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Abstract

This paper presentspowerful surfacebasedtedhniquesfor the analysisof complex ow elds resultingfrom
CFD simulations.Emphasisis put on the examinationof vortical structues. An improved methodfor stream
surfacecomputationthat delivers accurate resultsin regions of intricate ow is presentedalong with a novel
methodto determineboundarysurfacesof vortex cores. A numberof surfacetechniquesare presentedhat aid
in undestandingthe ow behaviordisplayedby thesesurfaces.Furthermog, a schemefor phenomenolgical
extractionof vortex core linesusingstreamsurfacess discusse@ndits accuracyis compaedto oneof themost

establishedtandad techniques.

1. Intr oduction

Therole of streamsurfacesin the analysisof CFD datasets
hasbeenaminor onefrom the beginning.Althoughthey are
anaturalgeneralizatiorof streamlinestherehasbeenlack of
analgorithmthatis ableto dealwith very complicatedo w
structures.For CFD simulationsfrom applicationswhere
thesestructuresdominate,streamsurfacesas a visualiza-
tion tool have beenhardto apply andyielded dissatiséc-
tory results.However, the demandfor insightful visualiza-
tion of complex o w datacannotbe satis ed by streamlines
and similar line-basedechniquesalone. They suffer from
visual clutter if adequateesolutionof featuresis desired.
Thegroundbreakinglraving work of Dallmann[Dal83] has
shavn that o w structurescanbe well understoodn terms
of ow sheetspwing to the factthatthey shav the beha-
ior of all streamlinesn thesheetatonce Essentiallystream
surfacescan performthe sametask and have an enormous
potentialin visualizingapplicationdatasetsn this papemwe
preseniseveral enhancement® the streamsurfacecompu-
tation schemeof Hultquist [Hul92] that allow streamsur
faceintegrationin domainsof intricate structuresWe pro-
vide someexamplesthat demonstrateheir usefulnessor
visualizationpurposesMoreover, we investicgate a number
of usefultechniqueshatextendstreamsurfacevisualization
beyondmeredisplay

Amongtheresearchiopicsin visualization,locatingvor-
ticesin CFD datasetss one of the major challengessince
they areresponsibldor a large numberof interesting o w
phenomenalheanalysiof datasetsangreatlybene tfrom
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ef cient detectionof vorticesandevidenceof vortex break-
down (i.e. suddencollapseof vortical motion)if this infor-
mationis accuratelyvisualized.To provide a viable prim-
itive for the visualizationof the geometryof vortex cores,
we will describeaphysically motivatedregionde nition for
vortex coresbasedon the Rankine[Rot00] vortex model.
An algorithmis discussedor extractingvortex coresfrom
ow elds startingout from featurelinesandconstructinga
boundingsurfacefor display Relatingvortex coresto stream
surfaceswe develop a simple methodfor the visual veri -
cation of assumedrortex coresand the phenomenological
determinatiorof vortex corefeaturelines.

Thecontrikutionsin this paperarepresentedsfollows:

We discusgelatedwork in Section2

An improved algorithmfor streamsudicecomputationis
givenin Section3

Section4 detailsa region de nition for vortex coresand
analgorithmfor its extraction,givenavortex coreline.
Visualization enhancementdor streamsudces and a
methodfor extractingvortex corelines using streamsur
facesapresentedh Section5

Some examplesof how this work can be applied are
shawvn in Section6, and Section7 concludeson the fea-
turedwork.

2. RelatedWork

The work in this papercombines ow visualization us-
ing streamsurfaceswith detectionandanalysisof vortices.
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While streamsurfaceshave not attractedmuchattentionin
visualizationovertheyears vortex detectiorhasbeenanin-
terestingiopic for alongtime. We surney bothareasof ow
visualizationin thefollowing.

StreamSurfaceTechniques Althoughstreanmsurfacesep-
resenta substantiatjualitatve stepcomparedo a bundleof
streamlines, thereexist only few methoddor streansurface
calculation.Themostcommonalgorithmwasintroducecdby
Hultquist [Hul92] and is basedon an adwancing front of
discretestreamlinesspanningthe streamsurface. Adaptive
front resolutionis usedto handlecornverging anddiverging
behaior of the ow. Streamlineintegrationis basedon a
secondrderODE schemeanda simpleinsertionandmeig-
ing heuristiccontrolsthe numberof front streamlinesThe
schemds straightforvard to implement,fast, but performs
well for simple o wsonly. In contrastto this local method,
van Wijk [van93 usesa global approachThroughadwec-
tion of ascalar eld from atwo dimensionamanifold (e.g.
thedomainboundary)hroughthe grid positionsby stream-
lines,the computatiorof a particularstreamsurfacereduces
to isosurfce extraction and permits to use fast and reli-
able techniguesat the price of heary pre-processingThe
startingcurvesare necessarilfimited to isolinesof the 2D
scalar eld. Adoptingthe adwancingfront ideaof Hultquist,
Scheuermanrt al. [SBH 01] exploit the existenceof an
analytic ow solutionfor linear interpolationover tetrahe-
dral grids. Although automaticadaptionto the grid resolu-
tion is inherentthemethodis computationallyintensive and
canonly be usedon tetrahedrabrids. Commonto all algo-
rithmsis alackof ne-grainedcontroloverthegeneratiorof
graphicalprimitives. Aside from explicit streamsurfacein-
tegration,methodsxist thatcreatethevisualimpressiorof a
streamsurfaceby usingparticles for example[van92].Be-
causea streamsurfaceis understoodas a two-dimensional
0w separatqran explicit representationvhich is not pro-
videdby thesemethodsds usuallypreferred.

Vortex Detection Vorticeshave playeda prominentrolein
mary o w visualizationarticlesandthereare several meth-
odsdesignedo locatethem. The centralproblemof every
vortex detectiorandanalysisapproachs thelack of anexact
de nition of avortex. Usually, swirling motionaroundsome
centralregionis usedasworking de nition [Lug96, Rob9],
resultingin eithera line-basedde nition or a region-based
approachanda correspondindpoundingsurface.

As far as line de nitions are concerned,Banks and
Singer[BS95 look for pointswith low pressureand high
absolutevorticity. From there,they walk somedistancein
thedirectionof the vorticity vector(predictor)andcompute
the vorticity at the new position.In the normalplaneof the
new position, they look for a pressureminimum and take
thisasanew pointof thevortex core(correction) Sujudiand
HaimegSH95]decomposéhegrid into tetrahedratellsand
computethe Jacobiarof the linear interpolantin eachcell.

In caseof two complex conjugateeigervalues,they usethe
real eigervectorto computethe reducedvelocity and nd

its zerolines. Peikert andRoth [PR00] shav thatmostvor-
tex core detectionmethodscan be reformulatedusing the
conceptof parallelvector elds andproposea secondorder
methodthatdetectghelocationsof zerotorsiononapercell
basiswhich arethenconnectedo aline feature.

A typical region-basedmethod is the | »-criterion by
JeongandHusseinJH95]. They calculatethe Jacobiarand
decomposét into symmetricpart S andantisymmetricten-
sorW. Vorticesarethende ned asconnectedegionswhere
the symmetrictensorS? + W2 hastwo negative eigervalues.

TakingamoregeometricapproachSadarjoefSP99]es-
sentially describesa algorithm to detectwinding stream-
lines and displaysthe resultsusing deformedicons. Jiang
etal. [JMTO021 apply Sperners lemmato identify vortices
as x ed pointsof simplical complexesandextendthis tech-
nigueto detectvortical regions. The cunaturedensitycen-
ter schemeof Pagendarnetal. [PHR99 computeghe swirl
planenormalin eachgrid cell and marksthe cells contain-
ing thededucedenterof rotation.It combinesothgeomet-
ric and patternmatchingaspectsand can probablybe con-
sideredclosestto our approachsec.4) amongall theideas
mentionechere.

Vortex veri cation Sinceall vortex detectionmethodsare
subjectto deliveringfalsepositives,veri cation is required.
Jiangetal. [JMT024 proposeanautomatiaqyeometricveri -
cationapproactthatmeasureshedistribution of streamline
tangentn a planeorthogonato thevortex core.

Vortex visualization Althoughdetectiomalgorithmsarede-

rived from line andregion basedvortex de nitions, visual-

ization of the latter is unsatishctory at times. Thereare a

numberof widely usedtechniquesuchasstreamlineseed-
ing nearthevortex coreto displayswirling behaior or cut-

ting planesthat slice the vortex and shov datasetcompo-

nentsthat easethe recognition.None of thesetechniques
canbe attributedto a singleauthor Moreover, thereareap-

proachesmostlyprevalentin uid mechanicsthatvisualize

physicalcontext. We will notdetailthemhere.

3. An Impr oved Schemefor Stream Surface
Computation

We presentan explicit algorithmfor integration of stream
surfacesthatis basedupon Hultquist's original ideaof ad-
vancinga front of connectedstreamlineghroughthe ow

eld andadaptvely insertinganddeletingstreamlinesvhere
the o w divergesresp.corverges[Hul92]. The original al-

gorithm alreadyproducesvisually pleasingresultsin some
simplecaseshut is unableto satisfyinglyhandle o w of in-

homogeneoumagnitudeWe eliminatethis shortcomindoy
employing streamlineintegrationbasedbn arclengthrather
than parametetength,which provesto be a moreintuitive

¢ TheEurographic#ssociation2004.



C. Garth, X. Tricoche T. SalzbrunnT. Bobad, G. Stheuermanr SurfaceTechniquesfor Vortex Visualization

dgnd

seconcbrderODE

RENS

arclengthparametrization

Figure 1: improvedtriangulation resultingfrom higher or-
derintegration combinedwith arc lengthparametrization

and accurateapproachfor the creationof a graphicalrep-
resentationOther criteria for re nement are emplo/ed to
controlthedensityof front streamlineshroughouthetrack-
ing, taking into accountfront curvatureandthe occurrence
of singularitiesin the eld. Theseissuesjainimportanceas
streamsurfacesareappliedfor exampleto the studyof vor-
tical structuresand o w recirculation.

Flow Inhomogeneity The fundamentataskof streamsur

faceintegrationis to producea well conditionedtriangula-
tion anda goodapproximatiorof thereal surface . Hultquist
achievesthisby usingasecondrderODE solverfor stream-
line integrationandselectve streamlineadvancementThis

producedriangleswhoseshapedependn the magnitude
of thevector eld, evenif theresultingsurfacehasno distor

tions at all requiringhigherresolution.We notethatgraph-
ical precisionof a streamlineandthe numericalstepsize of

the underlyingintegrationschemearedistinctand consider
arc length parametrizatiorof streamlinesas more suitedto

graphicakepresentatiofresolutionis bestselectedn output
domaininsteadof computationabpace)Basedon anadap-
tive fth-order Runge-Kittaintegrationschemewe areable
to decouplenumerically exact streamlineintegration from

thegeneratiorof anadequatériangulationof the streanmsur

face(seeFigure 1). Thus, surfaceresolutioncan be freely

parametrizedy the userasdesired.

Front Curvature A seconcproblemis therathercoarsdin-
earapproximatiorof thesurfacefront, shavingupe.g.under
strongcurvatureof the surfaceperpendiculato the o w. By
insertingand deletingstreamlinesasedon an angularcri-
terion appliedto the advancingfront we keepcontrol over
thefront resolution More precisely strongcurvatureis indi-
catedby high angulardeviation of adjacenfront sggments,
as shavn in Figure 2. The basicrule in Hultquist's front
propagtion schemeproposedhe insertionof newv stream-
linesif thewidth of the quadrilaterakt the endof a ribbon
betweentwo neighboringstreamlinessurpasseshe height
by afactorof two. We adda new rule to enhancehis, based
ontheanglea = & (q; ~10; diet+ 1) for pointsqj; j 2 f1::ng
beingthe projectionsof the front nodespj; j 2 f 1::ng into
theplaneperpendiculato the o w at p;:

1. Insertanodeif theangleexceedghemaximumthreshold
andthe maximumfront resolutionis notyetreached.
2. Delete a node if the angle falls belov the minimum
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Figure 2: angularcriterion

thresholdandresolutionis still betterthanthe minimum
front resolution.

Theboundson thefront resolutionaresuppliedby theuser

Algorithm Parameters As mentioned,variousresolution
parametersanbesetto balancethetrade-of betweemum-

berof generatedrianglesandincreasedesolutionof small

featuresThe sizeof thetriangulationmay not seemimpor

tantat rst glance however, wefoundthealgorithmto easily
dealwith extremelytwisted o w structuredik e they appear
in CFD simulations(an exampleis the vortex breakdavn

givenin Figure8). If resolutionis toohigh,thetriangulations
resultingfrom those ow elds aretoo large for interactve

display Hence a coarseresolutioncanbeimposed.

Parametersn uencing the surfacequality arefront inter-
seggmentangleand lower and upperboundsfor front node
distance(minimum/maximumfront resolution).For the lat-
ter, valuesarebestchoseron aratio of 1 to 10 or greater|f
theratio is smaller the algorithmcanoscillatebetweenin-
sertionanddeletionof streamlinesA largeratio ensureshat
corverging anddiverging streamlinesiredetectedcorrectly

Thestartingcurve is givenin discretizedorm asanopen
or closedline strip anddetermineshe startingdiscretization
of the surface, at bestsubjectto the sameresolutioncon-
straintsthat are prescribedor the streamsurface.A maxi-
mumarclengthTmax canbe set.It is muchmoreintuitive to
control streamsurface“length” thanthe maximumparame-
terof numericalintegrationappliedusually sinceit matches
thelengthscaleof the dataset.

Surface Parametrization Advancingthe front throughthe
vector eld hasthe side effect of producinga parametriza-
tion of the surface basedon the starting line segment
(parametrizedhss 2 [0;1]) andthe streamlinearclengthin
o w direction(t 2 [0; Tmaq). We will discusspossibleappli-
cationsof this parametrizatiorn section5.

4. Vortex Core Boundaries

We turn now to an alternatve type of surfacesthat canbe
consideredhe hull of vortices.Thereforewe usethesesur
facesto representoth the shapeand the spatial extent of
vortices.
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R r

Figure 3: Tangential velocity (left) and Rankine vortex
model(right)

4.1. Basicldea

Letus rst de ne tangentialvelocity vt, alsoknown asswirl
or circumferentialvelocity. The basicideais illustratedby
theleft picturein Fig. 3. ConsidettheplaneP orthogonato
thevortex axis,therotationcentertakenascoordinateorigin
W. The projectionof the velocity~ ontotheline perpendic-
ular to the positionvectoris calledtangential velocity and
is denotedw in the following. In the sameplanewe de ne
thevortex core radiusasthe distancerom the rotationcen-
ter of the point wherethe tangentialvelocity is maximalfor
a givenradial direction[Lug96]. This de nition is bestun-
derstoodvhenconsideringheso-calledRankinevortex, see
Fig. 3. Obserethatrotationalsymmetryis assume@ndtan-
gentialvelocity is a function of the distancer of a pointto
the rotation center Closeto the vortex rotation centerthe
vector eld behaeslike asolid bodyrotationandtangential
velocity grows linearly with respectto r. Beyond a certain
distancer = R, the tangentialvelocity decaysjnversepro-
portionalto r. This modelis very simple.Yetit hasthereal-
istic propertyto have zerotangentialvelocity for bothr = 0
andr = 1 andis widely usedin practice[Lug96]. It fol-
lowsfrom thede nition thatw reachesamaximumforr = R
whichis de ned asthevortex coreradius.For our purposes
we considera moregeneralvortex type anddo not assume
rotationsymmetry Furthermorave only requirethata max-
imum value of the tangentialvelocity exists in eachradial
direction. The vortex core boundaryis thus de ned asthe
setof pointswhosedistanceto the rotation centeris equal
to the local value of the vortex coreradius.Keepingthisin
mind we now describeour extractionmethod.

4.2. Algorithm

As mentionedpreviously thevortex coreradiusis estimated
with respecto agivenrotationcenterandnormalplane.Our

extractionmethodtakesa polygonalvortex coreline asinput

thatwe interpretastheloci of rotationcentersThis line is

assumedyiven; we describea streamsudce-baseanethod
to this purposedn section5.1.

Moving alongtheresampledine we computearoundeach
vertex a polygonalapproximationof the actualvortex core
boundary To do so, we needa normalvectorthatuniquely
determineshe orthogonalplane P. We implementedtwo
possibleapproacheghenormalvectoris eitherprovided by

thelocal ow directionor by the tangentine to the feature
line. The rst oneis basedon the hypothesisthat a vortex

corelineis astreamlineThesecondatherinterpretshevor-

tex coreline asameanlocusof rotation,seesections. Given
thecorrespondinglane thevortex coreradiusmustbecom-
putedfor eachdiscreteanglevalueqy = 4,\‘,9; k2 0;:N 1

aroundthe center Lik ewise we restrict tangentialvelocity
computatiorto samplepointsalongtheradial axis. We now

processn two stepsasexplainednext.

ReferenceValues The rst stepcomputesthe vortex core
radiusat few anglesf| = %E;I 20;:M 1;M<< N.The
correspondingpositionsare depictedwith squarepointsin
Fig.4. They will seneasreferencevaluesin thesecondstep.
Practically they are obtainedby searchingthe rst maxi-
mum of the scalarproductof the velocity#(r) andthe co-
ordinatevectoreq, seeFig. 4. This maximumis computed
on-the-y. Startingfrom the rotationcenterwe evaluatethe
samplevaluesandreturnthe rst valuethatis larger than
every previousoneandthe next p values,i.e. the rst local
maximumover a symmetric p-neighborhood Samplingis
doneuniformly. However if we eitherleave thegrid or enter
aregionwheretangentialvelocity swapssign,we adaptvely
reducethe stepsizein orderto accuratelysamplethe eld
closeto the correspondindpoundary

RadiusComputation Oncewe havecollectedcthereference
valueswe needto computethe vortex coreradiusat the re-
maininganglesSupposehatwe wantto evaluatetheradius
atanangleqx 2 (f;f|+1), wheref | andf |, 1 correspondo
referencevaluesr; andr,; 1. We restrictthesearchalongthe
radial axisto aradiusinterval [(1 a)R(qx);(1+ a)R(qx)]
where

(Flex an+ (@ fdr+a,

Rl = fler

anda is a parametethat boundspossiblevariationsof the
vortex coreradiusfrom a referencevalueto the next. The
curve correspondingo R(q) is shawvn in Fig. 4 alongwith
thesearctdomainsurroundingt. Startingatthelowerbound
of theinterval we look for amaximumin theway described
previously. However, sincewe choseto boundthe region
consideredve canfacesituationswherethe actualmaxima

actual radius

S e
] P
A

search domain

refersnce maxima///g, ‘\
Figure 4: Boundarycurvecomputation
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lie outsidetheprescribedntenal. Thiscasecorresponds a

currentmaximumlying closeto thedomainboundaryeither
interior or exterior. This implies that thesecurrentmaxima
have notbeencomparedvith thevaluesof their p-neighbors
on oneside.We handlethis problemby extendingthe con-

sideredntenal in thedirectionof the currentmaximum,ei-

thertowardtherotationcenteror the exterior of the vortex.

Surface Generation Thepointscomputedoreviously form
a closedpolyline that approximateshe vortex core bound-
ary. One curve is generatedoer vertex of the vortex core
polyline. Neighboringcurvesarethenjoined with triangles
by connectingpointsthatcorrespondo equalangleson the
cune.

Curve Smoothing The resulting triangular surface is in
generahotsmoothmainly dueto interpolationartifactsdur-
ing radial resamplingandto slight errorsin the de nition
of both rotationcenterand orthogonalplane.To generatea
morepleasingvisualizationwe smooththeresultingsurface
in a post-processingtep.To this aim we usethe classical
umbrellaoperatofKCVS98] thatis very fastandgivessat-
isfying results.Obsere thatwe avoid the naturalshrinkage
effectby scalingverticesaftersmoothingo restoretheorig-
inal areaenclosedy the curve [DMSB99].

5. SurfaceTechniques
5.1. Vortex Veri cation and CoreLine Extraction

In thefollowing weintroduceastreansurface-basedcheme
for the visual exploration of vortex structuresand the ex-
tractionof vortex corelines. This schemecanbe appliedin
situationswhereautomaticschemegseesection2) deliver
unsatisfyingor no resultsandthereis a rst guessasto the
existenceandlocationof avortex. Moreover, it canbeof use
in interactie analysisof CFD datasetsgueto therelatively
low computationatostof streamsurfaceintegrationasop-
posedto the high costof automaticschemeghat examine
thecompletedataset.

The basicidea hereis to surroundthe assumedvortex
core with a streamsurface and visually obsere its rota-
tional behaior to verify the existenceof a vortex core.
This is achieved by integrating a streamsurface from a
closedstartingcurve winding aroundthe vortex axis. Thes-
parametrizatiolis thencolormappedntheresultingstream
surface androtationof theindividual streamlineganbeeas-
ily con rmed. Given a point p on the assumed/ortex core
line (or closeto it), agoodchoicefor thestartingcurve (dis-
cretizedasa polygonPy) is obtainedby takinga circle with
smallradius(in relationto thedatasetlimensions)centered
at p andorientedorthogonalto the o w directionv(p) at p
(cf. Figureb).

Oncetheexistenceof avortex is validated thestreamsur
facecanbeutilized to computeanapproximatiorto thevor-
tex coreline. We notethatthe lines of constant-parameter
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on the surfaceindicatethe integration front locationat in-
creasingntegrationparameterSincethe startingcurve was
closedandavortex corewasobsened,we concludethatthe
isolinesof t onthesurfaceform a closedpolygonP. To ob-
tain the centerof rotationfrom R, aweightedaverageof the
vertices(similar to centerof gravity) is taken. The polygon

the corresponding-parametersyhereN; neednotbe x ed
dueto adaptve triangulation.The averageis thencomputed
as

G=.1 &4
TN &

o o ti+iia oo
wherelL; is the length of the contourof R, andthe up-
per indicesare understoodnodulo Nt. By weighting each
vertex with the distanceto its direct neighborsandnormal-
izing by Lt, we compensatéor varyingdistanceof thepoly-
gonverticesdueto insertionanddeletionof streamlinesy
the algorithm.ComputingC: for a x ed numberof parame-
terstn 2 [0; Tmay @andconnectinghe pointswith increasing
t yieldsthegravity line of the streamsurface whichwe take
asan approximationof the streamsurfaces centerof rota-
tion. In turn, thegravity line closelyapproximateshevortex
coreline. Someof the examplesfrom section6 shav how
thesefeaturede nitions give goodresultsandcanbeusedas
input for the vortex core extractionschemefrom section4.
The advantageof usinga streamsurfaceovera x ed num-
berof streamlinegor gravity line calculationis theadaptve
resolutionof streamsurfacecomputationthatensuregjood
approximatiorevenif thevortex coreis heavily deformed.

5.2. Planesingularities

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

If the ow eld of a vortex is projectedonto a plane
roughlyperpendiculato thevortex axis,theplanar o w van-
ishesat the point wherethe vortex coreline intersectshe
plane A simplealgorithmdoing eld resamplingprojection
andazerosearctcanthusbeusedto determineapproximate

v(p)

Figure5: Left: streamlinestarting curvePy at assumedor-
tex core line position p, perpendicularto the ow v(p) at p.
Right: stream surfacecolored to perceiverotation around
vortex coreline
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startingpointsfrom very roughguessesTo avoid falsepos-
itives,the zerosareclassi ed accordingto their eigervalues
andonly thosethatrepresenattracting/repellingspiralsare
taken into account(heuristically the latter correspondo a
cross-sectiorf swirling motion). Referto Figure7 (lower
right) for anexample.

5.3. Streamsurface Color Mapping

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

DatasetResampling Eachof thegeneratedurfacetypesis
computedin the form of a triangle mesh.Given an appro-
priatedatastructurefor datasetepresentationit is straight-
forwardto extractcomponent®f the original dataseft the
vertex positionsof thegeneratedurfaceslt is standargro-
cedureto slice the dataseby meansof a cutting planeand
applyacolor mappingschemdor certaincomponentsf the
datasetesampleanthatplane.Thevery sameapproacttan
betakenwith streamsurfaces.

Curvature Givenin theform of atriangularmeshthe pure
geometryof a streamsurfaceis readily submittedto curva-
tureanalysisusingdiscretecurvatureoperatorsuppliede.g.
by Desbrun[DMSB99]. Strongbendingof the streamsur
facesenesasanindicatorof inhomogeneou® w behaior,
andcurvatureinformationaidsin comprehendinghe three-
dimensionalo w pattern.

Stretching Making useof the parametrizatioproducecby
the streamsurfacealgorithm (cf. section3), we canintro-
ducea quantity called streamlinestretching that measures
the corvergenceand divergenceof streamlinesn the sur
face.Noting thatindividual streamlinesreparametrizedby
constans 2 [0; 1], we nd anapproximatiorfor thestretch-
ing of streamlinesS on a pertrianglebasis:if s, i = 1;2;3
arethes-parametersttheverticesof thetriangleT, then

S:= 1 maxf j jg:

In otherwords,Sis anapproximatiorof thelengthof the
integrationfront in parametespacepassinghroughthetri-
angleT. Again, S can be visualizedsubjectto color map-
ping.

6. Resultsand Examples
6.1. Datasets

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

pressuredensity) provided on the verticesof unstructured
grids consistingof tetrahedrapyramidsand prisms. Cell-
wise linear or trilinear interpolationis assumedn between
thevertices.

Streamsurfaceintegrationaswell asvortex core bound-
ary extractionrequiresalargenumberof valuelookups(cell
searching)n thevelocity eld, thusanefcient datastruc-
ture is mandatory We baseour point-locationalgorithms
on a kd-tree approachrecently describedby Langbeinet
al. [LSTO03]. Thedatasetarenow describedn moredetail:

ICE train Thisdatasets theresultof asimulationof ahigh
speedrain traveling at a velocity of about250km/h with
wind blowing from the side at an angle of 30 degrees.
The wind causesvorticesto form on the lee side of the
train, creatinga drop in pressurehathasadwerseeffects
onthetrain's track holding. The original grid consistsof
2.6 million elements.

DeltaWing In order to study vortex breakdevn, 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 breakdavn of the primary vor-
ticesovertime. Sincethe givenmethodsareapplicableto
steady o w only, we consideronly a singletime stepthat
includesvortex breakdevn to shav the sophisticatiorof
the ow structuresnvolved andthe aid streamsurfaces
canprovide in understandinghem. Grid size: 11.1 mil-
lion elements.

F6 airplane The simulation containsa steadystate ow
aroundastandarclanecon guration. Symmetryis made
useof for computationaéf ciency. Thegrid has8.4 mil-
lion cells.

All computationsverecarriedout on a standard®C with
3GB of RAM. The computationtimes are on the order of
few minutesat most.

6.2. StreamSurfaces

Figure 8 gives an impressionof the e xibility of the im-
proved streamsurfacealgorithm(section3). We presentan
overviev of the delta wing datasetwith vortex formation
at the wing ape&x and streamsurfaceswith closedstarting
curvesaroundthe primaryvortices(upperleft). Thestarting
locationsfor the latter wereobtainedusingthe planesingu-
larity approachdetailedin section5.2). The lower left im-
agedetailsthe breakdevn of the primary vortex, sliced by
a cutting planeto revealtheinnermechanicsThe reversion
of ow directionis apparentisthe o w folds into the bub-
ble. It is visible thatthe o w circulatesin the bubble mary
timesbeforeleaving it in contortedform. Our algorithmper
formsthis computationwell, althougha boundon theadap-
tive resolutionhasto be imposedasotherwisethe resulting
triangulationis too large for interactve rendering Thereso-
lution is still morethansufcient to recognizetheintricacy
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of the ow. The lower right image gives a closeupof the
ape streamsurface.lt visualizesthe formationof primary
secondanandtertiary vorticesabove thewing andthe ow
betweenthem.In the upperright, the ICE datasetasbeen
treatedwith a streamsurfacethatshows thevariousvortices
createcbn theleesideof thetrain.

6.3. Vortex Core Boundaries

Figure 6 (upperrow) shaws the result of our extraction
methodappliedto the DeltaWing dataset.Of particularin-
terestarethe differentshape®f the primary, secondaryand
tertiary vortices.They are betterunderstoodn the light of
Figure8. As a matterof fact, thesethreevortical structures
coexist on both sidesof thewing andareintimatelyrelated.
Most striking is the squeezedhapeof the tertiary vortex.
Obsene thattheextractionschemas ableto distinguishbe-
tweenthedifferentstructureslthoughthey arevery closeon
thefront of the wing. It is worth mentioningthatthe strong
deformationsnducedby the vortex breakdavn entailaloss
of consisteng of the vortex core boundary The resultsof
thesametechniqueappliedto the ICE train datasearegiven
in Figure6 (lower row). The streamlinesandthe wrapping
streamsudceshav thatthe computedubescon rm thena-
ture andpositionof the vortex coreline asextractedby our
surface-basedcheme.

6.4. Vortex Core Line Extraction

In orderto ensurethe utility of our streamsurface based
vortex core line extraction scheme(cf. sec.5.1), we em-
ployedthe algorithmof SujudiandHaimes[SH95], imple-
mentedusingthe paralleloperatorof Roth [Rot0( to com-
pareagainst.

The upperimage of Figure 7 gives an overview of the
ICE datasetwith the vortex core sggmentsextractedusing
the Sujudi-Haimesanalysis.t yieldsincoherentesultsand
anumberof falsepositives(numericalghostsof attachment
andseparatioronthetrain surface indicatedby thearrows).
To con rm the existenceof the uppervortex, the technique
describedn section5.1 hasbeenusedandrotatingbehaior
of the streamlinesds clearly visible. (Note that the swirling
streamsurface has beenkept short for the purposeof the
image.)The vortex coreis extractedusingthe proposedal-
gorithm and resultsin a much more coherentand smooth
featurede nition. The lower row of the same gure gives
an overview of the deltawing (left), again comparingour
methodof featureextractionto the resultsof the Sujudi-
Haimesalgorithmandshaving vortex coresextractedbased
on thesefeatures.Primary secondaryand tertiary vortex
coresareextractedreliably anddo not overlap.On theright
side,planesingularities(cf. section5.2) abore the wing are
displayedtogetherwith the resulting streamsurfacesthat
shawv thatthe singularitiesdo indeedbelongto vortices(ro-
tationvisible by surfacecoloringaccordingio s-parameter).

¢ TheEurographic#ssociation2004.

6.5. Stream Surface Color Mapping

Someexamplesof thetechniqueglescribedn section5 are
depictedin Figure9. In the upperleft two streamsurfaces
are extractedfrom the F6 datasetWake vortex formation
is clearly visible (comparee.g. to the dravings of Dall-
mann[Dal83]). Thestreansurfacepassingnearthewing tip
hasbeencoloredaccordingo streamlinestretchingandone
can seethat the streamlinesdo not diverge much until the
vortex is forming by a twisting of the surface.The second
surfacein this imageis passinghroughandsplit into three
frontsby theengineandis colormappedccordingo resam-
pledpressurevaluesfrom thedatasetStretchingof thedelta
wing ape surfaceis shavn in theupperright, andGaussian
curvaturefor the samesurfaceis givenin the lower left. A
colormappingof helicity magnitudeglower right) visualizes
astrongcorrelationbetweerincreasedhelicity andtheonset
of vortex breakdevn. It wascomputedn-placeatthe stream
surfacevertices,using resamplingof velocity and vorticity
andforming the scalarproductpointwisefor computational
ef ciency.

7. Conclusionand futur e work

The objective of thework presentedn this papemwasto es-
tablish surfacetechniquedn the visualizationof comple

CFD datasetswith a strongemphasison vortices. Stream
surfacecomputationvasimprovedto the point wherecom-
plicated o ws canbetreated We discusse@ vortex corere-
gionde nition thatis physically justi ed andintroducedan
extraction schemethat can visualize the shapeof vortices.
Furthermorewe pointed out someapplicationsof stream
surfaceggoingbeyondpurevisualizationnamelyvisualver

i cation of presumedorticesandphenomenologicaixtrac-
tion of vortex coreline featuresOurresultsandobserations
aresummarizedelaw, togetherwith someideasfor future
work.

Streamsurfacecomputation Thedescribedmprovements
to Hultquist's algorithmmalke the applicationof streamsur
facesfor the visualizationof involved o w structureossi-
ble. Vortex breakdevn senesasanimpressie example.In
general,selectinga startinglocation or curwve still requires
goodknowledgeof the datasetpr otherwiseit is very time-
consumingto creategood visualizationsby trial and error.
Turk and Bankshave accomplishecautomaticseedingfor
streamlinesn 2D [TB96], however, for streamsurfacesno
work on this topic hasbeenpublishedso far. Streamsur
facesarealsosubjectto visualclutterif notappliedeconom-
ically. Noting the importanceof three-dimensionasepara-
tion in e.g.aerodynamicsstreamsurfaceswill likely prove
a usefultool in creatingvisualizationsof three-dimensional
topologicalstructures.

Vortex Cores A schemefor the extraction of vortex core
boundariesccordingto the Rankinemodelwasintroduced.
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The generatedboundary surface senes to representthe
shapeof the vortex. The methodis computationallycheap
andproducegyoodresults.Someopenissuesremain,most
prominentlythein uence of the providedfeatureline onthe
result. Moreover, the generatedsurfaceis not a streamsur

face.The interactionof both typesof surfacesmay prove

interesting.

Streamsurface Techniques We shaved herethat a num-
ber of insightful visualizationscan be provided by stream
surfacesasidefrom meredisplay The color mappingtech-
niquesshav that they cansene as ow adherentcutting-
planelike two-dimensionalprobesfor the visualizationof

o w relatedproperties.Furthermorejt proved valuableto

study the geometryof the surfacesmore closely Our phe-
nomenologicafeatureextraction approachperformedwell

in our test caseseven though the results given by stan-
dard methodswere doubtful. It shouldbe emphasizedhere
thatour schemds not meantto replaceautomaticmethods.
Rather we seekto provide a tool that canimprove under

standingof a datasetthroughvisual exploration and help
in creatingexpressie visualizationsAs to future work, the
choiceof radiusemployed for the streamsurfacecomputa-
tion andhow it affectsthe resultsof the featureextraction
schemeshouldbe examinedin detail. Again, a connection
to the visualizationof topologicalstructureshouldbe con-
sidered.
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Figure 6: Upperrow: Vortex coresboundariesabovethedeltawing. Notethecleandistinctionbetweernhevorticesandthenon-
trivial shapesLower row: Vortex core boundariesin the ICE dataset Althoughdetectedncompletelyby the Sujudi-Haimes
algorithm, vortex cores could be extractedby our method.The streamlinesgive a roughimpressionof how the vorticesare
created(right). Thestreamsurfacecrossthe noseof thetrain “wr aps” the headvortex (right).

Figure7: Upperimage:Resultof streamsurfacebasedvortex core line extractiononthe ICE train: Sujudi-Haimesutputwith
falsepositivesndicatedby arrows(blue),vortex core linescomputedasgravity lines(magenta),visualveri cation of theupper
vortex usinga wrappingstreamsurface with color mappingto showthe rotationaroundthe vortex axis (yellow/geen).Note:
notall vortex coreslineshavebeenextracted.Lower left image: Resultsof vortex core line andvortex core boundaryextraction
on the deltawing: Sujudi-Haimesutput(dark blue, false positivesindicatedby arrows),vortex core lines from gravity lines
(magenta), triangle meshef vortex core boundaries(primary: blug, secondary:green,tertiary: red). Lower right image:
Cutting plane with closedstreamsurfacesstarted using plane singularities. Steamsurfacecoloring indicatesrotation and
con rms the existenceof vortices.
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Figure 8: Upperleft: Overviav of the deltawing datasetwith vortex creationat apex and the two primary vortices,breaking
downdifferently Upperright: StreamsurfacearoundICE train showingvorticesontheleeside Lower left: Vortex breakdown
cutopen,revealingrecirculation. Lower right: Formationof primary, secondanandtertiary vorticesat wing apex. Notehow

the shapeof thetertiary vortex is strongly elliptic.

Figure 9: Upperleft: Steamsurfacesn the F6 datasetMortex genemtion at thewing. Upperright: Streamsurfaceshowing
vortex breakdownhelicity magnitudecolor mapping A strong correlation betweerhelicity magnitudeand the onsetof vortex
breakdownis evident.Lower row: Apex surfacein the deltawing datasetcolored accoding to Gaussiancurvatue (left) and

streamlinestretching (right), revealinggeometricpropertiesof the streamsurface
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