swirl o w, theaxisis moreor lesscoincidentwith the cylinder axis,asshowvn in Fig-

ure 3, left. In the caseof tumble(Figure3, right), therotationaxisis perpendiculato the cylinder

axisandmorecomple, thusmakingtumble o w moredif cult to controlthanswirl o w.

In orderto generateswirl or tumblemotion, uid entersthe comhustionchamberfrom the intake
ports. Lateronin the enginecycle, the kinetic enegy associatedvith this motionis usedto gen-
erateturbulencefor mixing of freshoxygenwith evaporateduel. Themoreturbulencegenerated,
the betterthe mixture of air andfuel, andthusthe more stablethe comhustionitself. By stable

SFor supplementarymagesandMPEG animationspleasevisit:
http://www.VRVis.at/ar3/pr2/geometricApproach/
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Figure7: (left) Visualizingswirl ow using 3D streamlinesand texture-basedo w visualizationon an
isosurbice.Comparewith Figure3, left. (right) An isosurbceand3D streamlinewisualizetumblemotion
with the additionof texture-basedo w visualizationon a colormappedslice. Compareo Figure3, right.

Density «<— Perceptual Clarity,
Visual Complexity
Coverage

Spatial Dimensionality <+—— Spatial Coherence

Figure8: In generaltrade-ofs aremadebetweerthe density coverage andspatialdimensionalityof the
visualizationwith thatof perceptuatlarity, visualcompleity, andspatialcoherence.

we meanachiezing the sameconditionsfor eachenginecycle. Ideally, enoughturbulentmixing is

generateguchthat100%o0f thefuel is burned. The swirl or tumblemotionshouldbe maximized
to maximizeturbulence.Fromthe point of view of the mechanicakngineersiesigningtheintake
ports,theideal o w patternleadsto bene cial conditionsnamely thoseoutlinedin Section5. A

controlled o w motionis usedto getstableandreproducibleconditionsat eachenginecycle.

We investicatedtwo typical o w patterndrom CFD usingthreeclasse®f o w visualizationtech-
niquescommonlyavailablein 2D, 2.5D, and3D°®. By 2.5D we meansurfacesthrough3D space.
Figure7 shav someof theresultsof thisinvestigation. Figure7, left is ahybrid of multiple visual-
izationapproachescluding 3D streamlinesisosurficing,colormapping.andtexture-basedo w
visualization.Thestreamlinesighlightthedominantcharacterististructureof the o w insidethe
volume while the texturing appliedto the isosuracepoints out someof the destructe areasof
the ow atthetop. Figure7 helpsverify thatthe overall behaior of the o w is characteristiof
thatof swirl motion. Figure7, right is anotherhybrid of approachegcluding slicing with color-
mappingandtexture-basedo w visualizationapplied,a pressurasosurfice,and 3D streamlines
seededrom two seedingplanes. Figure 7, right shaws thatin this casethe tumble motion axis
is off-center pointing down andto the left ratherthanstraightout towardsthe readern theideal
case.

Our side-by-sidecomparisorof each o w visualizationcategory illustratesthat eachhasits re-
spectve advantagesnddisadwantagesFigure8 summarizesomeof thetrade-ofs thataremade

SFor supplementarynaterialincluding high resolutionimagesandMPEG animationspleasevisit:
http://www.VRVis.at/ar3/pr2/swirl-tumble/
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whenvisualizingswirl andtumble motion. For example, The moredensethe visualization,gen-
erally the moredif cult is to perceve the result. Thusa trade-of is often madebetweenthese
two factors. As a resultof thesetrade-ofs, the e xible combinationsof approachesffered by
our systemaregoodalternatves. For a moreelaborataliscussiorof theseresults,pleasereferto
Larameeetal [12].

8 Conclusionsand Acknowledgements

The larger the datasetsfrom CFD simulationbecome,the more useful scienti ¢ visualization
is in orderto gain insightinto thoseresults. In addition, no single “one-size- ts-all” approach
exists, henceengineergequirea rangeof toolsin orderto carry out their analysis,exploration,
andpresentation We have presentedh selectionof recentadvancesin o w visualization. These
recentadwvanceshave beenappliedto real-world applicationsin the eld of CFD including the
investicgation andvisualizationof patternsof o w motionspeci ¢ to automotve engineering We
have alsodiscussedhe bene ts of thesetechniguesandhow engineergain valuableinsightinto
their CFD simulationresultsusing this recentlydevelopedselectionof tools. We would like to
thankall thosewho have contritutedto nancing this researchincluding AVL (www.avl.com )
andthe Austrian governmentalresearchprogramKplus (www.kplus.at ). All CFD simulation
datais courtesyof AVL.
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