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Abstract. This paperpresentswo vortex detectiormethodswvhich arebasecbn

thegeometrigropertieof streamlinesUnlike traditionalvortex detectiormeth-

ods,whicharebaseddn point-samplesf physicalquantitiespneof ourmethods
is alsoeffective in detectingweakvortices.In addition,it allows for quantitatve

featureextractionby calculatingnumericalattributesof vortices.Resultsarepre-

sentedf applyingthesemethodgo CFD simulationdatasets.
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1 Intr oduction

Vorticesareamongthemostimportantfeaturef fluid flows. In aerodynamicsjortices
directly affecttheflying characteristicsf airplaned5]. In turbomachinergesignvor-
ticesareto be avoidedor minimizedduringdesign[9]. In oceanographyhe evolution
of vorticesin spaceandtimeis importantfor scientistsunderstandingf ocearcircula-
tions[14]. Therefore detectingandvisualizingvorticesis animportanttopic. Unfortu-
nately thereis no formal definitionof a vortex, which makesit difficult to detecthem.
Thereforeyortex detectiormethodsarebasedon heuristiccriteria.

Vortex detectionmethoddall into two classesThefirst classis basedon physical
guantitiesevaluatedat isolatedpointsin thefield, e.g.grid nodespr in aninfinitesimal
neighbourhoodsf points. Examplesof thesequantitiesare pressureyorticity magni-
tude,andhelicity [1, 9]. The problemis thatnoneof thesemethodswvorksin all cases.
Theirmaindeficieny is thatthey oftendo notfind weakvortices characterizetly slov
rotationandlow velocity magnitudes.

The secondandrelatively new classof vortex detectionrmethodsarethe geometric
methodswhich are not basedon physicalquantities,but on geometricpropertiesof
curves,typically streamline®r pathlines.

Thepurposeof this paperis to presentwo geometrianethoddor vortex detection,
andamethodfor calculatinghumericattributesof vortices.Thefirst methodriesto find
vortex coresby determiningthe curvaturecentreof the osculatingecircle of streamlines
throughmary samplepointsin thegrid. Thesecondnethodtriesto find entirevortices
usingthewinding-angleconceptto selectstreamlineshataresufficiently rotationalto
bepartof avortex.
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We have extendedthework in [12] to atechniquefor automatidfeatureextraction,
characterizinghe featuresby calculatinga setof quantitatve attributes,suchas po-
sition, size,and rotation speedand direction. This is doneby clusteringthe selected
streamlinesaand determiningnumericalattributesof the vortices.This hasthe adwan-
tagethatvorticescanbedescribedy a smallsetof attributes,which naturallycauses
dramaticdatareduction.

Thestructureof this papeiis asfollows.In Section2, we give anoverview of related
work. Then, we describeour geometricmethodsfor vortex detection:the curvature
centremethodin Section3, andthe winding-anglemethodin Section4. In Section5,
we shov someresultsof applyingour methodgo CFD simulations.

2 RelatedWork

Thefirst classof vortex detectiormethodss typically basedn point sampleof phys-
ical quantitiesThequantitiesnvolvedareusuallypressureyelocity, quantitiesderived
from the velocity vector, or quantitiesderived from the velocity gradienttensor All
of thesequantitiesare basedon the assumptioreitherthat vorticesareregionswith a
highamountof rotation,or thatthereexistsa pressureninimumatvortex cores Banks
& Singer[1] andRoth & Peilert [9] have surweyeda numberof quantities,andcon-
cludedthat they oftenfail to captureall vortices.An importantcauseis that vortices
areregionalfeaturesput thesecriteriaarestrictly basedn pointsamplesor first-order
approximationsn infinitesimalregions.RecentlyRoth & Peilert[10], recognizinghe
deficienciesof first-orderapproximationsproposeda higherorder methodwhich is
alsoableto detectbentvortices.

Thesecondclassof vortex detectionmethodds geometrig i.e. basecdbn geometric
propertief streamlinesDe Leeuw([6] describedaninteractize way to detectvortices
usinga box-shapegrobein which samplepointsaretaken. For all the samplepoints
in thebox, anumberof propertiesverecalculatedijncludingthe centreof curvatureof
the streamlinethroughthe samplepoint. Whenthe box containeda vortex, the centres
of curvaturewould accumulateeara point, otherwisethey would be scattered.

Portela[7] hasdevelopeda formal mathematicaframework for definingvortices
in 2D, which correspondgo the intuitive notion of swirling motion arounda central
setof points.To definea centralsetof points,he proposedso-calledJordanstructures;
to defineswirling motion, he usedthe winding-angleconceptknown from differential
geometry

In [12], we appliedtwo geometrictechniquego several hydrodynamicasesOne
usedcurvaturecentredo find vortex cores the seconduiseda simplifiedwinding-angle.

The presentpaperreviews thefirst technique giving more detailson its problems
andpitfalls,andextendsthe secondechniqueto a morequantitatve one,by clustering
thestreamlinesandcalculatingnumericattributes.

3 The Curvature Centre Method

Thecurvaturecentremethodtriesto detectvorticesin 2D by samplingthefield at mary
points, typically at all grid nodes.For eachsamplepoint, the cente of curvatue is



determinedwhich is the centreof the osculatingcircle of the streamlinethroughthat
point [2]. In vortical regions of the field, the centresof curvatureshouldaccumulate
ata point, asin Figure 1a. The sampledaken on this perfectlycircular streamlineall
projectto the samecentreof curvature.ln non-\ortical regionsof thefield, the centres
of curvaturewill bescatteredasin Figurelb.
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Fig. 1. (a) Circular streamlinewith coincidingcunaturecentresC' and(b) Non-circularstream-
line with scatterecturvaturecentres.

In this way, a setof curvaturecentrepointsis obtained,which are accumulatednto
a new grid, asillustratedin Figure 2. The numberof curvaturecentresin eachcell
constitutesa new scalarfield which we call the Curvatue Cente Density(CCD) field.
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Fig. 2. Curvaturecentrepointsareaccumulatedto anew grid, resultingin the CunatureCentre
Density(CCD) scalarfield.

Figure3 shavsanexampleof a CCDfield. The2D datasetoriginatesrom anumerical
flow simulationof the Pacific Oceanwhich modelsthe westcoastof North America
[14]. The grid usedis a rectilinear2D grid of 117 x 84 nodes,at eachof which the
velocity hasbeencalculated.The figure shawvs streamlinegeleasedrom every grid
node.The CCD field hasbeenrenderedasa white heightfield. Thresholdinchasbeen
appliedto selectonly the highestpeaksof thefield: CCD > 0.8 - CCD,;45-

This methodworks, but hasthe samelimitations astraditional point-basedietec-
tion methodsTherearesomefalseand somemissingpeaks.Someof the falsepeaks
may be filtered out by thresholdingor filtering. Also, supersamplingnay be applied
to getmoresamplesper grid cell [11]. An importantcauseof theseproblemsarethe
streamlinesvhich arenotperfectlycircular, but elliptical or elongatedthisis oftendue
to interactionbetweenadjacentvortices.The effectis shavn in Figure4: in perfectly
circularflow (seeFigureda),thereis aclearpeakin the CCDfield (seeFigure4b). How-



Fig. 3. Pacific Oceanwith global streamlinesand a white heightfield of the curvature centre
density

ever, in slightly elliptic flow (seeFigure4c), the peakis ‘spreadout’ (seeFigure4d).
This causesnary missingpeaksandpossiblyalsosomefalsepeaks.

4 The Winding-Angle Method

Anothergeometrianethodfor detectingvorticesin 2D, inspiredby [7], buildsuponthe
intuitive ideaof a swirling patternarounda centralsetof points. The methodtriesto
detectvorticesby selectinglooping streamlineandthenclusteringthem. Selectionis
performedusinga simplifiedwinding-anglecriterionanda distancecriterion.

Let S; bea2D streamlineconsistingof pointsP; ; andline sgments(P; ;, P; j11),
andlet Z(A, B, C) denotethe anglebetweenline sggmentsAB and BC. Then,the
winding-anglen,, ; of streamlineS; is definedasthe cumulative changeof directionof
thestreamlinesggments:

N-1

Qi =Y L(Pij-1,Pij, Piji1) 1
j=1

SeeFigure 5. We usesignedangles,with positive rotation for a counterclockwise-
rotatingcurve, andnegative rotationfor a clockwise-rotatingurve. Obviously, o, ; =
+27 for afully closedcurve; lower valuesmay be usedto find winding streamlines
which do not make a full revolution.
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Fig. 4. In circularflow (a), thereis a peakin the CCDfield (b). In elliptic flow (c), the peakin the
CCDfield is spreadut (d).

The selectionprocesdriesto find the streamlineghatbelongto a vortex by using
two criteria: (1) thewinding-angleof a streamlineshouldbek - 27, with £ > 1, and(2)
the distancebetweerthe startingandfinal point of the streamlineshouldbe relatively
close.

We have extended the work de-
scribedin [12] from a visual, qualita-
tive selectiortechniqueto a morequan-
titative featureextractiontechnique We
now usethe selectedstreamlinedor au-
tomatedvortex extractionandfor deter
mining numericalvortex attributes.This
is donein two stages:clustering and
quantification

Thepurposeof clusteringis to group
thosestreamlinesogethemwhich belong
to the samevortex. Ratherthancluster ~ Fig.5. The winding-anglea,,; is the sum
ing streamlinesit is easietto clusterpoints.of theanglesbetweerthe edges.

To this end,eachstreamlinegs mappedo a point by determiningthe centrepoint, or
geometricmean,of all samplepointson the streamline Thesecentrepointsarethen
clusteredasfollows. Thefirst clusteris formedby thefirst point. For eachsubsequent
point, it is determinedwhich previous clusterlies closest.If the pointis not within a
predeterminedadiusof all theexisting clustersjt constitutesa new cluster In thisway,

Py
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the selectedstreamlinesarecombinednto a distinctnumberof groups.Streamlineof
thesamegroupareconsideredo be partof the samevortex.

Oncethestreamlinefhave beernclusteredquantificationof thevorticesis performed
by calculatingnumericattributesof the correspondingtreamlineclusters We approxi-
matethe shapeof thevorticesby ellipses Fitting anellipseto a setof pointsis doneby
calculatingstatisticalattributes,suchasmean,variance and covariance of the points
[8,13]. In addition,we calculatespecificvortex attributes,suchasrotationdirectionand
angularvelocity. We denotethe numberof pointson a streamlineS; as|S;|, a cluster
of streamlineasCy, = {Sk,1, Sk,2, - . .}, WhereSy ; is streamline#! in cluster#k, the
numberof streamlinesn thatclusteras|Cy |, andall the pointson all the streamlinesn
thatclusteras? (Cy ). Now, we cancalculatethe following attributesfor eachvortex:

e streamlinecentre: S; = |§—‘E|JS:{ P;;

e clustercentre: Cr = |Cl—k‘2£’;l(5‘k,l)
e clustercovariance: My, = cov(¥(Cy))

e ellipseaxislengths: A = eig(My)

e ellipseaxisdirections: dy, = eigvec(My)

e vortex rotationdirection: dr, = sign(ay,k)

e vortex angularvelocity: W = ngg’;‘ Qa1

The vorticescanbe visualizedby mappingtheir attributesto icons:the first three
statisticalattributesare usedto calculatethe axis lengthsand directionsof an ellipse
whichapproximateshesizeandorientationof avortex. Therotationdirectionof avor-
tex is visualizedby smallarrons. Finally, the angularvelocity of a vortex is visualized
by addingwheelspolesto theellipse,the numberof whichis madeproportionatto the
angularvelocity: fastrotationis suggestethy mary spoles,slow rotationby few.

5 Results

5.1 The Bay of Gdansk

The first exampleusesa datasetof a simulationperformedat WL | Delft Hydraulics
of the Bay of Gdahsk, a coastalareain Poland.The goal of the simulationwas to
investigatethe flow patternsnducedby wind, the inflow of the Wista (Vistula) river,
andturbulence.The modelis definedon a curvilineargrid of 43 x 28 x 20 nodes,
indexed by (i, j, k). Eachnode containsa 3D velocity vector v, an eddy-difusivity
scalarE, andits gradientVE.

Figure 6 shows the resultof applyingthe winding-anglemethod.The global flow
patterndn the datasetarevisualizedby the grey streamlineseleasedrom every grid
nodein ahorizontalgrid sliceatthecentreof thegrid (k = 9). Selectedstreamlinesire
drawn in black. The ellipseiconsvisualizethe approximatesizeandshapeof the vor-
tices,with theellipseaxesdravn in dashedines.Arrows indicatetherotationdirection
of the vortices.The numbersof spolesindicatethe strengthof the vortices:the higher
thenumberof spoles,thefastertherotation.

It canbeseerthatthis methodcapturesll visible vortices,includingelongatedand
weakones An impressiorof thevortex strength(rotationspeedjs immediatelyvisible
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Fig. 6. Vorticesin the Bay of Gdahsk. Thenumberof spolesis proportionalto w.

from the numberof spoles.It is alsointerestingto seethatadjacentorticesrotatein

oppositedirections.

Figure 8 (seeAppendix) shavs a slightly differentvisualization,which usesren-
deredellipses.Here,theangularvelocity is not visualized but the rotationdirectionof
thevorticesis indicatedby the colour of the ellipses:redindicatesclockwiserotation,
andgreencounterclockwiseotation.

Oncethevorticeshave beenfound,numericakattributesmaybedeterminedor each
of them.Table1 shovs someof the results.Notice the differencedetweerthe largest
andthesmallestvortex (approx.factor20), andbetweerthefastesandtheslowestone
(approxfactorl5). Theredoesnot seemo beary correlationbetweerthe sizeandthe

rotationspeecbf thevortices.

numberof clusters
numberof CW vortices
numberof CCW vortices
min. radius[km]
max.radius[km]

min.w [s7)

max.w [s7!]

15
5
10
0.991
21.2
5.38107°
8.9310~4

z-plane#tvorticegmax Acw |max Accw
16 1 - 0.5305
17 1 - 0.5832
18 1 0.6216 | 0.2076
19 2 0.8446 | 0.4968
20 2 1.1138 | 0.6117
21 1 0.9370 -

Table 1. Somenumericalattributesof the Table 2. Statisticsof thevorticesin theflow
vorticesin the Bay of Gdahsk.

pastataperectylinder.




5.2 Flow Pasta Tapered Cylinder

Thesecondexampleusesadatasetof asimulationperformedat NASA-AmesResearch
Centerwhich concernsa laminarflow pasta taperedcylinder [4]. This taperedcylin-
der hasa variableradiusdependingon the z-coordinate which influencesthe vortex
sheddingirequeng at that height. The grid usedis a structuredcylindrical grid with
64 x 64 x 32 nodesgachof which containsgdensity z, y, z-momentumandstagnation.
Thesimulationis time-dependenhut we usedonly onetime step.

We have appliedthe winding-anglemethodto extract vorticesfrom six different
z-slicesto shaw differentpatternsTable2 shovs numericalstatisticsof thesevortices,
wheremax Acw is the maximumaxislengthof theclockwisevortex, andmax Acow
of the counterclockwiseortex. It canbe seerthatfor z < 18, thereis only onecoun-
terclockwisevortex, for 18 < z < 20, thereare two vortices,rotatingin opposite
directions.For z > 20, the counterclockwisevortex hasdisappearedeaving only a
large clockwisevortex.

Figure 7 visualizestheseslices,wherethe flow goesfrom left to right, pastthe
cylinder which is dravn asa semi-circleon the left. Again, the global flow patternis
shavn by grey streamlinestheselectedstreamlinesredravn in black,andthevortices
areapproximatedy ellipseicons.Spolesindicatethe rotationspeedandarrows the
rotationdirection

Figure9 (seeAppendix)shavs a colourvisualizationof the sliceat z = 20. Asin
thepreviouscolourfigure,therotationdirectionof thevorticesis indicatedoy thecolour
of theellipsesgreemandredindicateoppositerotation.Thegrid slicehasbeencoloured
with the A2 scalarquantity This quantityis definedasthe second-lagesteigervalueof
thetensorS? + 2%, whereS = (Vv + (Vv)T) and2 = 1(Vv — (Vv)T) arethe
symmetricandanti-symmetrigartsof thevelocity-gradientensorVv. Highly negative
valuesaresupposedo indicatethe presencef vortices[3]. However, in this example,
the lowest (blue) valuesfor A, are obsened at the front ratherthan behindcylinder,
without arny obviousvorticesin the streamlingpattern.Thereforejn this example,our
winding-anglecriterionturnsoutto be betterthan .

6 Conclusionsand Future Work

We havedescribedwo geometriosortex detectiormethodsThecurvaturecentremethod
haslimitations similar to traditionalmethodsThe winding-anglemethodis usefulfor
findingbothstrongandweakvortices Anotherimportantadvantages thatit alsoallows
for quantificationwhich leadsto datareduction.

Futurework includesincorporatingeritical pointsin the winding-anglemethod to
tracestreamline®nly in theneighbourhooaf critical points,ratherthangloballyin the
entirefield. Anotherusefulapplicationof the numericalattributesof vorticeswould be
to performspatialmatchingandtemporatrackingof vortices Matchingandconnecting
ellipsesfoundin adjacent(x/y/z) slicesallows usto find 3D vortices,aslong asthey
projectreasonablyo the slices.Temporaltrackingallows usto studythe evolution of
vorticesin time. Finally, we intendto extendthe winding-angletechniqueto 3D. This
is not trivial, becausehe winding-anglecanbe only determinedn a 2D plane,andin
vorticeswith a strongforwardvelocity componentit is noteasyto choosesuchaplane.
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Fig. 7. Flow pastataperectylinder; differentz-planesshawv differentvortices.
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Fig. 8. Bay of Gdahsk with streamlinesand vorticesapproximatedy ellipses.Redandgreen
indicaterotationin oppositedirections.

Fig.9. Flow pasta taperedcylinder with vorticesapproximatedy ellipses,andstreamlinege-
leasedn aslicecolouredwith As.



