Geometric Flow Visualization Techniques for CFD Simulation Data

RobertS. LarameeandHelwig Hauser
VRVis ResearclCenter
Vienna,Austria

Abstract

Visualization of CFD simulation data on unstructured,three-
dimensionabridsposesseveralchallengesThewide rangeof real-

world datasetsizesandthe geometricversatility within individual,

CFD simulationmodelspresenthallengeso theengineersanalyz-
ing simulationresults. Usersalso face perceptualproblemssuch
asocclusion,visual compleity, lack of directionalcues,andlack

of depthcues. We presenta collection of geometric o w visual-

izationtechnigueghataddresghesechallengesncluding oriented
streamlines streamletsand a streamrunnetool. Two novel ap-
proachesareincluded: a real-timeanimatedstreamlinetechnique
andstreamcometsWe placespecialemphasion necessarynea-
suresrequiredin orderfor geometridechniquedo beapplicableto

real-world datasets.

CR Categories: 1.3.3 [ComputerGraphics]: Picture/ImageGen-
eration; 1.3.7 [ComputerGraphics]: Three-DimensionaGraphics
andRealism—Colarshadingshadaving, andtexturel.6.6[Simula-
tion andModeling]: SimulationOutputAnalysis

Keywords: o w visualization,vector eld visualization,stream-
lines,interaction perceptionCFD simulationdata

1 Intro duction

Demandfor visualizationsolutionsfor CFD simulationdatahas
grown rapidly in thelastdecadeThisis due,in part,by theinterest
of manufcturesn minimizing the time taken for their production
cycle. Thisobjectie s realizedwith the useof softwaresimulation
tools to analyzedesigndecisionsbeforeconstructingreal, heary-

weightobjects.

At theVRVis researcltentemwe collaboratevith AVL (www.avl.com)
in orderto provide o w visualizationsolutionsfor analysisof their
CFD simulationresultdata. AVL's own engineeraswell asengi-
neersatindustryafliates use o w visualizationsoftwareto analyze
andevaluatethe resultsof their automotve designandsimulation
on a daily basis. The analysisof an engineerincludestaskssuch
assearchindor areaof extremepressurelooking for symmetries
in the o w, searchindor critical points,andcomparingsimulation
resultswith measuredgxperimentalresults. One penading mes-
sagewe hearconsistentlyis: usersareinterestedn moreinterac-
tive control of the o w visualizationresults—eclassicthemein the
realmof scienti ¢ visualization[Hibbard and Santek1989]. Engi-
neersaswell asuserdrom otherdisciplinesareinterestedn having
acollectionof useroptionsandparameterthatallow themto ful Il
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Figurel: The CFD simulationgrid of anintake port. Thisimage
illustratesthe versatility of a typical, unstructuredCFD simulation
grid.

theirindividual goals,whethertheir goalsareexploration,analysis,
or presentationlnteractie toolsfacilitateaniterative visual analy-
sisandexplorationprocess.e.,anervironmentin which theuseris

ableto male rapid decisionsandre nementbasedn visualization
results.

AVL analyzesa large, varied collection of datasetsrangingfrom

smallgeometriesuchassmall uid conduitsto mid-rangesizege-
ometriessuchascoolingjackets,to large geometriesuchasauto-
motive exteriors. The geometricsizesof thesegrids differ by six
or moreordersof magnitudeaswell asthe sizesof the underlying
polygons.Hence thetools usedto visualizethe simulationresults
alsoneedto spanthis rangeof sizes.We speculatehatthis differ-

encewill increasen thefuture.

The Versatility of CFD Grids

Anotherreasornthe usersrequesimoreinteractioncontrol over the
visualizationresultsis dueto the fact that CFD meshesmbrace
a wide variety of componentsfeatures,and levels of resolution.
To illustrate,we look at Figure 1 shaving two intake ports—small
valvesin a carenginethatallow air into the engines cylinders. By
looking atanoverview, we obsene whatappeato befour adaptve
levelsof resolution:(1) for the o w sourceontheleft andthecom-
bustionchamberon the lower, right, (2) anothedevel of resolution
for theconnectingpipesin themiddle,andtwo levels of resolution
for theintake port componentshemseles.

Whenwe zoomin (Figure2) we nd ve adaptve levels of reso-
lution usedto evaluatethe intake portsthemseles: (a) two levels
for the top of the ports, (b) approximatelythe sametwo levels of
detailplusanaddedayerof ner resolutiongrid cellsfor therings
aroundthe baseof the ports. The facetsin the o w source(on the
left in Figurel) areapproximatelyl000—200@imeslargerthanthe
nest resolutionfacetsat the baseof the intake ports. Thesegrids
areadaily experiencen theindustrialCFD community Ourgoalis



Figure2: A close-upview of the intake portsin the sameCFD
simulationgrid asshowvn in Figurel. The meshcontainsmultiple,
adaptve resolutionlevels of unstructuredyrid cells.

to provide o w visualizationsolutionsthatareequallyasversatile
andadaptve asthegridsthemseles.

Perceptual Challenges

A large amountof o w visualizationresearcHiteratureaddresses
two-dimensionalisualizationtechniques. This is partly because
o w visualizationon boundarysurfacesandin 3D presentsaddi-
tional perceptuakhallengesuchasocclusion,lack of directional
cues,lack of depthcues,andvisual compleity. Most of the CFD
simulationgrids at AVL are unstructuredand three dimensional.
Althoughengineersftenuse2D slicesthroughthe3D mesheslur
ing analysis thereis a stronginterestin 3D andboundarysurface
visualizationtechniqueshataddresshe perceptuaproblemsmen-
tionedabove. We alsoknow thatthereis strongevidenceto support
the notionthatusersacquirea betterunderstandingf 3D datasets
using 3D visualizationtechniquesas opposedo 2D visualization
techniquegWareandFranck1996].

The rest of this paperis organizedas follows: In Section2 we

discussrelatedresearctin o w visualizationwith an emphasin

geometricapproachesSection3 describeour approachof using

orientedstreamlinesand streamlets.Section4 introducesa novel

animatedstreamlinetechnique. Section5 outlinesthe streamrun-
nerandstreamcometoncept@ndresultingimplementationsEach
tool is appliedto real-world datasetsfrom CFD. Finally, we con-

cludewith someinitial resultsandideasfor futurework.

2 Related Work

Four different approachesare widely usedin ow visualiza-
tion [Postetal. 2002]:

Direct ow visualization: This category of techniquesisesatrans-
lation that is as straightforvard as possiblefor representingo w

datain theresultingvisualization.Theresultis anoverall pictureof

the o w. Commonapproachesaredrawing arrows or color coding
velocity. Intuitive picturescanbe provided, especiallyin the case
of two dimensions.

Geometric ow visualization: Theseapproachesften rst inte-

gratethe o w dataandusegeometricobjectsin the resultingvisu-

alization. The objectshave a geometrythat re ects the properties
of the o w. Examplesinclude streamlinesstreaklinesstreamsur
faces,andtimelines. Not all geometricobjectsare basedon inte-

gration. Anotherusefulgeometricapproachis generatingsosur

faces.e.g.,with respecto anisovalueof pressureor magnitudeof

velocity. A morethoroughdescriptionof geometrictechniquess

presentedby Postetal. [Postetal. 2002]

Dense texture-based ow visualization: A texture is computed
thatis usedto generatea denserepresentationf the ow. A no-
tion of wherethe ow movesis incorporatecthrough co-related
texture valuesalong the vector eld. In mostcaseshis effect is

achievedthrough Itering of texelsaccordingto thelocal o w vec-
tor. Texture-basednethodffer adensaepresentatioof the o w

with completecoverageof the vector eld. Recentexamplesin-

cludelmageBasedrlow Visualization(IBFV) [vanWijk 2002]and
Image SpaceAdvection (ISA) [Larameeet al. 2004b], which can
generateboth Spot Noise [van Wijk 1991] and LIC-lik e [Cabral
and Leedom1993] imagery We note that a full comparisonof

texture-basedo w visualizationtechniquess beyond the scopeof

this paperfLarameeetal. 2004a].

Feature-basedow visualization: Anotherapproacimakesuseof
anabstractiorand/orextractionstepwhich is performedbeforevi-
sualization.Specialfeaturesareextractedfrom theoriginal dataset,
such as important phenomenaor topological information of the
o w. Visualizationis thenbasedon these o w featureginsteadof
the entiredataset)allowing for compactandefcient o w visual-
ization,evenof verylargeand/ortime-dependerdatasetsThiscan
alsobethoughtof asvisualizationof deriveddata.Postetal. [Post
et al. 2003] cover feature-basedo w visualizationin detail. See
Doleischet al. [Doleisch et al. 2004a; Doleischet al. 2004b] for
morerecentdevelopmentsn feature-based w visualization.

We focusoninteractve geometricvisualizationtechniquedecause
they arevery suitablefor 3D vector elds. Direct o w visualiza-
tion approachesuchas color mappingand using glyphs applied
to 3D dataresultin imageswith a high amountof occlusionand
lessspatialcoherenyg thangeometricapproachesThesames true
for texture-basedo w visualizationin 3D. Texture-basedo w vi-
sualizationin 3D is alsousually very computationallyexpensve.
Feature-basethethodsarealsocomputationallyexpensve, genef
ally moresothangeometrianethods.

Therehasbeena lot of work donein this area. And while some
of the geometrictechniqueserehave beenpresentedn previous
literature,they areoftennotillustratedin the context of real-world
datasets.Herewe only highlight someof therelatedliterature.

JobardandLefer present 2D techniquethat preseresthe density
of evenly spacedstreamline§JobardandLefer 1997a).Zockleret
al. [Zockler et al. 1996] presentinteractive 3D o w visualization
with real-timeilluminated streamlines.The userinteractioncom-
ponentof their researctconsistof the useof “draggers”provided
by the Openinventorgraphicstoolkit. However, this methodstill
suffersfrom occlusionandvisual compleity.

Loffelmannand Groller usestreamletsn orderto highlight char
acteristicstructuref dynamicalsystemdL offelmannandGroller
1998]. The mostinterestingbehaior of the dynamicalsystemss
highlightedusinganautomaticseedingstratey.

FuhrmanrandGroller [FuhrmanrandGroller 1998]usedashtubes
with reducedbcclusion,animationfor cleardirection,andfastren-
dering. Therearea few waysin which their techniquesrerelated
to ourssincethey addresshe sameperceptuaproblemsassociated
with 3D visualizationthat we do. They alsoadd stronguserin-



Figure3: Thevisualizationof blood o w atthesurfaceof ananeurysm{left) geometrico w visualizationusingstreamlinegmiddle)oriented

streamlinesand(right) streamlets.

teractiontechniquesia the useof magiclensesandmagicboxes.
However, their presentatiotacksapplicationto practicaldatasets.
In factwe seenoclearillustrationof theirtechniqueappliedto areal
dataset.We alsosupplymoreinteractive degreesof freedomto the
visualizationvia new integration-basedlyph representations.

3 Oriented Streamlines and Streamlets

One of the drawbacksof corventional streamlineds the lack of

o w orientation(upstreamvs. downstreamdirection) depictedin

a still image. Our systemincorporatesan orientedstreamlineim-

plementation.Orientedstreamlinesonvey the dovnstreamdirec-
tion of the ow by varying the opacity as a function of particle
traceevolution. In otherwords,the furtherdownstreamanintegra-
tion pathis traced,the higherthe opacity of the streamline. This

can be implementedby giving the streamlinesa nite width, ei-

ther automaticallyor throughuserde ned parametersand using
semi-transparerolygonsin orderto depictanorientedstreamline
(Figure3, middle). Arrow headscould alsobe usedto achieve the
sameeffect. However, arrov headglyphscanleadto visual clutter
without carefultreatment.

Attention must be paid when renderingoriented streamlineson
boundarysurfacesin orderto preventartifactsresultingfrom over
lappingstreamlineandboundarysurfacepolygons.Theseartifacts
canbe avoidedthroughthe useof OpenGLs polygonoffsetfunc-
tionality. Theresultis similar to thatof OLIC (OrientedLine Inte-
gral Corvolution) [Wegenkittl and Groller 1997; Wegenkittl et al.
1997]. Oneimportantdifferenceis that OLIC is basedon a tra-
ditionally slower approachderived from LIC. Also OLIC is more
suitablefor the visualizationof 2D vector elds.

For the caseof unsteadyo w, drawing a continuousparticle path
usinga singletime-stepof the datasetcanbe considerednislead-
ing. Thisis becausao particleactuallytracessucha path. For the
caseof slicesand surfaces,the visualizationbecomessven more
problematidoecaus@ componentf thevector eld is takenaway;,

namelythatcomponenbrthogonato thesliceor surface absentf-

teraprojectionontotheslice or surface.Oneapproacho handling
this is throughthe useof streamletgshortstreamlines).Figure 3,

left-to-right, shavstheuseof streamlinesprientedstreamlinesand
streamletsll appliedto the samedataset. The datasetin this case
is simulationdatacomingfrom blood o w throughananeurysm.
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Figure 4. The 16-bit stipple pattern seriesused for animating
streamlinesn real-time,basedn OpenGL1.1.

4 Animated Streamlines

Here,we usea stipplingapproacho animatestreamlinesuchthat
the downstreamdirection of the ow is depicted. The advantage
hereis that the stippling approachis supportedby OpenGL1.1.
andcommoditygraphicshardware. Thusreal-timeframeratescan
be achievzed evenfor large numbersof streamlinesaswell asplat-
form independenceAnti-aliasing, also supporteddy the graphics
hardware,canbe addedo visually enhancéheresultsat very little
overhead.

We applyaline stipplepatternto streamlingpaths.Eachstreamline
is renderedusingoneof 16 stipplepatternsshovn in Figure4. In
orderto addanimation,we simply shift the stipple patternapplied
to theintegral pathsat renderingtime 1. This approachs reminis-
centof thatusedby JobardandLefer [JobardandLefer 1997b]or
Bergerand Groller [Berger and Groller 2000] wherea color-table
look-upapproachs usedto animatethestreamlinesOneimportant
differenceis thatthetechniquehereapplieswell to 3D o w.

Without special handling, geometrictechniquescan also suffer
from someof the sameperceptuaproblemsthatdirect o w visu-
alizationcan. Onemeansby which to focuson a particularsubset,

1For supplementarimagesandMPEG animationspleasevisit:
http://www.VRVis.at/scivis/geometricApproach/
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Figure 5: Our seedingplaneimplementatiorhasseveral interac-
tive DoFsincluding: threetranslational scaling, rotation, resolu-
tion control.

areaof interest,or featureof a ow eld is via a streamlineseed-
ing stratgy. In general,three popularstreamlineseedingstrate-
gies are often used: (1) image-basedseedingstratgies suchas
that describedby Turk and Banks[Turk and Banks1996] or the
evenly spaced-streamlineeedingstratg)y presentedby Jobardand
Lefer [Jobardand Lefer 1997a],(2) topolayical or feature-based,
seedingstratgies suchasthosepresentedy and L ffelmannand
Groller [L 6ffelmannand Groller 1998], Sannaet al. [Sannaet al.
2000],or Vermaetal. [Vermaetal. 2000]and(3) interactiveseed-
ing strat@iesusinga streamlineseedingrake usedby Brysonand
Levit [BrysonandLevit 1992]or Schultzetal. [Schulzetal. 1999].
OurapproacHallsinto thethird catggory—aninteractve streamline
seedingstratgyy. Userswould like full control over which subsets
of the vector eld to highlightin orderto highlight both desirable
andundesirableharacteristicef the o w.

A schematicof our interactve streamlineseedingtool is shavn

in Figure 5. This tool providesthe userwith several interactve
degreesof freedom(DoF): threetranslational scaling, rotational,
andresolutioncontrol. Theseinteractve DoFsarerequiredto in-

vesticatethe resultsof CFD simulationsbecausehe meshedrom

CFD embracea wide variety of componentsfeatures,and levels
of resolution.ldeally, thetools usedto analyzeandvisualizethese
datasetsshouldbe e xible enoughto adapttheir size,orientation,
andresolutionto t the featuresof interesteitherautomaticallyor

throughuserspeci ed parameters.

Figure6 shavs animated-dashestreamlinesisedto visualizetum-

ble motion [Larameeet al. 2004c]. Tumble motion is the name
givento anideal patternof ow within the comhustion chamber
of a gasengine. The sparseranimated-dashestreamlinesallow

the userto seethroughthe volume. Furthermorethe implemen-
tation is simpler than the dashtube techniqueof Fuhrmannand
Groller [FuhrmannandGroller 1998].

5 Streamcomets

Streamcometsare an extension of the streamrunner{Laramee
2002]. The streamrunneaddressethe problemsof occlusionand
scenecompleity by giving the usercontrol over the evolution of
streamlinedrom seedingtime until they terminate. A streamline
mayterminatewhenit reaches boundaryin thegeometryreaches
aregion of zerovelocity, or reachesa maximumlengthsetby the
user Thetwo interactve DoFsaffordedby the streamrunneare:
(1) the positionof the stream$ headalongthe integral pathand(2)
thediameteof thetheintegral object,in thiscasethetubediameter

Figure 6: The visualization of tumble motion using animated,
dashedtreamlinesTwo seedinglanesareused:.oneseedingolor
mappedstreamlinesthe otheremanatinged streamlines A gray-
scalemappedslice senesascontet information.

Usingthe streamrunnetthe useris ableto setthe streamevolution

to its origin asshavn in Figure7. In this gure, only theseedsare
shavn. Individual streamlinesreeasilydistinguishedandfocused
upon early in their evolution becauseocclusionhasbeenalmost
eliminatedwhile visual complexity is at a minimum. The stream-
runnercanthenbe usedto changethe currentgeometridength of

theshadedubessuchthattheusercanwatchthe streamlinegrow,

or run, in the direction of the ow. This givesa clear unequv-

ocalindicationof ow direction. The useris ableto focuson an
individual streamlineagroupof streamlinesor a particularareaof

the o w asusersadjustthe currentgeometridength. Watchingthe
streamso w in 3D combinedwith shadinggivesaddeddepthcues.
The streamrunnealsoallows the userto tracethe evolution of the
streamlinedadwardsin orderto seewherea pathoriginated.

Streamcomet®llow a very intuitive metaphor They offer four in-

teractve DoFsasshavn in Figure8. The useris giveninteractie
control over: (1) the position of the headalongthe integral path,
(2) the diameterof the cometheadand comettail, (3) the length
of the semi-transparentomettail, and optionally (4) the anima-
tion speedf thecometalongthe pathof integration. Coupledwith

moreinteractve degreesof freedom streamcometsffer theadwan-
tageof shawing local o w directionandcurvaturefor staticimages.
Thereis strongevidenceto supportthe notionthat o w visualiza-
tion objectsthatshow thedirectionof thelocal vector eld improve

the users ability to identify critical pointsandunderstangarticle
adwectionpaths[Laidlaw etal. 2001].

Figure9 givesusanimpressiorof whatit is like to usethe stream-
cometsfor 3D o w visualization.We includethe semi-transparent
ring geometryas context information. We also apply a semi-
transparenfunction to the comettails and give them a glowing
effect. The alphavaluealongeachcomettail is a function of the
distanceo the cometheadi.e., the furtheraway from the head the
moretransparenthetail.

Anotherusefulfeatureis theoptionof animatingthe streamcomets.
Conceptuallyanimatingthestreamcometsuchthatthecomethead



Figure7: This imageshaws streamseedsas short pipe sggments
including a wire-frame contet of the connectingpipesin the in-
take portsdataset. In this way occlusionandimagecompleity are
minimized.
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Figure 8: The streamcomepromotesfour interactve degreesof
freedom: (1) the positionof the cometheadalongthe pathof inte-
gration,(2) thediameterof thecometheadandtail, (3) thelengthof
thecomettail, andoptionally (4) theanimationspeedf thecomets

positionis automaticallyincrementedlongthe pathof integration,
actsasa visual searchfunction. The viewer is ableto usethe an-
imation to searchfor optimal cometheadpositions. This is very

usefulwhentheuseris not surewhereto positionthehead search-
ing for interestingfeaturesn the ow eld, or optimizingtheother
interactive degreesof freedom.We alsogive the userthe option of

interactizely adjustingtheanimationspeed.

We do not proposethe streamrunnerand streamcomets stand-
alonefeatures. They are meantto be combinedwith other clas-
sic, 3D interactiontechniquesuchasrotation, scaling,andtrans-
lation. Additional importantfeatureswe have includedare: the
optionof choosinga non-uniformcoloringschemesocolliding ge-
ometricobjectscanbe moreeasilydistinguishedfurning on or off

semi-transparerdr wire-framecontect information,andadjusting
the streamlineseedingdensityin the ow eld.

Thecometglyph canintuitively encoddime attributesfor unsteady
o w visualization. At the top of Figure 10, we seea sampleseed
point whose geometriclocation is constantover time and from
which streamcometareinjectedinto the o w, similar to a streak-
line—theline tracedby asetof particlesthathave previously passed
througha uniquepoint in the domain[Schroedetet al. 2003]. As
the cometages(after beinginjectedinto the o w), the size of the
headdecreaseasdoesareal cometwhentraveling throughspace.
Also thelengthof thetail encodeghe local instantaneouselocity
at the comets currentposition. The color of the cometheaden-
codesthe local temperaturandthe color of the comettail re ects

Figure9: Herestreamcometarerenderedn the contet of asemi-
transparenting geometry We addsemi-transparerycanda glow-
ing impressionto the streamcometails, whosetranspareng in-
creasesvith the distancerom the comethead.

anotheiscalarattribute of the o w suchaspressurelf werepresent
comettails usingstreamtubefUeng et al. 1996],thelocal corver
genceanddivergenceof the o w may be encoded.If comettails
arerepresentedsingstreamribbongUeng et al. 1996], local vor-
ticity is encodedIdeally, the useris ableto togglebetweerthetwo
representationsWe claim that the useof streamcomeglyphsfor
encodingattributesof the o w is moreintuitive than using other
glyphssuchassuperquadricshapesTheinteractive analogueof a
streaklinds a streakrunner The streakrunneis aninteractie con-
trol thatde nesthe geometridengthof the streakline.Suchaline
is shawvn in Figure 10 connectinghe cometheads.

6 Results

Performancdimes dependon the numberof streamlines.Perfor
mancetimes for the animatedstreamlinesare given in Table 1.
Performancevas evaluatedon a machinerunning Red Hat Linux
with a 3.2 GHz Intel Xeon dual processaqr2 GB of RAM, andan
NVIDIA Quado FX 1300graphicscard. Note thatthe framerate
alsovariesasaresultof caching.Anti-aliasingaddsvery little over-
headsinceit is built into OpenGL1.2 andhenceis supportedoy
mostgraphicscards. As we see the stippling approactellows an-
imation of thousand®f streamlinesn real-time. Furthermoreywe
have notemployed displaylists to increasehe framerates.Figure

no. of with without
streamlines|| anti-aliasing| anti-aliasing
10 101 101
100 101 101
1,000 64 66
2,500 35 40
5,000 20 24
10,000 11 14

Tablel: Sampleframeratesfor theanimatedstreamlinesn frames
persecond.



Figure12: The visualizationof a vortex using(top) streamlinesand (bottom)animatedstreamcometsThe streamcometgeduceocclusion

andprovide the samecoveragewhenanimated.

1 Seed Location Over Time
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Figure10: The useof the streamrunneand streamcometfor un-
steady o w visualization. Cometheadsshrink over time. i.e., the
olderthe comet the smallerthe comethead.Theinteractve equi-
alentof a streaklineis a streakrunnermwhich interactvely controls
the numberof discretetime stepsalong the streaklinede ned by
the seriesof cometheads.

11 shaws two seedingplanesinside the comhustionchamberf a
pistonvalve. Theseedingplanein thetop (foreground)hasstream-
cometsemanatingrom it. The seedingplanein the middle (back-
ground)seedshadedtreamlinesWe emphasizéheimportanceof

theusers ability to resizethe streamcometalongarbitrarydimen-
sionswhenzoomingin andout of the datasets. It is importantto

notethatchangeso thediameteiof thecometheadsapplyto theen-
tire collectionof streamcometgndarenot appliedon a percomet
basis. Applying size changedo individual cometswould leadto

misleadingvisualizationresults,e.g.,the usermay interpretdiffer-

entcometheadsizesto be are ection of scalarpropertiesnherent
inthe ow eld.

Figure 12 givesus anotherimpressionof whatit is like to usethe

streamcometfor o w visualizationin 3D. Here, both streamlines
and streamcometare usedto visualizea vortex. Giving the user
interactive control over the placemenbf the cometheadsthe di-
ameterof the cometheadsandtails, the seedingdensity andthe
lengthof semi-transparergomettails, affordsthe usera very good
opportunityto seethe characteristicef the ow eld.

7 Conclusions and Future Work

Theaddednteractionprovidedby ourgeometrico w visualization
techniquess very usefulfor o w visualizationin 3D andwithin the
domainof versatilegrids associatedvith CFD simulations. This
is becausehey are basedon geometricprimitives that are more
suitablefor the visualizationof 3D o w thanapproachebasedon
colormapping,glyphs,or texturesonly. The usercontrol afforded
by thestreamcometaswell astheintuitive metaphoonwhichthey
arebasednalesthemmoreversatilefor 3D o w visualizationthan
previoustechniquesFurthermorethe simplicity of ourapproaches
malkesthemstrongcandidatesor inclusionin other o w visualiza-
tion software packagesThe approacheslescribecherehare been
includedin a cross-platform,ndustry-level visualizationapplica-
tion for the analysisof CFD simulationdata. Thesegeometricob-
jectsgive anew level of controlover to usersinvestigatinga vector
eld. We encouragehereaderto view the animationsat the given
URL.

Futurework couldgoin severaldirectionsincluding: (1) animple-

mentationprototypeof the streamrunneand the streamcomefor

unsteadyo w visualizationincludingtheintroductionof a pathrun-
ner — the unsteadyequivalentof a streamrunnera streakrunner

theinteractve equivalentof astreaklineor (2) aformal HCI evalua-
tion of the perceptuaéffectivenesof the streamrunneandstream-
cometsfor 3D o w visualization.



Figure 11: Two seedingplanesin the comhustion chamberof a
pistonvalve: oneseedingstreamcometghe otherseedingshaded
streamlines.
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