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Abstract
This paper presentspowerful surfacebasedtechniquesfor the analysisof complex �ow �elds resulting from
CFD simulations.Emphasisis put on the examinationof vortical structures.An improved methodfor stream
surfacecomputationthat delivers accurate resultsin regionsof intricate �ow is presented,along with a novel
methodto determineboundarysurfacesof vortex cores.A numberof surfacetechniquesare presentedthat aid
in understandingthe �ow behaviordisplayedby thesesurfaces.Furthermore, a schemefor phenomenological
extractionof vortex core linesusingstreamsurfacesis discussedandits accuracyis comparedto oneof themost
establishedstandard techniques.

1. Intr oduction

Therole of streamsurfacesin theanalysisof CFD datasets
hasbeenaminoronefrom thebeginning.Althoughthey are
anaturalgeneralizationof streamlines,therehasbeenlackof
analgorithmthat is ableto dealwith very complicated�o w
structures.For CFD simulationsfrom applicationswhere
thesestructuresdominate,streamsurfacesas a visualiza-
tion tool have beenhard to apply and yielded dissatisfac-
tory results.However, the demandfor insightful visualiza-
tion of complex �o w datacannotbesatis�edby streamlines
and similar line-basedtechniquesalone.They suffer from
visual clutter if adequateresolutionof featuresis desired.
Thegroundbreakingdrawing work of Dallmann[Dal83] has
shown that �o w structurescanbe well understoodin terms
of �o w sheets,owing to the fact that they show the behav-
ior of all streamlinesin thesheetatonce.Essentially, stream
surfacescanperformthe sametaskandhave an enormous
potentialin visualizingapplicationdatasets.In thispaperwe
presentseveralenhancementsto thestreamsurfacecompu-
tation schemeof Hultquist [Hul92] that allow streamsur-
faceintegrationin domainsof intricatestructures.We pro-
vide someexamplesthat demonstratetheir usefulnessfor
visualizationpurposes.Moreover, we investigatea number
of usefultechniquesthatextendstreamsurfacevisualization
beyondmeredisplay.

Amongtheresearchtopicsin visualization,locatingvor-
ticesin CFD datasetsis oneof the major challenges,since
they areresponsiblefor a large numberof interesting�o w
phenomena.Theanalysisof datasetscangreatlybene�t from

ef�cient detectionof vorticesandevidenceof vortex break-
down (i.e. suddencollapseof vortical motion) if this infor-
mation is accuratelyvisualized.To provide a viable prim-
itive for the visualizationof the geometryof vortex cores,
wewill describeaphysicallymotivatedregionde�nition for
vortex coresbasedon the Rankine[Rot00] vortex model.
An algorithmis discussedfor extractingvortex coresfrom
�o w �elds startingout from featurelinesandconstructinga
boundingsurfacefor display. Relatingvortex coresto stream
surfaces,we develop a simplemethodfor the visual veri�-
cation of assumedvortex coresand the phenomenological
determinationof vortex corefeaturelines.

Thecontributionsin thispaperarepresentedasfollows:

� Wediscussrelatedwork in Section2
� An improvedalgorithmfor streamsurfacecomputationis

givenin Section3
� Section4 detailsa region de�nition for vortex coresand

analgorithmfor its extraction,givenavortex coreline.
� Visualization enhancementsfor streamsurfaces and a

methodfor extractingvortex corelines usingstreamsur-
facesapresentedin Section5

� Some examplesof how this work can be applied are
shown in Section6, andSection7 concludeson the fea-
turedwork.

2. RelatedWork

The work in this paper combines�o w visualization us-
ing streamsurfaceswith detectionandanalysisof vortices.
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While streamsurfaceshave not attractedmuchattentionin
visualizationover theyears,vortex detectionhasbeenanin-
terestingtopic for a long time.We survey bothareasof �o w
visualizationin thefollowing.

StreamSurfaceTechniques Althoughstreamsurfacesrep-
resenta substantialqualitative stepcomparedto a bundleof
streamlines,thereexist only few methodsfor streamsurface
calculation.Themostcommonalgorithmwasintroducedby
Hultquist [Hul92] and is basedon an advancing front of
discretestreamlinesspanningthe streamsurface.Adaptive
front resolutionis usedto handleconverging anddiverging
behavior of the �o w. Streamlineintegration is basedon a
secondorderODEschemeandasimpleinsertionandmerg-
ing heuristiccontrolsthe numberof front streamlines.The
schemeis straightforward to implement,fast,but performs
well for simple�o ws only. In contrastto this local method,
van Wijk [van93] usesa global approach.Throughadvec-
tion of a scalar�eld from a two dimensionalmanifold (e.g.
thedomainboundary)throughthegrid positionsby stream-
lines,thecomputationof aparticularstreamsurfacereduces
to isosurface extraction and permits to use fast and reli-
able techniques,at the price of heavy pre-processing.The
startingcurvesarenecessarilylimited to isolinesof the 2D
scalar�eld. Adoptingtheadvancingfront ideaof Hultquist,
Scheuermannet al. [SBH� 01] exploit the existenceof an
analytic �o w solution for linear interpolationover tetrahe-
dral grids.Although automaticadaptionto the grid resolu-
tion is inherent,themethodis computationallyintensiveand
canonly beusedon tetrahedralgrids.Commonto all algo-
rithmsis alackof �ne-grainedcontroloverthegenerationof
graphicalprimitives.Aside from explicit streamsurfacein-
tegration,methodsexist thatcreatethevisualimpressionof a
streamsurfaceby usingparticles,for example[van92].Be-
causea streamsurfaceis understoodasa two-dimensional
�o w separator, an explicit representationwhich is not pro-
videdby thesemethodsis usuallypreferred.

Vortex Detection Vorticeshave playeda prominentrole in
many �o w visualizationarticlesandthereareseveralmeth-
odsdesignedto locatethem.The centralproblemof every
vortex detectionandanalysisapproachis thelackof anexact
de�nition of avortex. Usually, swirling motionaroundsome
centralregionis usedasworkingde�nition [Lug96,Rob91],
resultingin eithera line-basedde�nition or a region-based
approachandacorrespondingboundingsurface.

As far as line de�nitions are concerned,Banks and
Singer[BS95] look for points with low pressureand high
absolutevorticity. From there,they walk somedistancein
thedirectionof thevorticity vector(predictor)andcompute
thevorticity at thenew position.In thenormalplaneof the
new position, they look for a pressureminimum and take
thisasanew pointof thevortex core(correction).Sujudiand
Haimes[SH95]decomposethegrid into tetrahedralcellsand
computethe Jacobianof the linear interpolantin eachcell.

In caseof two complex conjugateeigenvalues,they usethe
real eigenvector to computethe reducedvelocity and �nd
its zerolines.Peikert andRoth [PR00]show thatmostvor-
tex core detectionmethodscan be reformulatedusing the
conceptof parallelvector�elds andproposea secondorder
methodthatdetectsthelocationsof zerotorsiononapercell
basis,whicharethenconnectedto a line feature.

A typical region-basedmethod is the l 2-criterion by
JeongandHussein[JH95].They calculatetheJacobianand
decomposeit into symmetricpartSandantisymmetricten-
sorW. Vorticesarethende�ned asconnectedregionswhere
thesymmetrictensorS2 + W2 hastwo negativeeigenvalues.

Takinga moregeometricapproach,Sadarjoen[SP99]es-
sentially describesa algorithm to detectwinding stream-
lines and displaysthe resultsusing deformedicons.Jiang
et al. [JMT02b] apply Sperner's lemmato identify vortices
as�x edpointsof simplicalcomplexesandextendthis tech-
niqueto detectvortical regions.The curvaturedensitycen-
ter schemeof Pagendarmetal. [PHR99] computestheswirl
planenormalin eachgrid cell andmarksthe cells contain-
ing thededucedcenterof rotation.It combinesbothgeomet-
ric andpatternmatchingaspectsandcanprobablybe con-
sideredclosestto our approach(sec.4) amongall the ideas
mentionedhere.

Vortex veri�cation Sinceall vortex detectionmethodsare
subjectto deliveringfalsepositives,veri�cation is required.
Jiangetal. [JMT02a] proposeanautomaticgeometricveri�-
cationapproachthatmeasuresthedistribution of streamline
tangentsonaplaneorthogonalto thevortex core.

Vortex visualization Althoughdetectionalgorithmsarede-
rived from line andregion basedvortex de�nitions, visual-
ization of the latter is unsatisfactory at times.Thereare a
numberof widely usedtechniquessuchasstreamlineseed-
ing nearthevortex coreto displayswirling behavior or cut-
ting planesthat slice the vortex and show datasetcompo-
nentsthat easethe recognition.None of thesetechniques
canbeattributedto a singleauthor. Moreover, thereareap-
proaches,mostlyprevalentin �uid mechanics,thatvisualize
physicalcontext. Wewill notdetailthemhere.

3. An Impr ovedSchemefor StreamSurface
Computation

We presentan explicit algorithm for integration of stream
surfacesthat is baseduponHultquist's original ideaof ad-
vancinga front of connectedstreamlinesthroughthe �o w
�eld andadaptively insertinganddeletingstreamlineswhere
the �o w divergesresp.converges[Hul92]. The original al-
gorithm alreadyproducesvisually pleasingresultsin some
simplecases,but is unableto satisfyinglyhandle�o w of in-
homogeneousmagnitude.Weeliminatethisshortcomingby
employing streamlineintegrationbasedon arclengthrather
thanparameterlength,which provesto be a moreintuitive
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secondorderODE arclengthparametrization

Figure 1: improvedtriangulation resultingfrom higher or-
der integrationcombinedwith arc lengthparametrization

and accurateapproachfor the creationof a graphicalrep-
resentation.Other criteria for re�nement are employed to
controlthedensityof front streamlinesthroughoutthetrack-
ing, taking into accountfront curvatureandthe occurrence
of singularitiesin the�eld. Theseissuesgain importanceas
streamsurfacesareappliedfor exampleto thestudyof vor-
tical structuresand�o w recirculation.

Flow Inhomogeneity The fundamentaltaskof streamsur-
faceintegrationis to producea well conditionedtriangula-
tion anda goodapproximationof therealsurface.Hultquist
achievesthisby usingasecondorderODEsolverfor stream-
line integrationandselective streamlineadvancement.This
producestriangleswhoseshapedependson the magnitude
of thevector�eld, evenif theresultingsurfacehasnodistor-
tionsat all requiringhigherresolution.We notethatgraph-
ical precisionof a streamlineandthenumericalstepsizeof
theunderlyingintegrationschemearedistinctandconsider
arc lengthparametrizationof streamlinesasmoresuitedto
graphicalrepresentation(resolutionis bestselectedin output
domaininsteadof computationalspace).Basedon anadap-
tive �fth-order Runge-Kuttaintegrationscheme,weareable
to decouplenumericallyexact streamlineintegration from
thegenerationof anadequatetriangulationof thestreamsur-
face(seeFigure1). Thus,surfaceresolutioncanbe freely
parametrizedby theuserasdesired.

Front Curvature A secondproblemis therathercoarselin-
earapproximationof thesurfacefront,showingupe.g.under
strongcurvatureof thesurfaceperpendicularto the�o w. By
insertinganddeletingstreamlinesbasedon an angularcri-
terion appliedto the advancingfront we keepcontrol over
thefront resolution.Moreprecisely, strongcurvatureis indi-
catedby high angulardeviation of adjacentfront segments,
as shown in Figure 2. The basic rule in Hultquist's front
propagation schemeproposedthe insertionof new stream-
lines if thewidth of thequadrilateralat theendof a ribbon
betweentwo neighboringstreamlinessurpassesthe height
by a factorof two. Weaddanew rule to enhancethis,based
on theanglea = 6 ( ~qi� 1qi ; ~qiqi+ 1) for pointsq j ; j 2 f 1::ng
beingthe projectionsof the front nodesp j ; j 2 f 1::ng into
theplaneperpendicularto the�o w at pi :

1. Insertanodeif theangleexceedsthemaximumthreshold
andthemaximumfront resolutionis not yet reached.

2. Delete a node if the angle falls below the minimum

Figure2: angularcriterion

thresholdandresolutionis still betterthantheminimum
front resolution.

Theboundson thefront resolutionaresuppliedby theuser.

Algorithm Parameters As mentioned,variousresolution
parameterscanbesetto balancethetrade-off betweennum-
berof generatedtrianglesandincreasedresolutionof small
features.Thesizeof thetriangulationmaynot seemimpor-
tantat�rst glance,however, wefoundthealgorithmto easily
dealwith extremelytwisted�o w structureslike they appear
in CFD simulations(an example is the vortex breakdown
givenin Figure8). If resolutionis toohigh,thetriangulations
resultingfrom those�o w �elds aretoo large for interactive
display. Hence,acoarserresolutioncanbeimposed.

Parametersin�uencing thesurfacequality arefront inter-
segmentangleand lower andupperboundsfor front node
distance(minimum/maximumfront resolution).For the lat-
ter, valuesarebestchosenon a ratio of 1 to 10 or greater. If
the ratio is smaller, the algorithmcanoscillatebetweenin-
sertionanddeletionof streamlines.A largeratioensuresthat
converginganddivergingstreamlinesaredetectedcorrectly.

Thestartingcurve is givenin discretizedform asanopen
or closedline stripanddeterminesthestartingdiscretization
of the surface,at bestsubjectto the sameresolutioncon-
straintsthat areprescribedfor the streamsurface.A maxi-
mumarclengthTmax canbeset.It is muchmoreintuitive to
controlstreamsurface“length” thanthemaximumparame-
terof numericalintegrationappliedusually, sinceit matches
thelengthscaleof thedataset.

SurfaceParametrization Advancingthefront throughthe
vector �eld hasthe sideeffect of producinga parametriza-
tion of the surface basedon the starting line segment
(parametrizedass 2 [0;1]) andthestreamlinearc lengthin
�o w direction(t 2 [0;Tmax]). Wewill discusspossibleappli-
cationsof thisparametrizationin section5.

4. Vortex CoreBoundaries

We turn now to an alternative type of surfacesthat canbe
consideredthehull of vortices.Thereforewe usethesesur-
facesto representboth the shapeand the spatialextent of
vortices.
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Figure 3: Tangential velocity (left) and Rankine vortex
model(right)

4.1. BasicIdea

Let us�rst de�ne tangentialvelocityvt , alsoknown asswirl
or circumferentialvelocity. The basicidea is illustratedby
theleft picturein Fig. 3. ConsidertheplaneP orthogonalto
thevortex axis,therotationcentertakenascoordinateorigin
W. Theprojectionof thevelocity~v onto the line perpendic-
ular to the positionvector is called tangential velocityand
is denoted~vt in the following. In the sameplanewe de�ne
thevortex core radiusasthedistancefrom therotationcen-
ter of thepoint wherethetangentialvelocity is maximalfor
a given radial direction[Lug96]. This de�nition is bestun-
derstoodwhenconsideringtheso-calledRankinevortex, see
Fig.3.Observethatrotationalsymmetryis assumedandtan-
gentialvelocity is a function of the distancer of a point to
the rotation center. Closeto the vortex rotation centerthe
vector�eld behaveslikeasolidbodyrotationandtangential
velocity grows linearly with respectto r. Beyond a certain
distancer = R, the tangentialvelocity decays,inversepro-
portionalto r. This modelis very simple.Yet it hasthereal-
istic propertyto have zerotangentialvelocity for bothr = 0
andr = 1 and is widely usedin practice[Lug96]. It fol-
lowsfrom thede�nition thatvt reachesamaximumfor r = R
which is de�ned asthevortex coreradius.For our purposes
we considera moregeneralvortex type anddo not assume
rotationsymmetry. Furthermoreweonly requirethatamax-
imum valueof the tangentialvelocity exists in eachradial
direction.The vortex coreboundaryis thus de�ned as the
setof pointswhosedistanceto the rotationcenteris equal
to the local valueof thevortex coreradius.Keepingthis in
mindwenow describeourextractionmethod.

4.2. Algorithm

As mentionedpreviously thevortex coreradiusis estimated
with respectto agivenrotationcenterandnormalplane.Our
extractionmethodtakesapolygonalvortex coreline asinput
that we interpretasthe loci of rotationcenters.This line is
assumedgiven; we describea streamsurface-basedmethod
to thispurposein section5.1.

Movingalongtheresampledlinewecomputearoundeach
vertex a polygonalapproximationof the actualvortex core
boundary. To do so,we needa normalvectorthatuniquely
determinesthe orthogonalplaneP. We implementedtwo
possibleapproaches:thenormalvectoris eitherprovidedby

the local �o w directionor by the tangentline to the feature
line. The �rst one is basedon the hypothesisthat a vortex
coreline is astreamline.Thesecondratherinterpretsthevor-
tex coreline asameanlocusof rotation,seesection5.Given
thecorrespondingplane,thevortex coreradiusmustbecom-
putedfor eachdiscreteanglevalueqk = 2kp

N ;k 2 0; ::N � 1
aroundthe center. Likewise we restrict tangentialvelocity
computationto samplepointsalongtheradialaxis.We now
processin two steps,asexplainednext.

ReferenceValues The �rst stepcomputesthe vortex core
radiusat few anglesf l = 2lp

M ; l 2 0; ::M � 1;M << N. The
correspondingpositionsaredepictedwith squarepoints in
Fig.4.They will serveasreferencevaluesin thesecondstep.
Practically, they are obtainedby searchingthe �rst maxi-
mum of the scalarproductof the velocity~v(r) andthe co-
ordinatevectoreq, seeFig. 4. This maximumis computed
on-the-�y. Startingfrom therotationcenterwe evaluatethe
samplevaluesand return the �rst value that is larger than
every previousoneandthenext p values,i.e. the �rst local
maximumover a symmetricp-neighborhood.Samplingis
doneuniformly. However if weeitherleave thegrid or enter
aregionwheretangentialvelocityswapssign,weadaptively
reducethe stepsize in order to accuratelysamplethe �eld
closeto thecorrespondingboundary.

RadiusComputation Oncewehavecollectedthereference
valueswe needto computethevortex coreradiusat there-
mainingangles.Supposethatwewantto evaluatetheradius
atanangleqk 2 (f l ; f l+ 1), wheref l andf l+ 1 correspondto
referencevaluesr l andr l+ 1. Werestrictthesearchalongthe
radialaxis to a radiusinterval [(1 � a)R(qk); (1+ a)R(qk)]
where

R(qk) =
(f l+ 1 � qk)r l + (qk � f l )r l+ 1

f l+ 1 � f l
;

anda is a parameterthat boundspossiblevariationsof the
vortex core radiusfrom a referencevalue to the next. The
curve correspondingto R(q) is shown in Fig. 4 alongwith
thesearchdomainsurroundingit. Startingatthelowerbound
of theinterval we look for a maximumin theway described
previously. However, sincewe choseto boundthe region
consideredwe canfacesituationswheretheactualmaxima

Figure4: Boundarycurvecomputation
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lie outsidetheprescribedinterval.Thiscasecorrespondsto a
currentmaximumlying closeto thedomainboundary, either
interior or exterior. This implies that thesecurrentmaxima
havenotbeencomparedwith thevaluesof their p-neighbors
on oneside.We handlethis problemby extendingthecon-
sideredinterval in thedirectionof thecurrentmaximum,ei-
thertowardtherotationcenteror theexteriorof thevortex.

SurfaceGeneration Thepointscomputedpreviously form
a closedpolyline that approximatesthe vortex corebound-
ary. One curve is generatedper vertex of the vortex core
polyline. Neighboringcurvesarethenjoinedwith triangles
by connectingpointsthatcorrespondto equalangleson the
curve.

Curve Smoothing The resulting triangular surface is in
generalnotsmooth,mainlydueto interpolationartifactsdur-
ing radial resamplingand to slight errorsin the de�nition
of both rotationcenterandorthogonalplane.To generatea
morepleasingvisualizationwe smooththeresultingsurface
in a post-processingstep.To this aim we usethe classical
umbrellaoperator[KCVS98] that is very fastandgivessat-
isfying results.Observe thatwe avoid thenaturalshrinkage
effectby scalingverticesaftersmoothingto restoretheorig-
inal areaenclosedby thecurve [DMSB99].

5. SurfaceTechniques

5.1. Vortex Veri�cation and CoreLine Extraction

In thefollowingweintroduceastreamsurface-basedscheme
for the visual exploration of vortex structuresand the ex-
tractionof vortex corelines.This schemecanbeappliedin
situationswhereautomaticschemes(seesection2) deliver
unsatisfyingor no resultsandthereis a �rst guessasto the
existenceandlocationof avortex. Moreover, it canbeof use
in interactive analysisof CFD datasets,dueto therelatively
low computationalcostof streamsurfaceintegrationasop-
posedto the high costof automaticschemesthat examine
thecompletedataset.

The basic idea here is to surroundthe assumedvortex
core with a streamsurface and visually observe its rota-
tional behavior to verify the existenceof a vortex core.
This is achieved by integrating a streamsurface from a
closedstartingcurve winding aroundthevortex axis.Thes-
parametrizationis thencolormappedontheresultingstream
surface,androtationof theindividualstreamlinescanbeeas-
ily con�rmed. Given a point p on the assumedvortex core
line (or closeto it), agoodchoicefor thestartingcurve (dis-
cretizedasa polygonP0) is obtainedby takinga circle with
smallradius(in relationto thedatasetdimensions),centered
at p andorientedorthogonalto the �o w directionv(p) at p
(cf. Figure5).

Oncetheexistenceof avortex is validated,thestreamsur-
facecanbeutilized to computeanapproximationto thevor-
tex coreline. We notethat the linesof constantt-parameter

on the surfaceindicatethe integration front locationat in-
creasingintegrationparameter. Sincethestartingcurve was
closedandavortex corewasobserved,weconcludethatthe
isolinesof t on thesurfaceform a closedpolygonPt . To ob-
tain thecenterof rotationfrom Pt , aweightedaverageof the
vertices(similar to centerof gravity) is taken.Thepolygon
verticesqi

t , i = 1; : : : ;Nt are�rst sortedin ascendingorderof
thecorrespondings-parameters,whereNt neednot be�x ed
dueto adaptive triangulation.Theaverageis thencomputed
as

Ct :=
1

2 Nt Lt

Nt

å
i= 0

qi
t �

�
jj qi

t � qi� 1
t jj + jj qi

t � qi+ 1
t jj

�
;

whereLt is the lengthof the contourof Pt , and the up-
per indicesare understoodmodulo Nt . By weighting each
vertex with thedistanceto its directneighborsandnormal-
izing by Lt , wecompensatefor varyingdistanceof thepoly-
gonverticesdueto insertionanddeletionof streamlinesby
thealgorithm.ComputingCt for a �x ednumberof parame-
terstn 2 [0;Tmax] andconnectingthepointswith increasing
t yieldsthegravity line of thestreamsurface,whichwetake
asan approximationof the streamsurface's centerof rota-
tion. In turn,thegravity line closelyapproximatesthevortex
core line. Someof the examplesfrom section6 show how
thesefeaturede�nitions givegoodresultsandcanbeusedas
input for the vortex coreextractionschemefrom section4.
The advantageof usinga streamsurfaceover a �x ed num-
berof streamlinesfor gravity line calculationis theadaptive
resolutionof streamsurfacecomputationthatensuresgood
approximationevenif thevortex coreis heavily deformed.

5.2. Planesingularities

To put the idea describedin the last sectionto use, it is
necessaryto obtaina goodstartingpoint p asthe centerof
the closedcurve from which streamsurfaceintegration is
started.

If the �o w �eld of a vortex is projectedonto a plane
roughlyperpendicularto thevortex axis,theplanar�o w van-
ishesat the point wherethe vortex core line intersectsthe
plane.A simplealgorithmdoing�eld resampling,projection
andazerosearchcanthusbeusedto determineapproximate

Figure5: Left: streamlinestartingcurveP0 at assumedvor-
tex core line positionp, perpendicularto the�ow v(p) at p.
Right: streamsurfacecolored to perceiverotation around
vortex core line
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startingpointsfrom very roughguesses.To avoid falsepos-
itives,thezerosareclassi�edaccordingto their eigenvalues
andonly thosethat representattracting/repellingspiralsare
taken into account(heuristically, the latter correspondto a
cross-sectionof swirling motion).Referto Figure7 (lower
right) for anexample.

5.3. StreamsurfaceColor Mapping

To further draw on the potentialof the generatedsurfaces,
we discussseveral methodsthat enhancethe visualization
of thesesurfaces.Correspondingvisualizationresultsare
shown in section6.5.

DatasetResampling Eachof thegeneratedsurfacetypesis
computedin the form of a trianglemesh.Given an appro-
priatedatastructurefor datasetrepresentation,it is straight-
forward to extractcomponentsof theoriginal datasetat the
vertex positionsof thegeneratedsurfaces.It is standardpro-
cedureto slice the datasetby meansof a cutting planeand
applyacolormappingschemefor certaincomponentsof the
datasetresampledonthatplane.Theverysameapproachcan
betakenwith streamsurfaces.

Curvature Givenin theform of a triangularmesh,thepure
geometryof a streamsurfaceis readilysubmittedto curva-
tureanalysisusingdiscretecurvatureoperatorssuppliede.g.
by Desbrun[DMSB99]. Strongbendingof the streamsur-
faceservesasanindicatorof inhomogeneous�o w behavior,
andcurvatureinformationaidsin comprehendingthethree-
dimensional�o w pattern.

Stretching Making useof theparametrizationproducedby
the streamsurfacealgorithm(cf. section3), we can intro-
ducea quantity called streamlinestretching that measures
the convergenceand divergenceof streamlinesin the sur-
face.Noting thatindividual streamlinesareparametrizedby
constants2 [0;1], we �nd anapproximationfor thestretch-
ing of streamlinesS on a per-trianglebasis:if si , i = 1;2;3
arethes-parametersat theverticesof thetriangleT, then

S :=
1

area(T)
maxf js0 � s1j; js0 � s2j; js1 � s2j g:

In otherwords,Sis anapproximationof thelengthof the
integrationfront in parameterspacepassingthroughthetri-
angleT. Again, S canbe visualizedsubjectto color map-
ping.

6. Resultsand Examples

6.1. Datasets

We testedthe presentedalgorithmson several datasetsof
aerodynamicCFD simulationsperformedby the German
AerospaceCenter(DLR)/Göttingenusing their TAU code.
All datasetsare given as a numberof variables(velocity,

pressure,density)provided on the verticesof unstructured
grids consistingof tetrahedra,pyramidsand prisms.Cell-
wise linear or trilinear interpolationis assumedin between
thevertices.

Streamsurfaceintegrationaswell asvortex corebound-
aryextractionrequiresa largenumberof valuelookups(cell
searching)in the velocity �eld, thusan ef�cient datastruc-
ture is mandatory. We baseour point-locationalgorithms
on a kd-tree approachrecently describedby Langbeinet
al. [LST03]. Thedatasetsarenow describedin moredetail:

ICE train Thisdatasetis theresultof asimulationof ahigh
speedtrain traveling at a velocity of about250km/h with
wind blowing from the side at an angleof 30 degrees.
The wind causesvorticesto form on the lee sideof the
train, creatinga drop in pressurethathasadverseeffects
on the train's trackholding.Theoriginal grid consistsof
2.6million elements.

Delta Wing In order to study vortex breakdown, an un-
steadysimulationof a deltawing con�guration wasper-
formed. The simulation was computedwithout the as-
sumptionof symmetry, and totals 1000 time stepsthat
show the formation and breakdown of the primary vor-
ticesover time.Sincethegivenmethodsareapplicableto
steady�o w only, we consideronly a singletime stepthat
includesvortex breakdown to show the sophisticationof
the �o w structuresinvolved and the aid streamsurfaces
canprovide in understandingthem.Grid size:11.1 mil-
lion elements.

F6 airplane The simulation containsa steadystate �o w
aroundastandardplanecon�guration.Symmetryis made
useof for computationalef�ciency. Thegrid has8.4mil-
lion cells.

All computationswerecarriedout on a standardPCwith
3GB of RAM. The computationtimes areon the orderof
few minutesatmost.

6.2. StreamSurfaces

Figure 8 gives an impressionof the �e xibility of the im-
provedstreamsurfacealgorithm(section3). We presentan
overview of the delta wing datasetwith vortex formation
at the wing apex and streamsurfaceswith closedstarting
curvesaroundtheprimaryvortices(upperleft). Thestarting
locationsfor thelatterwereobtainedusingtheplanesingu-
larity approach(detailedin section5.2).The lower left im-
agedetailsthe breakdown of the primary vortex, slicedby
a cuttingplaneto reveal theinnermechanics.Thereversion
of �o w directionis apparentasthe �o w folds into thebub-
ble. It is visible that the �o w circulatesin thebubblemany
timesbeforeleaving it in contortedform.Ouralgorithmper-
formsthis computationwell, althougha boundon theadap-
tive resolutionhasto be imposedasotherwisetheresulting
triangulationis too largefor interactive rendering.Thereso-
lution is still morethansuf�cient to recognizethe intricacy
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of the �o w. The lower right imagegives a closeupof the
apex streamsurface.It visualizesthe formationof primary,
secondaryandtertiaryvorticesabove thewing andthe�o w
betweenthem.In the upperright, the ICE datasethasbeen
treatedwith astreamsurfacethatshows thevariousvortices
createdon theleesideof thetrain.

6.3. Vortex CoreBoundaries

Figure 6 (upper row) shows the result of our extraction
methodappliedto theDeltaWing dataset.Of particularin-
terestarethedifferentshapesof theprimary, secondaryand
tertiary vortices.They arebetterunderstoodin the light of
Figure8. As a matterof fact, thesethreevortical structures
coexist on bothsidesof thewing andareintimatelyrelated.
Most striking is the squeezedshapeof the tertiary vortex.
Observe thattheextractionschemeis ableto distinguishbe-
tweenthedifferentstructuresalthoughthey areverycloseon
thefront of thewing. It is worth mentioningthat thestrong
deformationsinducedby thevortex breakdown entaila loss
of consistency of the vortex coreboundary. The resultsof
thesametechniqueappliedto theICE traindatasetaregiven
in Figure6 (lower row). The streamlinesandthe wrapping
streamsurfaceshow thatthecomputedtubescon�rm thena-
tureandpositionof thevortex coreline asextractedby our
surface-basedscheme.

6.4. Vortex CoreLine Extraction

In order to ensurethe utility of our streamsurfacebased
vortex core line extraction scheme(cf. sec.5.1), we em-
ployed thealgorithmof SujudiandHaimes[SH95], imple-
mentedusingtheparalleloperatorof Roth [Rot00] to com-
pareagainst.

The upper imageof Figure 7 gives an overview of the
ICE datasetwith the vortex coresegmentsextractedusing
theSujudi-Haimesanalysis.It yields incoherentresultsand
a numberof falsepositives(numericalghostsof attachment
andseparationonthetrainsurface,indicatedby thearrows).
To con�rm theexistenceof theuppervortex, the technique
describedin section5.1hasbeenusedandrotatingbehavior
of the streamlinesis clearly visible. (Note that the swirling
streamsurfacehasbeenkept short for the purposeof the
image.)Thevortex coreis extractedusingtheproposedal-
gorithm and resultsin a much more coherentand smooth
featurede�nition. The lower row of the same�gure gives
an overview of the delta wing (left), again comparingour
methodof featureextraction to the resultsof the Sujudi-
Haimesalgorithmandshowing vortex coresextractedbased
on thesefeatures.Primary, secondaryand tertiary vortex
coresareextractedreliably anddo not overlap.On theright
side,planesingularities(cf. section5.2)above thewing are
displayedtogetherwith the resulting streamsurfacesthat
show that thesingularitiesdo indeedbelongto vortices(ro-
tationvisibleby surfacecoloringaccordingto s-parameter).

6.5. StreamSurfaceColor Mapping

Someexamplesof thetechniquesdescribedin section5 are
depictedin Figure9. In the upperleft two streamsurfaces
are extractedfrom the F6 dataset.Wake vortex formation
is clearly visible (comparee.g. to the drawings of Dall-
mann[Dal83]).Thestreamsurfacepassingnearthewing tip
hasbeencoloredaccordingto streamlinestretching,andone
canseethat the streamlinesdo not diverge muchuntil the
vortex is forming by a twisting of the surface.The second
surfacein this imageis passingthroughandsplit into three
frontsby theengineandis colormappedaccordingto resam-
pledpressurevaluesfrom thedataset.Stretchingof thedelta
wing apex surfaceis shown in theupperright, andGaussian
curvaturefor the samesurfaceis given in the lower left. A
colormappingof helicity magnitude(lower right) visualizes
astrongcorrelationbetweenincreasedhelicity andtheonset
of vortex breakdown. It wascomputedin-placeat thestream
surfacevertices,usingresamplingof velocity andvorticity
andforming thescalarproductpointwisefor computational
ef�ciency.

7. Conclusionand futur ework

Theobjective of thework presentedin this paperwasto es-
tablish surfacetechniquesin the visualizationof complex
CFD datasets,with a strongemphasison vortices.Stream
surfacecomputationwasimprovedto thepoint wherecom-
plicated�o wscanbetreated.Wediscussedavortex corere-
gion de�nition that is physically justi�ed andintroducedan
extractionschemethat canvisualizethe shapeof vortices.
Furthermore,we pointedout someapplicationsof stream
surfacesgoingbeyondpurevisualization,namelyvisualver-
i�cation of presumedvorticesandphenomenologicalextrac-
tion of vortex coreline features.Ourresultsandobservations
aresummarizedbelow, togetherwith someideasfor future
work.

Streamsurfacecomputation Thedescribedimprovements
to Hultquist's algorithmmake theapplicationof streamsur-
facesfor thevisualizationof involved�o w structurespossi-
ble. Vortex breakdown servesasan impressive example.In
general,selectinga startinglocationor curve still requires
goodknowledgeof thedataset,or otherwiseit is very time-
consumingto creategoodvisualizationsby trial anderror.
Turk and Bankshave accomplishedautomaticseedingfor
streamlinesin 2D [TB96], however, for streamsurfacesno
work on this topic hasbeenpublishedso far. Streamsur-
facesarealsosubjectto visualclutterif notappliedeconom-
ically. Noting the importanceof three-dimensionalsepara-
tion in e.g.aerodynamics,streamsurfaceswill likely prove
a usefultool in creatingvisualizationsof three-dimensional
topologicalstructures.

Vortex Cores A schemefor the extraction of vortex core
boundariesaccordingto theRankinemodelwasintroduced.
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The generatedboundarysurface serves to representthe
shapeof the vortex. The methodis computationallycheap
andproducesgoodresults.Someopenissuesremain,most
prominentlythein�uence of theprovidedfeatureline on the
result.Moreover, the generatedsurfaceis not a streamsur-
face.The interactionof both typesof surfacesmay prove
interesting.

StreamsurfaceTechniques We showed herethat a num-
ber of insightful visualizationscan be provided by stream
surfacesasidefrom meredisplay. The color mappingtech-
niquesshow that they can serve as �o w adherentcutting-
planelike two-dimensionalprobesfor the visualizationof
�o w relatedproperties.Furthermore,it proved valuableto
study the geometryof the surfacesmoreclosely. Our phe-
nomenologicalfeatureextractionapproachperformedwell
in our test caseseven though the results given by stan-
dardmethodsweredoubtful. It shouldbe emphasizedhere
thatour schemeis not meantto replaceautomaticmethods.
Rather, we seekto provide a tool that can improve under-
standingof a datasetthroughvisual exploration and help
in creatingexpressive visualizations.As to futurework, the
choiceof radiusemployed for the streamsurfacecomputa-
tion andhow it affects the resultsof the featureextraction
schemeshouldbe examinedin detail. Again, a connection
to thevisualizationof topologicalstructuresshouldbecon-
sidered.
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Figure6: Upperrow: Vortex coresboundariesabovethedeltawing. Notethecleandistinctionbetweenthevorticesandthenon-
trivial shapes.Lower row: Vortex core boundariesin the ICE dataset.Althoughdetectedincompletelyby the Sujudi-Haimes
algorithm,vortex corescould be extractedby our method.Thestreamlinesgive a roughimpressionof how the vorticesare
created(right). Thestreamsurfaceacrossthenoseof thetrain “wr aps” theheadvortex (right).

Figure7: Upperimage:Resultsof streamsurfacebasedvortex coreline extractionontheICE train: Sujudi-Haimesoutputwith
falsepositivesindicatedbyarrows(blue),vortex core linescomputedasgravity lines(magenta),visualveri�cation of theupper
vortex usinga wrappingstreamsurface, with color mappingto showtherotationaroundthevortex axis(yellow/green).Note:
notall vortex coreslineshavebeenextracted.Lower left image:Resultsof vortex core line andvortex coreboundaryextraction
on thedeltawing: Sujudi-Haimesoutput(dark blue, falsepositivesindicatedby arrows),vortex core lines fromgravity lines
(magenta), triangle meshesof vortex core boundaries(primary: blue, secondary:green,tertiary: red). Lower right image:
Cutting planewith closedstreamsurfacesstartedusingplanesingularities.Streamsurfacecoloring indicatesrotation and
con�rms theexistenceof vortices.
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Figure 8: Upper left: Overview of thedeltawing datasetwith vortex creationat apex andthetwo primary vortices,breaking
downdifferently. Upperright: StreamsurfacearoundICE train showingvorticeson theleeside. Lower left: Vortex breakdown
cut open,revealingrecirculation.Lower right: Formationof primary, secondaryandtertiary vorticesat wing apex. Notehow
theshapeof thetertiary vortex is stronglyelliptic.

Figure 9: Upper left: Streamsurfacesin theF6 dataset.Vortex generation at thewing. Upperright: Streamsurfaceshowing
vortex breakdown,helicity magnitudecolor mapping. A strongcorrelationbetweenhelicity magnitudeandtheonsetof vortex
breakdownis evident.Lower row: Apex surfacein thedeltawing dataset,coloredaccording to Gaussiancurvature (left) and
streamlinestretching (right), revealinggeometricpropertiesof thestreamsurface.
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