Interactve 3D Flow VisualizationBasedon Texturesand
GeometridPrimitives

RobertS. LarameeandHelwig Hauser
www.VRVis.at

Septembef4,2004

Abstract

As the size of CFD simulation data sets expand, the
job of the engineerto analyze,explore, and presentthe
databecomesmore challenging. The scienti ¢ visual-
izationtools usedby the engineershouldevolve to meet
the growing demandgresentedy large simulationdata
sets. Furthermoreno singlevisualizationtechniquecan
meeteachusersneeds We presenta detailedselectionof

the size of CFD simulationdatasetsincreasesthe util-
ity of scienti ¢ visualizationfor gaining insightinto the
datasetsalsoincreases.Visualizationoffers oneway to
managesuchlarge collectionsof simulationdatasinceit
bringsthe datato a higherlevel of abstraction. Simply
readingtheraw datadoesnot meetall of thedemandset
forth by the userand may not even be feasible. Further
more,no singlevisualizationsolutioncanspantherange
of eachenginees needsHencearangeof solutionsmust

recently developeddirect, geometric,and texture-based e at the users disposal.

0 w visualizationtechniques.Thesetechniquesaddress

the demand setforth by engineersfor visualizationso-
lutions which provide insightinto CFD simulationdata.
Included are algorithmsfor (1) the resamplingof CFD
simulationdata,(2) fast,animatedexture-basedo w vi-
sualization,and (3) geometric o w visualizationinclud-
ing dashed,animated-streamlinegrientedstreamlines,
streamletsandstreamcometsEachapproachs targeted
at the visual analysisof computational uid dynamics
(CFD) simulationdata. This relatively new selectionof
techniquegprovidesvaluabletoolsthatallow engineerso
gaininsightinto their CFD simulationresults.
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Visualizationis an importantpart of exploring, analyz-
ing, and presentinghe resultsof a CFD simulation. As
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We presenfa selectionof recentadvancesn o w visual-
ization that addressethe growing demandfor solutions
that offer insight into the continuouslyexpandingCFD
simulationdatasets.Ourpresentatioravsupon o w vi-
sualizationtechniquedeingclassi edinto four maincat-
egories: (1) direct, (2) texture-based(3) geometric,and
(4) feature-basefil4, 19]. This classi cationprovidesa
framework usefulfor placing our techniquedn a larger
contt. Theresamplingool we presenfalls into the di-
rect ow visualizationcateyory [12]. The Image Space
Advection(ISA) andimageBasedFlow Visualizationfor
CurvedSurfaceqIBFVS) algorithmsfall into thetexture-
basedcategyory [16]. And our discussionof geomet-
ric techniquesncludes,orientedstreamlinesanimated-
dashedstreamlines streamlets,and streamcomet$13].
Theserecentadwvancesare appliedto real-world applica-
tionsin the eld of CFD including the investigationand
visualizationof patternsof ow motion speci c to auto-
motive engineeringWe discusghebene tsof thesetech-
niguesalongtheway usingreal-world results.

The restof this paperis organizedasfollows: Section2
brie y outlinessomerelatedwork. Section3 describes



a resamplingtool for CFD simulationdata. Section4
presentgecentalgorithmsfor the fastadwection of tex-
tureson surfaces. Section5 outlineshow texture-based
ow visualizationcan be appliedto isosurbices. Sec-
tion 6 describesa collection of geometric o w visual-
izationtechniquespplicableto CFD simulationdataand
Section7 demonstratelsow direct,geometricaandtexture-
basedo w visualizationtechniquesanbe usedto solve
real-world problemsfrom the automotie industry

2 RelatedWork

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

Direct ow visualization: This catgory of techniques
usesa translationthat is as direct as possiblefor repre-
senting o w datain theresultingvisualization.Theresult
is anoverall pictureof the o w. Commonapproacheare
drawing arraws or color coding velocity. Intuitive pic-
turesresult,especiallyin the caseof two dimensionsSee
Schulzet at.[22] for goodillustrationsof direct o w vi-
sualizationtechniquesappliedto CFD simulation data.
Westermanmdemonstratea volumerenderingtechnique
in orderto visualize3D vectordata[30].

Geometric ow visualization: Theseapproache®ften
rst integratethe o w dataandusegeometricobjectsin

the resulting visualization. The objectshave a geome-
try thatre ects the propertiesof the o w. Examplesin-

clude streamlinesstreaklines streamsugces,andtime-

lines. Not all geometricobjectsarebasedon integration.
Anotherusefulgeometricapproachs generatingsosur

facesg.g.,with respecto anisovalueof pressurer mag-
nitude of velocity. A more thoroughdescriptionof ge-
ometrictechniqueds presentedy Postet al. [19]. See
the work of Schroederet al. [21] or Zockler et al. [31]

for classicexamplesof geometrico w visualizationtech-
nigueappliedto 3D vectordata.

Dense texture-based ow visualization: A texture is
computedthatis usedto generatea denserepresentation
of the ow. A notion of wherethe o w travelsis incor
poratedthroughco-relatedexturevaluesalongthevector
eld. In mostcaseshis effectis achieved through Iter -
ing of texelsaccordingto the local o w vector Texture-
basedmethodsoffer a denserepresentatiorof the ow

with completecoverageof thevector eld. Recentexam-
plesincludelmageBased~low Visualization(IBFV) [26]
andimageSpaceAdvection(ISA) [16], which cangener
ate both SpotNoise [25] andLIC-like [3] imagery We
notethata full comparisorof texture-basedo w visual-
izationtechniquess givenelsavhere[14].

Featue-based ow visualization: Another approach
makesuseof anabstractiorand/orextractionstepwhich
is performedbeforevisualization.Speciafeaturesareex-
tractedfrom the original datasetsuchasimportantphe-
nomenaor topologicalinformationof the o w. Visualiza-
tion is thenbasedon these o w features(insteadof the
entire dataset) allowing for compactand efcient ow
visualization,even of very large and/ortime-dependent
datasets.This canalsobe thoughtof asvisualizationof
deriveddata.Postetal. [20] cover feature-based w vi-
sualizationin detail. The work of Doleischet al. [4, 5]
presentsecentdevelopmentsn featurespeci cationand
extraction.

3 Resampling of CFD Simulation
Data

To start off, we introducea exible, variable resolu-
tion tool for interactive resamplingof computationaluid
dynamics(CFD) simulationdataon unstructuredyrids.
Thetool andcoupledalgorithmafford usersprecisecon-
trol of glyph placementuring vector eld visualization
via six interactve degreesof freedom. The resampling
tool, calledFIRsT (aFlexible andlnteractve ReSampling
Tool), is a valuableassein the engineers pursuitof un-
derstandingand visualizing the underlying ow eld in
CFD simulationresults[12].

FIRST solvesboththeperceptuaproblemsesultingfrom
a brute force hedgehogvisualizationapproachwherea
vectorglyphis renderedatevery CFD grid cell, andglyph
placemenproblemsby (1) giving the usercontrol of the
resolutionof the glyphsin the imageand (2) giving the
userprecisecontrol of whee to placethe vectorglyphs
for viewing the o w with normalcomponents.

3.1 Interactive Visualization and Analysis

The key distinguishingfeaturesof FIRST stemfrom the
factthatit wasspeci cally developedin orderto provide
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Figure 1: FIRsT hassix degreesof freedomtool: (1-3) three
translations(4) arotation,(5) a scale,and(6) the resolutionof
resampling:ells,i.e.,cellslmz.

the userwith a rangeof e xible interactionsat multiple
resolutions. The reasonwe focus on a combinationof
usercontrolwith resamplings becausengineersequire
interactive visualizationsolutions. This is partly dueto a
large amountof time engineerspendsearchinghe data
sets. The analysisof an engineerincludestaskssuchas
searchindor areaof extremepressurelooking for sym-
metriesin the o w, searchindor critical points,andcom-
paring simulationresultsprevious simulationresultsand
with measuredexperimentakesults.

FIRST providesthefollowing features:(1) six interactive
DoFs:threetranslationalscaling,rotation,andresolution
(Figurel), (2) handleschangedo bothunderlyingtopol-
ogy andgeometryi.e., canbe utilized for the display of
time-dependentnstructuredyrid sliceswheregeometry
and topology changeover time or space,(3) resamples
ary unstructuredyrid onto ary structuredgrid, (4) han-
dles unstructuredgrids with holes and discontinuities,
(5) doesnotrely onary pre-processingf thedata(6) con-
sistsof astraightforvardimplementatione.g.,requiresno
neighbor nding capabilitiesor complicateddata struc-
tures,(7) processesarge quantitiesof unstructuredsca-
lene trianglesefciently. The resamplemprovides e xi-
ble userinteractioncapabilitiesbeyond thoseoffered by
othermethods. Also, the underlyingalgorithmoperates
on a perunstructured-polygomasis, making it suitable
for parallelization.

Figure?2: (top) A slice meshwith discontinuitiestwo gapsin
the shapeof rings, using hedgehogrisualization(bottom) The
samesliceresampledntoaregulargrid.

3.2 ResamplingOptions

Theresamplefeaturesareassociateevith auserde ned,
2D slicethrougha 3D meshfrom CFD. Engineerdake a
slice of the dataandslide the slice throughthe geometry
in orderto nd featuresof the simulationdata,e.g.,areas
of extremepressureandvortices. As the usermovesthe
slice throughthe 3D mesh,the resamplerautomatically
resizestself aroundthe sliceboundaryhandlingchanges
to both the underlyinggeometryand topology This is
importantwith respecto addressinghe versatility of our
CFDsimulationdatasets.Furthermorerequiringtheuser
to manuallyadjustthe size of the resamplinggrid would
slow down the visualizationandanalysisprocessconsid-
erably



Figure3: ISA andIBFVS appliedto the o w simulationdataat the surfaceof two intake portssideby side: ISA with the white

backgroundandIBFVS with the graybackground.

Figure2 illustratesour techniqueon a meshwith discon-
tinuities. The discontinuitiesare two gapsin the shape
of rings. Visualizationof o w with normalcomponents
is shavn using both the hedgehogechniqueversusthe
glyphsonto a resampledyrid 1. Figure2 illustrateshow
FIRST reduce®cclusionandvisualcompleity thusmak-
ing the resultsmore suitablefor presentationAlso, ren-
deringtimes are acceleratedecausdhe numbervector
glyphsis reduced.

4 Image SpaceBasedVisualization

of Flow on Surfaces

In this sectionwe present brief, side-by-sideanalysisof
two recenimagespaceapproachefor thevisualizationof
vector elds on surfaces.Thetwo methods)mageSpace
Advection (ISA) [15] and ImageBasedFlow Visualiza-
tion for Curved Surfaces(IBFVS) [27] generatedense
representationsf time-dependentector elds with high
spatio-temporatorrelation(seeFigure3). While the 3D
vector elds areassociateavith arbitrarysurfacesrepre-
sentedby triangularmeshesthe generationand adwec-
tion of texture propertiess con ned to imagespace Fast
frameratesareachievedby exploiting frame-to-frameco-
hereng andgraphicshardware.In ourcomparisorof ISA
andIBFVS we point out the strengthsandweaknessegf

1For supplementarimagesandMPEG animationsof theresampler
pleasevisit:
http://www.VRVis.at/ar3/pr2/resampler/

eachapproactandgive recommendationasto whenand
wherethey arebestapplied.

Densetexture-basedynsteadyo w visualizationon sur
facesremainedan elusive problem since the introduc-
tion of texture-basedo w visualizationalgorithmsthem-
seles. The classof uid ow visualizationtechniques
that generatedenserepresentationdasedon textures
startedwith Spot Noise [25] and LIC [3] in the early
1990s. The main adwantageof this classof algorithms
is their completedepictionof the ow eld while their
drawvbacksare, in general,the computationaltime re-
quiredto generate¢heresultsJackof o w orientation(up-
streanvs.downstream)andapplicabilityto 3D o w. Fig-
ure 3 illustratestwo texture-basedechniqueghat main-
tain completecoverageof the vector eld while at the
sametime overcomesomeof the aforementionedlisad-
vantagesnamely long computatiortime andlack of ow
orientation.Texture valuesarecorrelatedalongthe direc-
tion of the o w. The orientationof the o w is especially
apparentn aninteractve animation.

Traditional visualizationof boundary o w using texture
mapping rst mapsoneor more 2D texturesto a surface
geometryde ned in 3D space.The texturedgeometryis
thenrenderedo imagespace[24]. Here, we alter this
classicorder of operations.First we projectthe surface
geometryand its associated/ector eld to imagespace
andthenapply texturing. In otherwords,while concep-
tually texture propertiesare advectedon boundarysur



ISA Pipeline

Image Space-Based

IBFVS Pipeline

Polygonal Advection

—»
Vector Field Projection Mesh Computation
H ! . !
. A A
Dyng;lg K Image Advection Dyngzzg 3 Object Space-Based
; Mesh Computation L Mesh Projection
Image Space-Based Object Space-Based
Texture Mapping Texture Mapping
Noise Injec_non +| static Noise Injecpon + | static
and Blending X and Blending X
il | Case 1l | Case
! * ! -
—— Image Overlay Application —— Image Overlay Application

Figure4: Flow diagramsof the two texture-basedo w visualizationalgorithms side-by-side.On theleft is the ISA
pipeline,ontherightis IBFVS. Theedgedetectionprocesof the original ISA algorithm[15] is notincludedin order

to highlightthe majordifferencedetweerthealgorithms.

facesin 3D, in factthe algorithmsrealizetexture advec-
tion in imagespace.In particular the methodshave the
following characteristicsThey (1) generatea denserep-
resentatiorof unsteadyo w on surfaces(Figure 3), (2)

visualize ow on comple surfacescomposedof poly-

gonswhosenumberis on the orderof 250,0000r more,
(3) can handlearbitrary complex mesheswithout rely-

ing onaparametrization(4) supportuserinteractionsuch
asrotation,translationandzoomingwhile maintaininga

constanthigh spatialresolution,(5) deliver high perfor

mance,i.e., several framesper secondand(6) visualize
o w on dynamicmesheswith time-dependengeometry
andtopology

4.1 A Side-by-SideOverview

ISA and IBFVS simplify the problemby con ning the
synthesisand adwection of texture propertiesto image
space Both method9rojectthe suriacemeshandassoci-
atedvectordatato imagespaceandthenapply a seriesof

textures.Summarizingthe methodsarecomprisedf the
following pipeline:

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

2. projecteitherthe associatedrector eld or the dis-
tortedsurfacemeshontotheimageplane

3. adwecttexture propertiesaccordingto the projected
vector eld ortheprojecteddistortedmeshin image
space

. injectandblendnoise

. overlay optionalvisualizationcuessuchasshaving
asemi-transparemepresentationf the surfacewith
shading

These stagesare depicted schematicallyfor ISA and
IBFVS in Figure4. Eachstepof the pipelineis necessary
for the dynamiccasesof unsteadyo w, time-dependent
geometry rotation, translation,and scaling, and only a
subsets neededor the staticcasesnvolving steady-state
o w andno changédo theviewing parameters.

ThelSA andIBFVS implementatiorpipelinesareshavn
side-by-sidein Figure 4 in order to illustrate overlap
anddivergence. Conceptuallythe algorithmsshareser-
eral overlappingcomponentssuch as projectionto im-
agespaceadwectionmeshcomputationfexture-mapping,
noise injection and blending, and the addition of shad-
ing or a color map. The maindifferencebetweerthe two
methodsis that ISA usesanimage-baseaneshin order
to adwect the textures, whereasthe texture adwectionin
IBFVS is drivenby theoriginal 3D mesh.As aresult,dif-
ferencesarisestemmingfrom partsof the algorithmthat
useimagespacevs. objectspace.Thesedecisionsresult
in advantagesanddisadwantagedor bothmethods.More



detailsabouteachstepof the pipelineshowvn in Figure4
aregivenby Larameeetal. [16] 2.

4.2 Discussion

The choiceof whetherto apply ISA or IBFVS depends
onthe compleity of themodel. For surfacevisualization
IBFVSisagoodchoice.Polygongyenerallycover several
pixels in imagespacehencethe amountof computation
time perpixel is low. For visualizationof ow on large
meshesuchasshawn in Figure3, ISA is agoodchoice.
For thesemeshesmary polygonscover lessthana pixel
and mary polygonsare occluded. ISA avoids spending
computatiortime on thesepixels. Also, in termsof soft-
ware development,IBFVS is generallyeasierto imple-
ment becausadt is a more straightforvard extension of
IBFV [26].

We also point out that ISA and IBFVS are much faster
thanpreviousattemptgo depictbothsteadyandunsteady
0 w onsurfacesusingtexturesynthesisThisincludesthe
previouswork by ForssellandCohen[6] to extendLIC to
curvilineargrids, Battke et al. [1] to extend FastLIC to
arbitrarysurfacesandMao et al. [18] who extendLIC to
arbitrarytriangularmeshewith steady-stateo w. In ad-
dition, we have notseemrmuchwork in theareaof texture-
basedo w visualizationon surfacesin generalsincethe
introductionof UFLIC (UnsteadyFlow LIC) by Shenand

Kao[23] in 1998,whichrelieson a parameterization.

5 Texture Based Visualization of
Flow on Isosurfaces

For mary of the automotve componentghat undego
evaluation,thereis anideal patternof o w engineergry
to create. Figure 5 illustratesthe swirl motion of uid

ow in a comhustionchamberfrom a dieselengine. In

orderto generateswirl motion, uid entersthe comhus-
tion chambeirfrom theintake ports.Lateronin theengine
cycle,thekinetic enegy associateavith this swirl motion
is usedto generateurbulencefor mixing of freshoxygen
into the uid. The moreturbulencegeneratedthe bet-
ter the mixture of air anddieselfuel, andthusthe better

2For supplementanjmagesand MPEG animationsof ISA and
IBFVS, pleasevisit:
http://www.VRVis/ar3/pr2/isa-ibfvs/
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Figureb: Theswirling motionof o w in thecomhustioncham-
berof adieselengine.Swirl is usedto describecirculationabout
thecylinder axis. Theintake portsatthetop provide thetangen-
tial componentof the o w necessanfor swirl. The dataset
consistof 776,000unstructuredadaptve resolutiongrid cells.

the comtustionitself. Ideally, enoughturbulentmixing is
generateduchthat100%of thefuel is burned.

Sinceit is the swirling o w thatis usedto generateur-
bulence the swirl shouldbe maximizedin orderto maxi-
mize turbulence.Fromthe point of view of the mechani-
cal engineerslesigningthe intake ports, increasedswirl
ow leadsto bene cial conditions: (1) improved mix-
turepreparationi.e., morefuel contactwith oxygen,(2) a
higherEGR (ExhaustGasRatio)whichmeansaa decrease
in fuel consumptionand(3) lower emissions.However,
too muchswirl displaceghe ame usedto ignite thefuel.
As such,a balancemustbe achieved betweengenerating
enoughswirl ow in orderto createturbulenceand not
displacingthe ame usedto ignitethe o w.

Someroutine questionghat a mechanicakengineemay

askwheninvestigating swirl o w are: Canvisualization
provide insightinto or verify the characteristicshape(s)
or behaior of the o w? Whattool(s) canhelpto visual-

ize the swirl o w pattern?andWherein the comtustion

chambeiis theswirl o w patternnotbeingmet?

Isosurficesarea visualizationtool usedroutinely by me-
chanicakengineerso investicatethepropertieof the o w
insidea 3D volume. The shapeof anisosurhicecangive
the engineelinsightinto its 3D characteristicsFigure6,
left shaws a velocity isosurficein the comhustioncham-
ber of the datasetin Figure5. The engineercanseethat
the o w hassomeof the swirling orientationthatthey are



Figure6: (left) avelocity isosurficeof value5.0 m/swith a CFD simulationattribute mappedo hue,(middle)with texture-based
o w visualizationapplied,(right) texture-basedo w visualizationon theisosurhcecombinedwith a normalmask.

lookingfor. However, whatis missingfrom Figure®, left,
is a clearindicationof o w direction,e.g.,the upstream
anddownstreamatureof the o w. In particular it is not
obvious wherethe ow doesnot follow the ideal swirl
patternthatthe comhustionchambeshouldencapsulate.

5.1 Applying Texture-Based Flow Visual-
ization

Applying texture-basedo w visualizationtechniquego
such isosurficesprovides engineerseven more insight
into the characteristicef 3D vector elds. And this has
becomea feasibleoption only recently We appliedthe
ISA methodof Larameeet al. [15] for producingdense,
texture-basedepresentationsf o w onisosurfices.The
resultis a combinationof two well known scienti ¢ vi-
sualizationtechniquesnamelyiso-surbcingandtexture-
based o w visualization,into a useful hybrid approach.
Our applicationis a versatilevisualizationtechniquewith
the following characteristics(1) generates denserep-
resentatiorof o w onadaptve resolutionisosurbices(2)
visualizeso w oncomple isosurbcescomposeaf poly-
gonswhosenumberis on the order of 200,0000r more,
(3) visualizes o w independenbf the isosuricemeshs
complity and resolution, (4) supportsuserinteraction

suchasrotation, translation,and zoomingalways main-
taining a constant,high spatial resolution,and (5) pro-
ducesfastanimationsrealizingup to 60 framesper sec-
ond.

5.2 Applying a Normal Mask

Whenvisualizing o w on normalboundarysurfacesthe
directionof the o w generallycoincideswith the surface
itself. Asthe ow approacheshe boundaryit is not al-

lowed to passthroughandis pushedin a tangentialdi-

rection,i.e., it canbe describedas surfacealigned o w.

However, in the caseof isosurficesthisis nolongertrue.
The o w atanisosurbicecansometimesexhibit a strong
o w thatis normalto thesurface,e.g.,cross-surdce o w.

Thesamealsoholdstruefor the caseof arbitraryclipping
geometries.Simply adwecting texture propertiesaccord-
ing to thevector eld projectedontotheisosurfcecould
be considerednisleading.

Battke etal [1], who appliedLIC to surfaces addresshis
problemby varyingthelengthof theconvolution lter ac-
cording to the magnitudeof the vector componentan-
gentialto the surface. In areaswherethe vector eld is
orientedalmostperpendiculato the surfaceonly very lit-
tle smearingof the texture occurs,i.e., the input noiseis



visible insteadof a convolved texture. Our approachs
requiredto be consistentwith the visualizationof ow

on boundarysurfaces. When we apply texture-based

o w visualizationto boundarysurfaces,the amountof

texture-smearingndicatesvelocity magnitude,i.e., tex-

tureis smearednto longerstreaksn areasof higherve-

locity magnitude.We don't wantto changethe semantic
interpretatiorof smearingor isosurfices.

We proposean ideainspiredby the well known velocity
mask[8], namely a normalmask A velocity maskcan
be usedto dim or highlight high frequeng noisein low
velocity regions. Whereasa normalmaskcanbe usedto
dim regionsof thevector eld thathave strongcross- ow
componento theisosurfice.We de ne the normalmask
as: = (v n)™ where increasessa function of the
productof the velocity, v, andnormalvectorto the sur
face,n, atthatpoint. Here,m is arbitrary In practicem
is typically aroundunity giving theopacityalinearbeha-
ior. In our case theimageoverlay becomesnoreopaque
in regionswith a strongcross- ow componenandmore
transparentn areasof highly tangentialvelocity. With
the normalmaskenabledthe viewer's attentionis drawvn
away from areasf strongcross- ow componentandto-
wardsareaof high tangentialelocity. However, thetex-
ture propertiesare still advectedaccordingthe velocity
vectorsprojectedontotheisosurbce.

Someresultsof applyingthis normalmaskto anisosur
faceareshown in Figure6, right. We canseethatthe o w
at the isosurfice just below the intake port in the fore-
ground(in white) hasa strongnormalcomponento the
isosurfice. The higherfrequeng texturein this regionis
dif cult to see.Note alsothatwe have chosena simpler
color scalein this caseto reducethe visualcompleity of
theresult.We nd thatusingusingafull rangeof huefor
the color mappingin combinationwith variableopacity
for the normalmaskis visually complex. Sowe provide
theoptionof tradingoff somecompleity in thecolormap
while applyingthe normalmask®.

3For supplementarimagesandanimationsof texture-basedo w vi-
sualizationonisosurbcespleasevisit:
http://www.VRVis.at/ar3/pr2/VisSym04/

6 Geometric Flow Visualization
Techniques

This sectionturns our attentionto a collection of geo-

metric ow visualizationtechniquesincluding oriented
streamlines, streamlets,a streamrunnertool, stream-
comets,and a real-time animatedstreamlinetechnique.
We place special emphasison necessaryneasurege-

quiredin orderfor geometrictechniquego be applicable
to real-world datasets.Therehasbeenalot of work done

in this area.And while someof the geometricechniques
herehave beenpresentedn previous literature,they are

oftennotillustratedin the context of real-world datasets.
For full overview of relatedresearchseethework by Post
etal.[19].

6.1 Oriented Streamlines, Streamlets, and
Streamcomets

Oneof the drawbacksof conventionalstreamlineds the
lack of o w orientation(upstreanvs. dovnstreandirec-
tion) depictedn astill image.Our systenmincorporatesn
orientedstreamlin@mplementationOrientedstreamlines
corvey the downstreamdirectionof the o w by varying
the opacity as a function of particle trace evolution. In
otherwords,thefurtherdownstreamanintegrationpathis
traced,the higherthe opacityof the streamline.This can
be implementedby giving the streamlinesa nite width,
eitherautomaticallyor throughuserde ned parameters,
andusingsemi-transparemgolygonsin orderto depictan
orientedstreamling(Figure 7, middle-left). Arrow heads
could alsobe usedto achieve the sameeffect. However,
arrav headglyphscanmoreeasilyleadto visual clutter
without carefultreatment.The resultis similar to that of
OLIC (OrientedLine Integral Corvolution) [28, 29]. One
importantdifferenceis thatOLIC is basedon a tradition-
ally slower approactderivedfrom LIC andOLIC is more
applicableto 2D o w ratherthan3D.

For the caseof unsteadyo w, draving a continuouspar
ticle pathusingonly a singletime stepcanbe considered
misleading. This is becauseno particle actually traces
sucha path. For the caseof slicesandsurfacesthe visu-
alizationbecomegvenmoreproblematichecause com-
ponentof thevector eld is takenaway, namelythatcom-
ponentorthogonalto the slice or surface,absentafter a



Figure 7: The visualizationof blood o w at the surfaceof an aneurysm:(left) geometric o w visualizationusing streamlines
(middle-left) orientedstreamlinesind(middle-right)streamletsand(right) streamcomets.
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Figure 8: The streamcomepromotesfour interactiie DoFs:
(1) the positionof the cometheadalongthe pathof integration,
(2) the diameterof the cometheadandtail, (3) the length of
thesemi-transparermomettail, andoptionally (4) theanimation
speedf the cometsalongthe pathof integration.

projectionontothesliceor surface.Oneapproactto han-
dling this is throughthe useof streamletgshortstream-
lines)asillustratedin Figure7 middle-right.

Streamcometarean extensionof the streamrunnefl1].
The streamrunneaddresseshe problemsof occlusion
and scenecompleity 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
the user Streamcometollow a very intuitive metaphor
They offer four interactive degreesof freedomasshavn
in Figure 8. Coupledwith more interactive degreesof
freedom streamcometsffer theadvantagenf shaving lo-
cal ow directionandcurvaturefor staticimages.There
is strongevidenceto supportthe notionthat o w visual-
ization objectsthat shav the directionof the local vector
eld improve the users ability to identify critical points

andunderstangbarticleadvectionpaths[10].

Another useful featureis the option of animatingthe
streamcometgConceptuallyanimatingthe streamcomets
suchthatthe cometheadpositionis automaticallyincre-
mentedalongthe streamlinepath,actsasa visual search
function. The viewer is able to use the animationto
searchfor optimalcometheadpositions.Thisis very use-
ful whenthe useris not surewhereto positionthe head,
searchindor interestingfeaturesn the ow eld, or opti-
mizing the otherinteractive DoFs. We emphasize¢heim-
portanceof the users ability to resizethe streamcomets
alongarbitrary dimensionswvhenzoomingin and out of
thedatasets.Changedo thediameterof thecometheads
applyto theentirecollectionof streamcomet@ndarenot
appliedon a percometbasis. Applying size changego
individual cometswould leadto misleadingvisualization
results,e.g.,the usermay interpretdifferentcomethead
sizesto beare ection of scalarpropertiesnherentin the
ow eld.

Figure7, left-to-right, showvs the useof streamlinespri-
ented streamlines,streamletsand streamcometsll ap-
pliedtothesamedataset. Thedatasetin thiscasds simu-
lation datacomingfrom blood o w throughananeurysm.
Note that thesetechniqueshighlight o w characteristics
suchas areasof divegenceand convergence. Further
more, they are well suitedfor 3D o w visualizationof
whichwe will seemorein Section6.2.

6.2 Animated Streamlines

We usea stippling approacho animatestreamlinesuch
thatthedownstreandirectionof the o w is depicted.The



Figure9: The visualizationof tumble motion usinganimated,
dashedstreamlines.Two seedingplanesareused: one seeding
color mappedstreamlinesthe otheremanatinged streamlines.
A grayscale-mappedlice senesascontet information.

adwantagehereis thatthe stipplingapproachs supported
by OpenGL1.1andcommoditygraphicshardware. Thus
real-timeframeratescanbeachie/edevenfor largenum-

bersof streamlines.Anti-aliasing,alsosupportedy the

graphicshardware,canbe addedto visually enhancehe

resultsat very little overhead. Our approachis reminis-

centof thatusedby Jobardand Lefer [9] or Berger and

Groller al. [2] wherea colortable look-up approachis

usedto animatethestreamlinesOneimportantdifference
is thatthetechniquehereapplieswell to 3D o w.

Figure10: Somegasenginecomponentsequirea tumblemo-
tion o w pattern(right) in orderto mix uid with oxygen.Tum-
ble ow circulatesaroundan axis perpendiculato the cylin-
deraxis, orthogonalto swirl ow. The datasetis composedf
61,700unstructuredadaptve 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 engineersuseda seriesof several colormapped
slicesto assesandvisualizetheresultsof their CFD sim-
ulations. Isosurficeswereusedlesscommonlyto assess
certain 3D featuresthat could not be investigated suf-
ciently with 2D slices.Recently new solutionsfor the vi-
sualizationof CFD simulationdatahave beenintroduced.
This sectionreportsontheapplicationof thesetechniques
in additionto the more traditional approaches.We de-
scribe: (a) the applicationof differentvisualizationtech-
niguesto speci ¢ applicationcases,(b) advantagesand
disadantagesof what thesetechniquesoffer, and (c) a
comparisonwhich may apply to otherapplicationcases.
We alsoto give recommendationgsn whento usespeci ¢

Figure9 shavs shadedstreamlinesandanimated—dashedtechniquesandin which applicationscenario.

streamlinesusedto visualizetumblemotion[17] 4. The
sparseanimated—dashestreamlinesllow theuserto see
throughthe volume andline stipple patternscanbe ren-
deredatfastframerates.SeelarameeandHausef13] for

more detailson real-timeframerates. The implementa-
tion is simplerthanthe dashtubetechniqueof Fuhrmann
andGroller [7].

4For supplementarymagesandMPEG animationspleasevisit:
http://www.VRVis.at/ar3/pr2/geometricApproach/

7.1 Evaluating Swirl and Tumble Motion

In the o w within a cylinder, we candistinguishbetween
two typesof motion: swirl o w commonlyfoundin diesel
enginesaandtumble o w commonlyfoundin gasengines.
In both cases,rotational motion occursaboutan axis,
thoughthe positionof therespectie axisis different. In

the caseof swirl o w, theaxisis moreor lesscoincident
with the cylinder axis, asshavn in Figure5. In the case
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of tumble(Figure10), therotationaxisis perpendiculato
the cylinder axisandmorecomple, thusmakingtumble
o w moredif cult to controlthanswirl o w.

In orderto generateswirl or tumblemotion, uid enters
the comhustionchamberfrom the intake ports. Lateron

in theenginecycle, thekineticenegy associategvith this

motionis usedto generateurbulencefor mixing of fresh
oxygenwith evaporateduel. Themoreturbulencegener

ated,the betterthe mixture of air andfuel, andthusthe
more stablethe comlustionitself. By stablewe mean
achiving the sameconditionsfor eachenginecycle. Ide-

ally, enoughturbulentmixing is generateduchthat100%
of the fuel is burned. The swirl or tumblemotion should
be maximizedto maximizeturbulence. From the point
of view of the mechanicakngineerslesigningthe intake

ports,theideal o w patternleadsto bene cial conditions
including: improved mixture preparationa higher EGR
(ExhaustGasRatio) which meansa decreasén fuel con-
sumption.andlower emissionsHowever, too muchswirl

(or tumble)candisplacethe ame usedto ignite the fuel,

causeirregular ame propagtion, or resultin lessfuel

comhustion. As such, a balancemust be achieved be-
tween generatingenoughswirl or tumble ow and not
displacingthe ame usedto ignite the o w. A controlled
0 w motionis usedto getstableandreproduciblecondi-
tionsateachenginecycle.

7.2 Investigating Flow Patterns with Visu-

alization

Centralto our studyaresomeroutinequestionghatengi-
neersmay askwheninvestigating swirl andtumble o w:
Canvisualizationprovide insightinto or verify the char
acteristicshapeand behaior of the ow? What tools
canhelpto visualizethe swirl andtumble o w patterns?
Wherein the comhustionchamberaretheideal swirl and
tumble o w patternnot beingrealized?We investigated
two typical o w patterndrom CFD usingthreeclasse®f
0 w visualizationtechniquesommonlyavailablein 2D,
2.5D, and 3D°. By 2.5D we meansurfacesthrough3D
space.

Figures11 and 12 shav someof the resultsof this in-

5For supplementarynaterialincluding high resolutionimagesand
MPEG animationspleasevisit:
http:/iwww.VRVis.at/ar3/pr2/swirl-tumble/

Figure 11: Visualizing swirl ow using 3D streamlinesand
texture-basedo w visualizationonanisosurfice.Comparewith
Figure5b.

vestigation. Figure 11 is a hybrid of multiple visualiza-
tion approachesncluding 3D streamlinesjsosurfcing,
color-mapping.andtexture-basedo w visualization.The
streamlinesighlightthedominantcharacterististructure
of the o w insidethe volumewhile the texturing applied
to the isosurfice points out someof the destructve ar
easof the ow at the top. Figure 11 helpsverify that
theoverall behaior of the o w is characteristiof thatof
swirl motion. Figure12 is anotherhybrid of approaches
including slicing with colormappingand texture-based
o w visualizationapplied,a pressurd@sosurfice,and 3D
streamlinesseededrom two seedingplanes. Figure 12
shaws that in this casethe tumble motion axis is off-
center pointing down andto the left ratherthanstraight
outtowardsthereaderin theidealcase.

Our side-by-sidecomparisonof each o w visualization
catgoryillustratesthateachhasits respectie advantages
and disadwantages.Direct o w visualizationtechniques
are intuitive, easyto implement,common,and insight-
ful. Thedirect o w visualizationtechniquesreusefulin
highlightingextremal CFD simulationdatavalueson sur
faces.However, directapproachesaynot communicate
o w evolution very clearlyandareoftenmoredif cult to
applyin 3D. And importantfeaturescanbe missedif the
samplingratefor a glyph-basedepresentatiois nothigh

11



Figure12: An isosurhceand3D streamlinewisualizetumble
motionwith the additionof texture-basedo w visualizationon
acolormappedslice. Compardo Figure10.

enough.

Geometrianethodsarealsointuitive, provide insight,and
can be appliedto 2D, 2.5D, and 3D vectordata. They

alsosometimesndicate o w directionincluding the up-

streamanddownstreamdirectionof the o w. Geometric
techniquesreusefulfor gaininginsightinto the location
of the axis of rotationfor boththe swirl andtumble o w

patternswhile texture-basedechniquesprovided useful
enhancementt theseresults. However, the dravback
with theseapproaches generallythatof placementim-

portantfeaturesmay be overlooked becauseéhey do not
provide completecoverageof the o w domain.

Texture-basedpproacheshareadvantagesith bothdi-

rectandgeometridechniquedby providing completecov-

erageandshawing the directionof the o w everywhere.
However, they aredif cult to applyin 3D. The geomet-
ric andtexture-basedechniquesppliedto surfaceswere
very goodat pointing out wheretheideal swirl ow pat-
tern was not being met in the CFD simulation model.
The geometrictechniquesappliedto slicesand surfaces
were also suitablefor highlighting speci ¢ topological

featureof the o w whereaghetexture-base@pproaches

werevery helpful by insuringthat thesetopologicalfea-
tureswere not initially overlooked. Figure 13 summa-
rizes someof the trade-ofs that are madewhen visual-
izing swirl andtumble motion. For example, The more

Density +—— Perceptual Clarity,
Visual Complexity
Coverage

Spatial Dimensionality <+— Spatial Coherence

Figure13: In generaltrade-ofs aremadebetweerthe density
coverage,and spatialdimensionalityof the visualizationwith
that of perceptuactlarity, visual compleity, and spatialcoher
ence.

densethe visualization,generallythe moredif cult is to
perceve the result. Thusa trade-of is often madebe-
tweenthesetwo factors. Also a trade-of may is made
betweerspatialcoherencendspatialdimensionalitybe-
causeesultsin 3D oftencontainmary overlappingparts.
As aresultof thesetrade-ofs, the e xible combinations
of approachesfferedby our systemaregoodalternatves.

8 Conclusions

Thelargerthedatasetsfrom CFD simulationbecomethe
moreusefulscienti ¢ visualizationis in orderto gainin-

sightinto thoseresults. In addition, no single“one-size-
ts-all” approaclexists, henceengineergequirearange
of toolsin orderto carry out their analysis,exploration,
andpresentationWe have presented selectionof recent
adwancesin o w visualization. Our presentatiordravs

upon o w visualizationtechniquesbeing classi ed into

four main categories. Theserecentadvanceshave been
appliedto real-world applicationgn the eld of CFD in-

cluding the investication andvisualizationof patternsof

0 w motionspeci ¢ to automotve engineeringWe have
alsodiscussedhe bene ts of thesetechniquesand how

engineergain valuableinsightinto their CFD simulation
resultsusingthis recentlydevelopedselectionof tools.
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