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Abstract
As the size of CFD simulation data sets expand, the
job of the engineerto analyze,explore, andpresentthe
databecomesmore challenging. The scienti�c visual-
ization tools usedby the engineershouldevolve to meet
the growing demandspresentedby large simulationdata
sets. Furthermore,no singlevisualizationtechniquecan
meeteachusersneeds.We presenta detailedselectionof
recentlydevelopeddirect, geometric,and texture-based
�o w visualizationtechniques.Thesetechniquesaddress
the demand,set forth by engineers,for visualizationso-
lutions which provide insight into CFD simulationdata.
Includedare algorithmsfor (1) the resamplingof CFD
simulationdata,(2) fast,animatedtexture-based�o w vi-
sualization,and(3) geometric�o w visualizationinclud-
ing dashed,animated-streamlines,orientedstreamlines,
streamlets,andstreamcomets.Eachapproachis targeted
at the visual analysisof computational�uid dynamics
(CFD) simulationdata. This relatively new selectionof
techniquesprovidesvaluabletoolsthatallow engineersto
gain insightinto theirCFDsimulationresults.

Keywords
computational�uid dynamics(CFD), �o w visualization,
vector�eld visualization,resampling,streamlines,texture
advection

1 Intr oduction
Visualizationis an importantpart of exploring, analyz-
ing, andpresentingthe resultsof a CFD simulation. As
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the sizeof CFD simulationdatasetsincreases,the util-
ity of scienti�c visualizationfor gaining insight into the
datasetsalsoincreases.Visualizationoffers oneway to
managesuchlargecollectionsof simulationdatasinceit
brings the datato a higher level of abstraction.Simply
readingtheraw datadoesnot meetall of thedemandsset
forth by the userandmay not even be feasible.Further-
more,no singlevisualizationsolutioncanspantherange
of eachengineer'sneeds.Hencearangeof solutionsmust
beat theuser'sdisposal.

We presenta selectionof recentadvancesin �o w visual-
ization that addressesthe growing demandfor solutions
that offer insight into the continuouslyexpandingCFD
simulationdatasets.Ourpresentationdrawsupon�o w vi-
sualizationtechniquesbeingclassi�edinto four maincat-
egories: (1) direct, (2) texture-based,(3) geometric,and
(4) feature-based[14, 19]. This classi�cationprovidesa
framework useful for placingour techniquesin a larger
context. Theresamplingtool we presentfalls into thedi-
rect �o w visualizationcategory [12]. The ImageSpace
Advection(ISA) andImageBasedFlow Visualizationfor
CurvedSurfaces(IBFVS) algorithmsfall into thetexture-
basedcategory [16]. And our discussionof geomet-
ric techniquesincludes,orientedstreamlines,animated-
dashedstreamlines,streamlets,and streamcomets[13].
Theserecentadvancesareappliedto real-world applica-
tions in the �eld of CFD including the investigation and
visualizationof patternsof �o w motion speci�c to auto-
motiveengineering.Wediscussthebene�tsof thesetech-
niquesalongthewayusingreal-world results.

The restof this paperis organizedasfollows: Section2
brie�y outlinessomerelatedwork. Section3 describes
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a resamplingtool for CFD simulationdata. Section4
presentsrecentalgorithmsfor the fastadvectionof tex-
tureson surfaces. Section5 outlineshow texture-based
�o w visualizationcan be applied to isosurfaces. Sec-
tion 6 describesa collection of geometric�o w visual-
izationtechniquesapplicableto CFD simulationdataand
Section7 demonstrateshow direct,geometricandtexture-
based�o w visualizationtechniquescanbe usedto solve
real-world problemsfrom theautomotive industry.

2 RelatedWork

Four differentapproachesarewidely usedin �o w visual-
ization[14, 20]:

Direct �ow visualization: This category of techniques
usesa translationthat is asdirect aspossiblefor repre-
senting�o w datain theresultingvisualization.Theresult
is anoverall pictureof the�o w. Commonapproachesare
drawing arrows or color coding velocity. Intuitive pic-
turesresult,especiallyin thecaseof two dimensions.See
Schulzet at. [22] for goodillustrationsof direct �o w vi-
sualizationtechniquesapplied to CFD simulation data.
Westermanndemonstratesa volumerenderingtechnique
in orderto visualize3D vectordata[30].

Geometric�ow visualization: Theseapproachesoften
�rst integratethe �o w dataandusegeometricobjectsin
the resultingvisualization. The objectshave a geome-
try that re�ects the propertiesof the �o w. Examplesin-
cludestreamlines,streaklines,streamsurfaces,andtime-
lines. Not all geometricobjectsarebasedon integration.
Anotherusefulgeometricapproachis generatingisosur-
faces,e.g.,with respectto anisovalueof pressureor mag-
nitude of velocity. A more thoroughdescriptionof ge-
ometric techniquesis presentedby Postet al. [19]. See
the work of Schroederet al. [21] or Zöckler et al. [31]
for classicexamplesof geometric�o w visualizationtech-
niqueappliedto 3D vectordata.

Dense, texture-based�ow visualization: A texture is
computedthat is usedto generatea denserepresentation
of the �o w. A notion of wherethe �o w travels is incor-
poratedthroughco-relatedtexturevaluesalongthevector
�eld. In mostcasesthis effect is achieved through�lter -
ing of texelsaccordingto the local �o w vector. Texture-
basedmethodsoffer a denserepresentationof the �o w

with completecoverageof thevector�eld. Recentexam-
plesincludeImageBasedFlow Visualization(IBFV) [26]
andImageSpaceAdvection(ISA) [16], whichcangener-
ateboth SpotNoise [25] andLIC-lik e [3] imagery. We
notethat a full comparisonof texture-based�o w visual-
izationtechniquesis givenelsewhere[14].

Feature-based�ow visualization: Another approach
makesuseof anabstractionand/orextractionstepwhich
is performedbeforevisualization.Specialfeaturesareex-
tractedfrom the original dataset,suchasimportantphe-
nomenaor topologicalinformationof the�o w. Visualiza-
tion is thenbasedon these�o w features(insteadof the
entire dataset),allowing for compactand ef�cient �o w
visualization,even of very large and/or time-dependent
datasets.This canalsobe thoughtof asvisualizationof
deriveddata.Postet al. [20] cover feature-based�o w vi-
sualizationin detail. The work of Doleischet al. [4, 5]
presentsrecentdevelopmentsin featurespeci�cationand
extraction.

3 Resampling of CFD Simulation
Data

To start off, we introduce a �e xible, variable resolu-
tion tool for interactive resamplingof computational�uid
dynamics(CFD) simulationdataon unstructuredgrids.
Thetool andcoupledalgorithmafford usersprecisecon-
trol of glyph placementduring vector �eld visualization
via six interactive degreesof freedom. The resampling
tool,calledFIRST (aFlexibleandInteractiveReSampling
Tool), is a valuableassetin theengineer's pursuitof un-
derstandingand visualizing the underlying�o w �eld in
CFDsimulationresults[12].

FIRST solvesboththeperceptualproblemsresultingfrom
a brute force hedgehogvisualizationapproach,wherea
vectorglyphis renderedateveryCFDgrid cell, andglyph
placementproblemsby (1) giving theusercontrolof the
resolutionof the glyphs in the imageand(2) giving the
userprecisecontrol of where to placethe vectorglyphs
for viewing the�o w with normalcomponents.

3.1 Interacti veVisualization and Analysis
The key distinguishingfeaturesof FIRST stemfrom the
fact that it wasspeci�cally developedin orderto provide
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Figure1: FIRST hassix degreesof freedomtool: (1-3) three
translations,(4) a rotation,(5) a scale,and(6) theresolutionof
resamplingcells,i.e.,cells/m2 .

the userwith a rangeof �e xible interactionsat multiple
resolutions. The reasonwe focus on a combinationof
usercontrolwith resamplingis becauseengineersrequire
interactive visualizationsolutions.This is partly dueto a
large amountof time engineersspendsearchingthe data
sets. The analysisof an engineerincludestaskssuchas
searchingfor areasof extremepressure,looking for sym-
metriesin the�o w, searchingfor critical points,andcom-
paringsimulationresultsprevious simulationresultsand
with measured,experimentalresults.

FIRST providesthefollowing features:(1) six interactive
DoFs:threetranslational,scaling,rotation,andresolution
(Figure1), (2) handleschangesto bothunderlyingtopol-
ogy andgeometry, i.e., canbe utilized for the displayof
time-dependent,unstructuredgrid sliceswheregeometry
and topology changeover time or space,(3) resamples
any unstructuredgrid onto any structuredgrid, (4) han-
dles unstructuredgrids with holes and discontinuities,
(5)doesnotrelyonany pre-processingof thedata(6) con-
sistsof astraightforwardimplementation,e.g.,requiresno
neighbor-�nding capabilitiesor complicateddatastruc-
tures,(7) processeslarge quantitiesof unstructured,sca-
lene trianglesef�ciently . The resamplerprovides �e xi-
ble user-interactioncapabilitiesbeyond thoseofferedby
othermethods.Also, the underlyingalgorithmoperates
on a per-unstructured-polygonbasis,making it suitable
for parallelization.

Figure2: (top) A slicemeshwith discontinuities-two gapsin
the shapeof rings, usinghedgehogvisualization(bottom)The
samesliceresampledontoa regulargrid.

3.2 ResamplingOptions

Theresamplerfeaturesareassociatedwith auser-de�ned,
2D slicethrougha 3D meshfrom CFD.Engineerstake a
sliceof thedataandslide theslice throughthegeometry
in orderto �nd featuresof thesimulationdata,e.g.,areas
of extremepressureandvortices. As theusermovesthe
slice throughthe 3D mesh,the resamplerautomatically
resizesitself aroundthesliceboundary, handlingchanges
to both the underlyinggeometryand topology. This is
importantwith respectto addressingtheversatilityof our
CFDsimulationdatasets.Furthermore,requiringtheuser
to manuallyadjustthesizeof the resamplinggrid would
slow down thevisualizationandanalysisprocessconsid-
erably.
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Figure3: ISA andIBFVS appliedto the�o w simulationdataat thesurfaceof two intake portssideby side: ISA with thewhite
backgroundandIBFVS with thegraybackground.

Figure2 illustratesour techniqueon a meshwith discon-
tinuities. The discontinuitiesare two gapsin the shape
of rings. Visualizationof �o w with normalcomponents
is shown using both the hedgehogtechniqueversusthe
glyphsonto a resampledgrid 1. Figure2 illustrateshow
FIRST reducesocclusionandvisualcomplexity thusmak-
ing the resultsmoresuitablefor presentation.Also, ren-
dering times are acceleratedbecausethe numbervector
glyphsis reduced.

4 Image SpaceBasedVisualization
of Flow on Surfaces

In this sectionwepresentabrief, side-by-sideanalysisof
two recentimagespaceapproachesfor thevisualizationof
vector�elds on surfaces.Thetwo methods,ImageSpace
Advection(ISA) [15] andImageBasedFlow Visualiza-
tion for Curved Surfaces(IBFVS) [27] generatedense
representationsof time-dependentvector�elds with high
spatio-temporalcorrelation(seeFigure3). While the3D
vector�elds areassociatedwith arbitrarysurfacesrepre-
sentedby triangularmeshes,the generationand advec-
tion of texturepropertiesis con�ned to imagespace.Fast
frameratesareachievedby exploiting frame-to-frameco-
herency andgraphicshardware.In ourcomparisonof ISA
andIBFVS we point out thestrengthsandweaknessesof

1For supplementaryimagesandMPEGanimationsof theresampler,
pleasevisit:
http://www.VRVis.at/ar3/pr2/resampler/

eachapproachandgive recommendationsasto whenand
wherethey arebestapplied.

Dense,texture-based,unsteady�o w visualizationon sur-
facesremainedan elusive problem since the introduc-
tion of texture-based�o w visualizationalgorithmsthem-
selves. The classof �uid �o w visualizationtechniques
that generatedenserepresentationsbasedon textures
startedwith Spot Noise [25] and LIC [3] in the early
1990s. The main advantageof this classof algorithms
is their completedepictionof the �o w �eld while their
drawbacksare, in general, the computationaltime re-
quiredto generatetheresults,lackof �o w orientation(up-
streamvs.downstream),andapplicabilityto3D �o w. Fig-
ure 3 illustratestwo texture-basedtechniquesthat main-
tain completecoverageof the vector �eld while at the
sametime overcomesomeof the aforementioneddisad-
vantages,namely, longcomputationtimeandlackof �o w
orientation.Texturevaluesarecorrelatedalongthedirec-
tion of the �o w. Theorientationof the �o w is especially
apparentin aninteractive animation.

Traditionalvisualizationof boundary�o w using texture
mapping�rst mapsoneor more2D texturesto a surface
geometryde�ned in 3D space.The texturedgeometryis
then renderedto imagespace[24]. Here, we alter this
classicorderof operations.First we project the surface
geometryand its associatedvector �eld to imagespace
andthenapply texturing. In otherwords,while concep-
tually texture propertiesare advectedon boundarysur-
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Figure4: Flow diagramsof thetwo texture-based�o w visualizationalgorithms,side-by-side.On the left is theISA
pipeline,on theright is IBFVS. Theedgedetectionprocessof theoriginal ISA algorithm[15] is not includedin order
to highlight themajordifferencesbetweenthealgorithms.

facesin 3D, in fact the algorithmsrealizetexture advec-
tion in imagespace.In particular, the methodshave the
following characteristics:They (1) generatea denserep-
resentationof unsteady�o w on surfaces(Figure 3), (2)
visualize �o w on complex surfacescomposedof poly-
gonswhosenumberis on the orderof 250,000or more,
(3) can handlearbitrary, complex mesheswithout rely-
ing onaparametrization,(4) supportuser-interactionsuch
asrotation,translation,andzoomingwhile maintaininga
constant,high spatialresolution,(5) deliver high perfor-
mance,i.e., several framesper second,and(6) visualize
�o w on dynamicmesheswith time-dependentgeometry
andtopology.

4.1 A Side-by-SideOverview

ISA and IBFVS simplify the problemby con�ning the
synthesisand advection of texture propertiesto image
space.Bothmethodsprojectthesurfacemeshandassoci-
atedvectordatato imagespaceandthenapplyaseriesof
textures.Summarizing,themethodsarecomprisedof the
following pipeline:

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

2. projecteither the associatedvector �eld or the dis-
tortedsurfacemeshontotheimageplane

3. advect texture propertiesaccordingto the projected
vector�eld or theprojected,distortedmeshin image
space

4. injectandblendnoise
5. overlayoptionalvisualizationcuessuchasshowing

asemi-transparentrepresentationof thesurfacewith
shading

These stagesare depicted schematicallyfor ISA and
IBFVS in Figure4. Eachstepof thepipelineis necessary
for the dynamiccasesof unsteady�o w, time-dependent
geometry, rotation, translation,and scaling,and only a
subsetis neededfor thestaticcasesinvolving steady-state
�o w andnochangeto theviewing parameters.

TheISA andIBFVS implementationpipelinesareshown
side-by-sidein Figure 4 in order to illustrate overlap
anddivergence.Conceptually, the algorithmssharesev-
eral overlappingcomponentssuch as projection to im-
agespace,advectionmeshcomputation,texture-mapping,
noise injection and blending,and the addition of shad-
ing or a color map.Themaindifferencebetweenthetwo
methodsis that ISA usesan image-basedmeshin order
to advect the textures,whereasthe texture advection in
IBFVS is drivenby theoriginal3D mesh.As aresult,dif-
ferencesarisestemmingfrom partsof thealgorithmthat
useimagespacevs. objectspace.Thesedecisionsresult
in advantagesanddisadvantagesfor bothmethods.More
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detailsabouteachstepof thepipelineshown in Figure4
aregivenby Larameeetal. [16] 2.

4.2 Discussion

The choiceof whetherto apply ISA or IBFVS depends
on thecomplexity of themodel.For surfacevisualization
IBFVS is agoodchoice.Polygonsgenerallycoverseveral
pixels in imagespacehencethe amountof computation
time per-pixel is low. For visualizationof �o w on large
meshessuchasshown in Figure3, ISA is a goodchoice.
For thesemeshes,many polygonscover lessthana pixel
andmany polygonsareoccluded. ISA avoids spending
computationtime on thesepixels. Also, in termsof soft-
ware development,IBFVS is generallyeasierto imple-
ment becauseit is a more straightforward extensionof
IBFV [26].

We also point out that ISA and IBFVS are much faster
thanpreviousattemptsto depictbothsteadyandunsteady
�o w onsurfacesusingtexturesynthesis.Thisincludesthe
previouswork by ForssellandCohen[6] to extendLIC to
curvilineargrids, Battke et al. [1] to extendFastLIC to
arbitrarysurfaces,andMao et al. [18] who extendLIC to
arbitrarytriangularmesheswith steady-state�o w. In ad-
dition, wehavenotseenmuchwork in theareaof texture-
based�o w visualizationon surfacesin generalsincethe
introductionof UFLIC (UnsteadyFlow LIC) by Shenand
Kao [23] in 1998,which reliesonaparameterization.

5 Texture Based Visualization of
Flow on Isosurfaces

For many of the automotive componentsthat undergo
evaluation,thereis an idealpatternof �o w engineerstry
to create. Figure 5 illustratesthe swirl motion of �uid
�o w in a combustionchamberfrom a dieselengine. In
order to generateswirl motion, �uid entersthe combus-
tion chamberfrom theintakeports.Lateron in theengine
cycle,thekineticenergy associatedwith thisswirl motion
is usedto generateturbulencefor mixing of freshoxygen
into the �uid. The more turbulencegenerated,the bet-
ter the mixture of air anddieselfuel, andthusthe better

2For supplementaryimages and MPEG animationsof ISA and
IBFVS, pleasevisit:
http://www.VRVis/ar3/pr2/isa-ibfvs/

Intake Ports

Motion
Swirl

Rotation
Axis of

Figure5: Theswirling motionof �o w in thecombustioncham-
berof adieselengine.Swirl is usedto describecirculationabout
thecylinderaxis.Theintakeportsat thetopprovide thetangen-
tial componentof the �o w necessaryfor swirl. The dataset
consistsof 776,000unstructured,adaptive resolutiongrid cells.

thecombustionitself. Ideally, enoughturbulentmixing is
generatedsuchthat100%of thefuel is burned.

Sinceit is the swirling �o w that is usedto generatetur-
bulence,theswirl shouldbemaximizedin orderto maxi-
mizeturbulence.Fromthepoint of view of themechani-
cal engineersdesigningthe intake ports, increasedswirl
�o w leadsto bene�cial conditions: (1) improved mix-
turepreparation,i.e.,morefuel contactwith oxygen,(2) a
higherEGR(ExhaustGasRatio)whichmeansadecrease
in fuel consumption,and(3) lower emissions.However,
toomuchswirl displacesthe�ame usedto ignite thefuel.
As such,a balancemustbeachievedbetweengenerating
enoughswirl �o w in order to createturbulenceandnot
displacingthe�ame usedto ignite the�o w.

Someroutinequestionsthat a mechanicalengineermay
askwheninvestigating swirl �o w are: Canvisualization
provide insight into or verify the characteristicshape(s)
or behavior of the �o w? What tool(s)canhelp to visual-
ize theswirl �o w pattern?andWherein thecombustion
chamberis theswirl �o w patternnot beingmet?

Isosurfacesarea visualizationtool usedroutinelyby me-
chanicalengineersto investigatethepropertiesof the�o w
insidea 3D volume. Theshapeof an isosurfacecangive
theengineerinsight into its 3D characteristics.Figure6,
left shows a velocity isosurfacein thecombustioncham-
berof thedatasetin Figure5. Theengineercanseethat
the�o w hassomeof theswirling orientationthatthey are

6



Figure6: (left) avelocity isosurfaceof value5.0m/swith aCFDsimulationattributemappedto hue,(middle)with texture-based
�o w visualizationapplied,(right) texture-based�o w visualizationon theisosurfacecombinedwith anormalmask.

lookingfor. However, whatis missingfrom Figure6, left,
is a clearindicationof �o w direction,e.g.,the upstream
anddownstreamnatureof the�o w. In particular, it is not
obvious wherethe �o w doesnot follow the ideal swirl
patternthatthecombustionchambershouldencapsulate.

5.1 Applying Texture-Based Flow Visual-
ization

Applying texture-based�o w visualizationtechniquesto
such isosurfacesprovides engineerseven more insight
into the characteristicsof 3D vector�elds. And this has
becomea feasibleoption only recently. We appliedthe
ISA methodof Larameeet al. [15] for producingdense,
texture-basedrepresentationsof �o w on isosurfaces.The
result is a combinationof two well known scienti�c vi-
sualizationtechniques,namelyiso-surfacingandtexture-
based�o w visualization,into a useful hybrid approach.
Ourapplicationis aversatilevisualizationtechniquewith
the following characteristics:(1) generatesa denserep-
resentationof �o w on adaptive resolutionisosurfaces,(2)
visualizes�o w oncomplex isosurfacescomposedof poly-
gonswhosenumberis on the orderof 200,000or more,
(3) visualizes�o w independentof the isosurfacemesh's
complexity and resolution,(4) supportsuser-interaction

suchasrotation, translation,andzoomingalwaysmain-
taining a constant,high spatial resolution,and (5) pro-
ducesfastanimations,realizingup to 60 framespersec-
ond.

5.2 Applying a Normal Mask

Whenvisualizing�o w on normalboundarysurfacesthe
directionof the�o w generallycoincideswith thesurface
itself. As the �o w approachesthe boundary, it is not al-
lowed to passthroughand is pushedin a tangentialdi-
rection, i.e., it canbe describedassurfacealigned�o w.
However, in thecaseof isosurfacesthis is no longertrue.
The�o w at an isosurfacecansometimesexhibit a strong
�o w thatis normalto thesurface,e.g.,cross-surface�o w.
Thesamealsoholdstruefor thecaseof arbitraryclipping
geometries.Simply advectingtexture propertiesaccord-
ing to thevector�eld projectedontotheisosurfacecould
beconsideredmisleading.

Battkeetal [1], whoappliedLIC to surfaces,addressthis
problemby varyingthelengthof theconvolution�lter ac-
cording to the magnitudeof the vector componenttan-
gential to the surface. In areaswherethe vector �eld is
orientedalmostperpendicularto thesurfaceonly very lit-
tle smearingof the textureoccurs,i.e., the input noiseis
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visible insteadof a convolved texture. Our approachis
requiredto be consistentwith the visualizationof �o w
on boundarysurfaces. When we apply texture-based
�o w visualizationto boundarysurfaces,the amountof
texture-smearingindicatesvelocity magnitude,i.e., tex-
ture is smearedinto longerstreaksin areasof higherve-
locity magnitude.We don't want to changethesemantic
interpretationof smearingfor isosurfaces.

We proposean ideainspiredby the well known velocity
mask[8], namely, a normal mask. A velocity maskcan
be usedto dim or highlight high frequency noisein low
velocity regions.Whereas,a normalmaskcanbeusedto
dim regionsof thevector�eld thathavestrongcross-�ow
componentto theisosurface.We de�ne thenormalmask
as: � = ( �v � n)m where� increasesasa functionof the
productof the velocity, v , andnormalvectorto the sur-
face,n, at thatpoint. Here,m is arbitrary. In practice,m
is typically aroundunity giving theopacityalinearbehav-
ior. In our case,theimageoverlaybecomesmoreopaque
in regionswith a strongcross-�ow componentandmore
transparentin areasof highly tangentialvelocity. With
thenormalmaskenabled,theviewer's attentionis drawn
away from areasof strongcross-�ow component,andto-
wardsareasof high tangentialvelocity. However, thetex-
ture propertiesare still advectedaccordingthe velocity
vectorsprojectedontotheisosurface.

Someresultsof applyingthis normalmaskto an isosur-
faceareshown in Figure6, right. Wecanseethatthe�o w
at the isosurfacejust below the intake port in the fore-
ground(in white) hasa strongnormalcomponentto the
isosurface.Thehigherfrequency texture in this region is
dif�cult to see.Notealsothatwe have chosena simpler
color scalein this caseto reducethevisualcomplexity of
theresult.We �nd thatusingusinga full rangeof huefor
the color mappingin combinationwith variableopacity
for thenormalmaskis visually complex. Sowe provide
theoptionof tradingoff somecomplexity in thecolormap
while applyingthenormalmask3.

3For supplementaryimagesandanimationsof texture-based�o w vi-
sualizationon isosurfaces,pleasevisit:
http://www.VRVis.at/ar3/pr2/VisSym04/

6 GeometricFlow Visualization
Techniques

This sectionturns our attentionto a collection of geo-
metric �o w visualizationtechniquesincluding oriented
streamlines,streamlets,a streamrunnertool, stream-
comets,and a real-timeanimatedstreamlinetechnique.
We place special emphasison necessarymeasuresre-
quiredin orderfor geometrictechniquesto beapplicable
to real-world datasets.Therehasbeena lot of work done
in this area.And while someof thegeometrictechniques
herehave beenpresentedin previous literature,they are
oftennot illustratedin thecontext of real-world datasets.
For full overview of relatedresearch,seethework by Post
etal. [19].

6.1 Oriented Streamlines, Streamlets, and
Streamcomets

Oneof the drawbacksof conventionalstreamlinesis the
lack of �o w orientation(upstreamvs. downstreamdirec-
tion) depictedin astill image.Oursystemincorporatesan
orientedstreamlineimplementation.Orientedstreamlines
convey the downstreamdirectionof the �o w by varying
the opacityas a function of particle traceevolution. In
otherwords,thefurtherdownstreamanintegrationpathis
traced,thehighertheopacityof thestreamline.This can
be implementedby giving thestreamlinesa �nite width,
eitherautomaticallyor throughuser-de�ned parameters,
andusingsemi-transparentpolygonsin orderto depictan
orientedstreamline(Figure7, middle-left). Arrow heads
couldalsobe usedto achieve the sameeffect. However,
arrow headglyphscanmoreeasily leadto visual clutter
without carefultreatment.Theresultis similar to thatof
OLIC (OrientedLine IntegralConvolution) [28, 29]. One
importantdifferenceis thatOLIC is basedon a tradition-
ally slowerapproachderivedfrom LIC andOLIC is more
applicableto 2D �o w ratherthan3D.

For thecaseof unsteady�o w, drawing a continuouspar-
ticle pathusingonly a singletime stepcanbeconsidered
misleading. This is becauseno particle actually traces
sucha path.For thecaseof slicesandsurfaces,thevisu-
alizationbecomesevenmoreproblematicbecauseacom-
ponentof thevector�eld is takenaway, namelythatcom-
ponentorthogonalto the slice or surface,absentafter a
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Figure7: The visualizationof blood �o w at the surfaceof an aneurysm:(left) geometric�o w visualizationusingstreamlines
(middle-left)orientedstreamlinesand(middle-right)streamlets,and(right) streamcomets.

Seeding Location

DoF -Animation Speed

DoF
DiameterDoF -Length of Tail

DoF -Position of Head

Figure 8: The streamcometpromotesfour interactive DoFs:
(1) thepositionof thecometheadalongthepathof integration,
(2) the diameterof the cometheadand tail, (3) the length of
thesemi-transparentcomettail, andoptionally(4) theanimation
speedof thecometsalongthepathof integration.

projectionontothesliceor surface.Oneapproachto han-
dling this is throughthe useof streamlets(shortstream-
lines)asillustratedin Figure7 middle-right.

Streamcometsareanextensionof thestreamrunner[11].
The streamrunneraddressesthe problemsof occlusion
and scenecomplexity directly by giving the user con-
trol over the evolution of streamlinesfrom seedingtime
until they terminate. A streamlinemay terminatewhen
it reachesa boundaryin the geometry, reachesa region
of zero velocity, or reachesa maximum length set by
theuser. Streamcometsfollow a very intuitive metaphor.
They offer four interactive degreesof freedomasshown
in Figure 8. Coupledwith more interactive degreesof
freedom,streamcometsoffer theadvantageof showing lo-
cal �o w directionandcurvaturefor staticimages.There
is strongevidenceto supportthenotion that �o w visual-
izationobjectsthatshow thedirectionof the local vector
�eld improve the user's ability to identify critical points

andunderstandparticleadvectionpaths[10].

Another useful feature is the option of animating the
streamcomets.Conceptually, animatingthestreamcomets
suchthat thecometheadpositionis automaticallyincre-
mentedalongthestreamlinepath,actsasa visualsearch
function. The viewer is able to use the animation to
searchfor optimalcometheadpositions.This is veryuse-
ful whentheuseris not surewhereto positionthehead,
searchingfor interestingfeaturesin the�o w �eld, or opti-
mizing theotherinteractive DoFs.We emphasizetheim-
portanceof the user's ability to resizethe streamcomets
alongarbitrarydimensionswhenzoomingin andout of
thedatasets.Changesto thediameterof thecometheads
applyto theentirecollectionof streamcomets,andarenot
appliedon a per-cometbasis. Applying sizechangesto
individual cometswould leadto misleadingvisualization
results,e.g., the usermay interpretdifferentcomethead
sizesto bea re�ection of scalarpropertiesinherentin the
�o w �eld.

Figure7, left-to-right, shows the useof streamlines,ori-
entedstreamlines,streamletsand streamcometsall ap-
pliedto thesamedataset.Thedatasetin thiscaseis simu-
lationdatacomingfrom blood�o w throughananeurysm.
Note that thesetechniqueshighlight �o w characteristics
suchas areasof divergenceand convergence. Further-
more, they are well suitedfor 3D �o w visualizationof
whichwewill seemorein Section6.2.

6.2 Animated Streamlines
We usea stipplingapproachto animatestreamlinessuch
thatthedownstreamdirectionof the�o w is depicted.The

9



Figure9: Thevisualizationof tumblemotionusinganimated,
dashedstreamlines.Two seedingplanesareused:oneseeding
color mappedstreamlines,theotheremanatingredstreamlines.
A grayscale-mappedsliceservesascontext information.

advantagehereis thatthestipplingapproachis supported
by OpenGL1.1andcommoditygraphicshardware.Thus
real-timeframeratescanbeachievedevenfor largenum-
bersof streamlines.Anti-aliasing,alsosupportedby the
graphicshardware,canbeaddedto visually enhancethe
resultsat very little overhead.Our approachis reminis-
centof that usedby JobardandLefer [9] or Berger and
Gröller al. [2] wherea color-table look-up approachis
usedto animatethestreamlines.Oneimportantdifference
is thatthetechniquehereapplieswell to 3D �o w.

Figure9 shows shadedstreamlinesandanimated–dashed
streamlinesusedto visualizetumblemotion [17] 4. The
sparseranimated–dashedstreamlinesallow theuserto see
throughthe volumeandline stipplepatternscanbe ren-
deredatfastframerates.SeeLarameeandHauser[13] for
moredetailson real-timeframerates. The implementa-
tion is simplerthanthedashtubetechniqueof Fuhrmann
andGröller [7].

4For supplementaryimagesandMPEGanimations,pleasevisit:
http://www.VRVis.at/ar3/pr2/geometricApproach/

Tumble
Motion

Figure10: Somegasenginecomponentsrequirea tumblemo-
tion �o w pattern(right) in orderto mix �uid with oxygen.Tum-
ble �o w circulatesaroundan axis perpendicularto the cylin-
deraxis,orthogonalto swirl �o w. Thedatasetis composedof
61,700unstructured,adaptive resolutioncells.

7 Investigating Swirl and Tumble
Flow

The VRVis ResearchCenter collaborateswith AVL
(www.avl.com) in orderto provide visualizationsolutions
for analysisof their CFD simulationresults. Previously,
AVL engineersused a seriesof several color-mapped
slicesto assessandvisualizetheresultsof theirCFDsim-
ulations. Isosurfaceswereusedlesscommonlyto assess
certain3D featuresthat could not be investigatedsuf�-
cientlywith 2D slices.Recently, new solutionsfor thevi-
sualizationof CFDsimulationdatahavebeenintroduced.
Thissectionreportsontheapplicationof thesetechniques
in addition to the more traditional approaches.We de-
scribe: (a) theapplicationof differentvisualizationtech-
niquesto speci�c applicationcases,(b) advantagesand
disadvantagesof what thesetechniquesoffer, and (c) a
comparisonwhich may apply to otherapplicationcases.
Wealsoto give recommendationsonwhento usespeci�c
techniquesandin whichapplicationscenario.

7.1 Evaluating Swirl and Tumble Motion

In the�o w within a cylinder, we candistinguishbetween
two typesof motion:swirl �o w commonlyfoundin diesel
enginesandtumble�o w commonlyfoundin gasengines.
In both cases,rotational motion occursabout an axis,
thoughthepositionof the respective axis is different. In
thecaseof swirl �o w, theaxis is moreor lesscoincident
with thecylinder axis,asshown in Figure5. In thecase
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of tumble(Figure10),therotationaxisis perpendicularto
thecylinder axisandmorecomplex, thusmakingtumble
�o w moredif�cult to controlthanswirl �o w.

In orderto generateswirl or tumblemotion, �uid enters
the combustionchamberfrom the intake ports. Later on
in theenginecycle,thekineticenergy associatedwith this
motionis usedto generateturbulencefor mixing of fresh
oxygenwith evaporatedfuel. Themoreturbulencegener-
ated,the betterthe mixture of air andfuel, andthusthe
more stablethe combustion itself. By stablewe mean
achieving thesameconditionsfor eachenginecycle. Ide-
ally, enoughturbulentmixing is generatedsuchthat100%
of thefuel is burned.Theswirl or tumblemotionshould
be maximizedto maximizeturbulence. From the point
of view of themechanicalengineersdesigningtheintake
ports,theideal�o w patternleadsto bene�cial conditions
including: improved mixture preparation,a higherEGR
(ExhaustGasRatio)which meansa decreasein fuel con-
sumption,andloweremissions.However, toomuchswirl
(or tumble)candisplacethe�ame usedto ignite thefuel,
causeirregular �ame propagation, or result in lessfuel
combustion. As such,a balancemust be achieved be-
tweengeneratingenoughswirl or tumble �o w and not
displacingthe�ame usedto ignite the�o w. A controlled
�o w motionis usedto getstableandreproduciblecondi-
tionsateachenginecycle.

7.2 Investigating Flow Patterns with Visu-
alization

Centralto ourstudyaresomeroutinequestionsthatengi-
neersmayaskwheninvestigatingswirl andtumble�o w:
Canvisualizationprovide insight into or verify thechar-
acteristicshapeand behavior of the �o w? What tools
canhelp to visualizetheswirl andtumble�o w patterns?
Wherein thecombustionchamberaretheidealswirl and
tumble�o w patternnot beingrealized?We investigated
two typical �o w patternsfrom CFDusingthreeclassesof
�o w visualizationtechniquescommonlyavailablein 2D,
2.5D, and 3D5. By 2.5D we meansurfacesthrough3D
space.

Figures11 and 12 show someof the resultsof this in-

5For supplementarymaterialincluding high resolutionimagesand
MPEGanimations,pleasevisit:
http://www.VRVis.at/ar3/pr2/swirl-tumble/

Figure 11: Visualizing swirl �o w using 3D streamlinesand
texture-based�o w visualizationonanisosurface.Comparewith
Figure5.

vestigation. Figure11 is a hybrid of multiple visualiza-
tion approachesincluding 3D streamlines,isosurfacing,
color-mapping,andtexture-based�o w visualization.The
streamlineshighlightthedominantcharacteristicstructure
of the �o w insidethevolumewhile thetexturing applied
to the isosurfacepoints out someof the destructive ar-
easof the �o w at the top. Figure 11 helpsverify that
theoverall behavior of the�o w is characteristicof thatof
swirl motion. Figure12 is anotherhybrid of approaches
including slicing with color-mappingand texture-based
�o w visualizationapplied,a pressureisosurface,and3D
streamlinesseededfrom two seedingplanes. Figure12
shows that in this casethe tumble motion axis is off-
center, pointing down andto the left ratherthanstraight
out towardsthereaderin theidealcase.

Our side-by-sidecomparisonof each�o w visualization
category illustratesthateachhasits respectiveadvantages
anddisadvantages.Direct �o w visualizationtechniques
are intuitive, easyto implement,common,and insight-
ful. Thedirect�o w visualizationtechniquesareusefulin
highlightingextremalCFDsimulationdatavaluesonsur-
faces.However, directapproachesmaynot communicate
�o w evolution very clearlyandareoftenmoredif�cult to
apply in 3D. And importantfeaturescanbemissedif the
samplingratefor aglyph-basedrepresentationis nothigh
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Figure12: An isosurfaceand3D streamlinesvisualizetumble
motionwith theadditionof texture-based�o w visualizationon
acolor-mappedslice.Compareto Figure10.

enough.

Geometricmethodsarealsointuitive,provideinsight,and
can be appliedto 2D, 2.5D, and 3D vector data. They
alsosometimesindicate�o w directionincluding the up-
streamanddownstreamdirectionof the �o w. Geometric
techniquesareusefulfor gaininginsight into thelocation
of theaxisof rotationfor both theswirl andtumble�o w
patternswhile texture-basedtechniquesprovided useful
enhancementsto theseresults. However, the drawback
with theseapproachesis generallythatof placement.Im-
portantfeaturesmay be overlooked becausethey do not
providecompletecoverageof the�o w domain.

Texture-basedapproachesshareadvantageswith bothdi-
rectandgeometrictechniquesby providing completecov-
erageandshowing the directionof the �o w everywhere.
However, they aredif�cult to apply in 3D. The geomet-
ric andtexture-basedtechniquesappliedto surfaceswere
very goodat pointingout wherethe idealswirl �o w pat-
tern was not being met in the CFD simulation model.
The geometrictechniquesappliedto slicesandsurfaces
were also suitablefor highlighting speci�c topological
featuresof the�o w whereasthetexture-basedapproaches
werevery helpful by insuringthat thesetopologicalfea-
tureswere not initially overlooked. Figure 13 summa-
rizessomeof the trade-offs that aremadewhenvisual-
izing swirl andtumblemotion. For example,The more

Coverage

Density

Spatial Dimensionality

Perceptual Clarity,
Visual Complexity

Spatial Coherence

Figure13: In general,trade-offs aremadebetweenthedensity,
coverage,and spatialdimensionalityof the visualizationwith
that of perceptualclarity, visual complexity, andspatialcoher-
ence.

densethe visualization,generallythe moredif�cult is to
perceive the result. Thus a trade-off is often madebe-
tweenthesetwo factors. Also a trade-off may is made
betweenspatialcoherenceandspatialdimensionalitybe-
causeresultsin 3D oftencontainmany overlappingparts.
As a resultof thesetrade-offs, the �e xible combinations
of approachesofferedby oursystemaregoodalternatives.

8 Conclusions

Thelargerthedatasetsfrom CFDsimulationbecome,the
moreusefulscienti�c visualizationis in orderto gain in-
sight into thoseresults. In addition,no single“one-size-
�ts-all” approachexists,henceengineersrequirea range
of tools in order to carry out their analysis,exploration,
andpresentation.We have presenteda selectionof recent
advancesin �o w visualization. Our presentationdraws
upon �o w visualizationtechniquesbeing classi�ed into
four main categories. Theserecentadvanceshave been
appliedto real-world applicationsin the �eld of CFD in-
cluding the investigation andvisualizationof patternsof
�o w motionspeci�c to automotive engineering.We have
alsodiscussedthe bene�ts of thesetechniquesandhow
engineersgainvaluableinsightinto theirCFD simulation
resultsusingthis recentlydevelopedselectionof tools.
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