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Figure 1. Unsteady visualization of vortices from in-cylinder tumble motion in a gas engine and its relationship to the boundary. During the
valve cycle (left to right), the piston head that shapesthe bottom of the geometry moves down (not shown). The volume rendering shows
vortices using a two-dimensional transfer function of / ; and normalized helicity (legend). The main tumble vortex is extracted and visible as
o-center and with an undesired diagonal orientation. The o w structure on the boundary is visualized using boundary topology. A direct
correspondence between the volume and boundary visualizations can be observed. In the third image, the intersection of the main vortex with

the boundary results in critical points on the front and back walls.

ABSTRACT

Optimizing the comhustionprocesswithin anengineblock is cen-
tral to the performanceof mary motorizedvehicles. Associated
with this processare two important patternsof ow: swirl and
tumblemotion, which optimize the mixing of uid within eachof
an engines cylinders. Good visualizationsare necessaryo ana-
lyze the simulation dataof thesein-cylinder ows. We present
a rangeof methodsincluding integral, feature-basedand image-
basedschemesvith thegoalof extractingandvisualizingthesetwo
importantpatternsof motion. We placea strongemphasion au-
tomatic and semi-automatienethodsthat requirelittle or no user
input.

The simulationdataassociatedvith in-cylinder tumble motion
within a gas engine,given on an unstructuredtime-varying and
adaptve resolutionCFD grid, demandsobust visualizationmeth-
odsthatapplyto unsteadyo w. We make effective useof animation
to visualizethe time-dependengimulationdata. We alsodescribe
the challengesandimplementatiormeasuresiecessaryn orderto
applythe presentednethodgo time-varying,volumetricgrids.
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1 INTRODUCTION

Among the mary designgoalsof comhustion engines,the mix-
ing processof fuel and oxygenoccupiesan importantplace. If
a good mixture canbe achieved, the resultingcomtustionis both
cleanandefcient, with all the fuel burnedand minimal exhaust
remaining.In turn, the mixing processstronglydepend®n thein-
o w of the fuel andair componentsnto the comhustionchamber
or cylinder. If theinlet o w generatesufcient kinetic enegy dur
ing this valve cycle, theresultingturbulencedistributesfuel andair
optimally in the comhustion chamber For commontypesof en-
gines,nearoptimal o w patternsare actuallyknown andinclude,
amongothers,so-calledswirl andtumble motions. With the gen-
eral progresf state-of-the-ar€CFD simulations the discipline of
enginedesignis madeaccessibléo both numericalsimulationand
visualizationof the resultingdatasetsallowing for rapid testingof
enginedesigns.

Larameeet al. [8] took preliminary stepstowards the visual-
ization and analysisof in-cylinder ow. Using a combinationof
texture-basedand geometrictechniquesthey were able to indi-
rectly visualizethe key swirl and tumble patternsin two engine
simulationdatasetsThe approachethey usedwereessentiaman-
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Figure 2: (Left) Stable, circulating ow pattern in a diesel engine
designatedas swirl motion, with the cylinder axis as the axis of rota-
tion. The o w enters tangentially through the intake ports. (Right)
Transient tumble motion in a gas engine. The axis of motion moves
as the cylinder expands(cf. Fig. 1) and stays halfway between the
top cylinder wall and the piston head at the bottom (not shown).

ual, andthey did not considertime-dependenb w. It is theaim of

this paperto expandon this previous studyby providing additional
feature-centricvisualizationsof the swirl and tumble motion pat-
ternsthatextract swirl andtumblecharacteristicgsemi-)automat-
ically. With applicationby engineersn mind, we presenia suney

of methodghatareusefulin this context anddemonstratéow they

canbeeffectively appliedin enginesimulationanalysis.

Of particularinterestare the time-varying natureof the simu-
lation andthe interconnectiorbetweervisualizationmethodsthat
treatdataof differentdimensionality(typically boundaryvs. vol-
umedata). We study to what extent an analysisof the boundary

ow permitsreliable insightsinto the volume of the comhustion
chambeion thepresented@xamples.

We describethe techniqgueemployed andpresenta critical dis-
cussionof the resultingvisualizationsfrom an applicationstand-
point. Although the applicationdomaincoveredin this work is
speci ¢, theconclusiongeachedtanbeleveragedn mary areaof
engineering.

Thepaperis structuredasfollows. In Section2, we describethe
datasetshatwe basedour analysison, namelytwo importantpat-
ternsof in-cylinder ow. Section3 is concernedwith the criteria
for our choiceof methods. We brie y describethe methodsand
how they contritute to a satishctory extraction and visualization
of swirl- and tumble-motions. Someof the technicalaspectdn-
volvedin time-varyingunstructuredyrids aredetailedaswell. Hy-
brid combination®f methodsareexaminedin Section5, beforewe
concludeonthepresentedavork in Section6.

2 ENGINE SIMULATION DATA

Froma simpli ed point-of-view, therearetwo typesof ideal ow

patternsin an enginecylinder: swirl motion and tumble motion.
Both arerotationalmotions,however, the axis of rotationis differ-

entin eachcase. Dependingon the type of engine,one of these
patternds consideredptimal becausét maximizesmixing of in-

jectedfuel andair, resultingin homogeneousomhustion.

In this paper we treattwo datasetshaving eachof thesetwo
typesof o w patternghencefortitermed‘swirl-motion dataseand
“tumble motiondataset”).Thebasicgeometrie®f the datasetand
the respectre desiredmotion patternsareshovn in Figure2. Al-
thoughthey weregeneratedh the sameproblemcontet, the simu-

lation datasetsliffer in anumberof ways.

2.1 Swirl-Motion in a DieselEngine

This simulationis the resultof a the simulationof steadychage

o w in adieselengine basedn a stationarygeometryresultingin
asimpleandstable o w. The main axis of motionis alignedwith
the cylinder axis andis constantn time. The spatialresolutionof
thesingletimestegs highwith atotal of 776.000unstructurectells
onanadaptve resolutiongrid.

2.2 Tumble-Motion in a GasEngine

Thisdatasetesultsfrom anunsteadimulationof thechagephase
of agasengine(crankangles380 to 540 ). As the pistonmoves
down, thecylinder volumeincreasedy anorderof magnitudeand
the fuel-air mixture enteringthe cylinder is drawn into a gradually
developingtumble pattern. The overall motionis highly transient
and unstable. Both spatialand temporalresolutionare relatively
low, with the datagivenon 32 timestepsaindthe grid consistingof
roughly 61.000unstructurecelementsat the maximumcrank an-
gle. It is interestingto notethatthe actualmeshtopologyremains
constanthroughoutall timestepsThisis accomplishedby theuse
of virtual zero-wlume cells at the piston headthat expandasthe
pistonmovesdown; only the meshverticesarechangingn time.
Both simulationsverecomputedn the Departmenof Advanced

SimulationTechnologie$AST) atAVL (www.avl.com) for thede-
sighandanalysisof speci ¢ o w in-cylinder types. In additionto
the o w vector eld, thedatasetencompasanumberof additional
attributessuchastemperatur@andpressureln this work, we focus
on the analysisof the swirl andtumble aspectof the o w vector
eld. Althoughthe highestpriority is givento the visualizationof
the patternghemseles(or their absence)causedor their absence
arealsosought.

3 CHOICE OF METHODS

Here, we describethe criteria for our selectionof visualization
methods.

3.1 Visualization Goals

The maininterestin the visualizationof the datasetss the extrac-
tion andvisual analysisof the swirl- andtumble-motionpatterns.
Thereforethe o w vector eld andits dervedquantitiesareof pri-
maryinterest.

For the usein designanalysis,the constructedvisualizations
needto be objectve, meaningthatthe quality of the visualization
resultmustnot dependon vital parameters$o be suppliedby the
user Thisresultsin comparablevisualizationdor differentsimula-
tion resultsof the sameprototypeor possiblyevenamongdifferent
designprototypes.Therefore jn the selectionof methodswe have
putanemphasi®n automaticschemeshatrequirelittle or nouser
input.

3.2 Data Dimensionality

The simulationresultsare given in the form of attributesde ned
in the interior of the respectie cylinder geometries. As is quite
commonin CFD simulationsthe o w is requiredto vanishon the
domainboundary(no-slip condition) in orderto correctly model
uid-boundaryfriction. Neverthelessyaluesontheboundaryof the
domainareeasilyinferredby e.g. extrapolationof volumevalues
next to the boundary It is alsonotablethatin classicalengineer
ing analysisyisualizationis widely performedon two-dimensional
slices.



Overall, thelevel of informationthatcanbeprovidedby avisual-
izationtechniquancreasesvith thedimensionof the datait treats.
At the sametime, the visualizationresultneednot necessarilym-
prove dueto perceptualssuessuchascluttering. Finally, thereis
usuallyapriceto payin algorithmiccompleity andcomputational
costasoneprogresseto higherdimensionsThereforefor thecase
of our examples,we examinein somedetail how the analysisof
boundaryandslice dataallows to draw reliableconclusionsonthe
patternof thevolume o w. We achieve this by a pairingof methods
thatcombineboundaryandvolumetechniques.

3.3 Practical considerations

In our studyof thedatasetsywe have foundthatthepossibilityof in-
teractve viewing of visualizationresultsgreatlyenhancethecom-
prehensiomf occurringstructuresThisis in partto beattributedto
thecomple geometrie®f thedatasetshatareconducve to spatial
perceptiorproblems.In the caseof time-dependertumblemotion,
it is especiallyhelpful to seethe datasetandthe visualizationin an
animation.Only throughthis canthe dynamicof the differentmo-
tions be fully understood.Even mostof the techniqueghat apply
only to stationary o w (suchasthe betterpartof feature-&traction
schemeslendthemselesfavorablyto thegeneratiorof animations
by concatenationf resultson successie time-slices. Thereaderis
referredto the accompaying video [1] in which we demonstrate
this. As a consequenceaye constructthe visualizationsoff-line in
a preprocessingtepandthendisplaythe resultsin aninteractve
viewer.

While we emplgy GPU-basegrogrammingtechniqueg23] to
promotea goodviewing experiencewe have takencarenotto rely
on the latestgeneratiorof GPUsor otherwiseplatform-dependent
hardware. The visualizationpipelineincluding preprocessingnd
interactive viewing runswell on a moderatelyequippedworksta-
tion. Theexamplesin this paperweretreatedon a PCwith 2 giga-
bytesof RAM andanNV20 classGPU.

4 EXTRACTION AND VISUALIZATION OF SWIRL AND TUM-
BLE MOTION

In this sectionwe presentthe methodsalong with corresponding
visualizationresultsanddiscusgheir relevancewith respecto the
realizationof thevisualizationgoals.

Remark:Dueto limitation of availablespacefor imagesmary
of the gures usedfor illustration of individual methodsactually
shav a combinationof differentvisualizationapproachesWe dis-
cussthebene tsof suchcombinationsn detailin Section5.

4.1 Visualization of Global Flow Behavior with Integration-
basedMethods

Integration-basedanethodsare well suitedto the analysisof time-
dependento ws. Their commonapplicationto stationary o ws is
only a specialcase.We go on to discussspeci ¢ approaches the
next section.

4.1.1 Particles& Pathlets

Despitetheir simplistic nature, particle visualizationcan provide
valuableinsight into the overall structureof a ow dataset(cf.
e.g.[2, 12]). Thisis especiallytruefor time-dependerdata.While
the basicprincipleis similar to that of streamlinesr pathlines,an
animationof moving masslesgarticlesmanageso convey thedy-
namicnatureof the o w muchbetterthat staticimageryalone. In
the generalcase,integral methodssuffer from seedingissues al-
thoughstratgieshave beenproposedo circumwentthis (e.g.[22]).
However, noneof theseapproacheis concernedvith time-varying

Figure 3: A singleframe from a time-varying tumble motion visualiza-
tion using a combination of particles and vortex cores as extracted
using cutting-plane topology. Particle velocity magnitude is color-
coded. The green lines represent the extracted vortex cores. Over
time, someof the particles are captured in the vicinity of vortex cores
resulting in lost energy (lower velocity) for the creation of the tumble
pattern.

data. Fortunately enginegeometrieffer the inlet pipe asa nat-
ural choiceof a seedingregion. Integration of pathlinesin time-
dependenBD o ws is straightforvard throughthe applicationof
standarchumericalintegrationalgorithmsthatonly requirethe in-
tegrandatasparsesetof points. While interpolationin time-varying
gridsis usuallyproblematic we wereableto exploit the topologi-
cally invariantstructureof thegrid to simplify pointlocation.

Figure 3 depictsa single frame from an animationof massless
particlesmoving with the o w during the early stageof the valve
cycle, seededat positionsin the intake pipe. The particlesare of
uniform size and color-codedaccordingto the o w velocity. The
imageallows an easyidenti cation of zoneswherethe velocity is
lower thanaverage,hinting at a non-optimalin o w patternat the
sideof thevalve. A sequencef pathletimagescorrespondingo
differenttimesteps(Fig. 4) shavs the evolving o w pattern. In-
dividual pathletsare color codedby the angleof their velocity in
the planeof the tumblemotion. An optimal motion pattern,when
viewed orthogonally shouldresemblethe color wheelgivenin the
legend. Throughthis simple approachiit is possibleto visually
matchthe patternandcon rm its presencer absenceén different
partsof the dataset.The rightmostimagecon rms thatthe overall
motionis evolving towardsroughly tumble-like nature. However,
theregion below theintake valve shawvs a very low velocity (short
pathlets),andat the front of the cylinder the o w hasa swirl-like
componen{cyanpathlets).The o w exhibitsnon-idealasymmetry

Our generakexperiencewith this techniques thatin spiteof be-
ing imprecise,it greatly furthersthe comprehensiomf the time-
dependento w by providing anoverview.

4.1.2 Streamsudces

Streamsudcesasan extensionof streamlinesreof greatvaluein
someapplicationsbecausehey manageto corvey a spatially co-
herentpicture of ow structureg(cf. [4, 16, 3]). We found them
to be of limited usein our case,for two reasons.First, both swirl
andtumblearelarge-scalenotionsthatarelocally overlaidby other
small-scaleo w patternsaandtheresultingstreamsudcesarecom-
plicatedto interpretsincethe small detailsare emphasizedby the
surfacenatureof this primitive. Secondlyit is unclearhow they
canbeappliedsatishctorily in atime-dependerntontext.
Despitethesedravbacks,we were able to apply a streamsur
faceto studythe intake behaior in the swirl-motion dataset(see



Figure 4: Time-varying pathlet visualization of the tumble ow pattern (left to right). Velocity magnitude is visualized by pathlet length.
Pathlets are seededin the upper intake pipe. As the piston movesdown, the tumble pattern emerges. The angle of the pathlet velocity in the
tumble plane is coded by color and allows an identi cation of a coherent tumble motion (last image). The ideal tumble motion is not achieved
due to low velocities on the right cylinder side and a swirl-like behaviar of some pathlets (cyan pathlets in the front).

Fig. 5). The streamsudceis seededt the beginning of the intake
pipe and a part of it caughtin a vortex after passingbeyond the
valve. Thisvortex is consideredub-optimakdueto alossin kinetic
enepgy which may otherwisecontrituteto swirl.

4.2 Topology-BasedVisualization of Flow Structures

Topologicalmethodsprovide ef cient meansfor the visualization
of essentiaktructuresn steady o ws. As opposedo the integral
methodsdescribedpreviously, they offer a fully automaticway to
gaininsightfrom vectordatasets.Thetopologicaltechniquds typ-
ically appliedin the visualizationof planar o ws [15] for which
it yields synthetic graph representations.|t consistsof critical

points(vector eld zeros)andconnectingseparatricesThethree-
dimensionakase however, remainschallenging.Besidedrequent
occlusionproblemghatmustbeaddressedpeci cally [19], promi-
nentfeaturesof interestik e vorticescannotgenerallybeidenti ed

aselementof 3D topology

In this paper we addressthesede ciencies by combining a
topologicalanalysisof the boundary o w with a hybrid approach
thatleverage<2D topologyto explore the 3D structureof a vector

eld [20].

Figure 5: A streamsurface seededin the intake pipe shows non-
optimal intake ow around the valve. The streamsurfaceis color
coded accading to arc length in integration direction for better visual
perception. A part of the streamsurfaceis drawn back to the top of
the cylinder, attaches to the valve, and circulates in a vortex.

4.2.1 BoundaryTopology

To our knowledge,a generaklgorithmfor vector eld topologyon
arbitrary triangulated2-manifoldsin three-spacéasnot yet been
describedn the visualizationliterature. Thus,we proposethe fol-
lowing approach.In eachtriangle, we usethe well-de ned local
tangentplaneto performa cell-wise searchfor critical pointsand
determinetheir type. The constructiornof separatricefrom saddle
pointsis performedusinga streamlineintegrationapproactbased
on geodesicasintroducedby Polthierand Schmieg11]. A spe-
ci ¢ characteristiof triangulatedsurfacesfor topologicalanalysis
is the existenceof whatwe termsingularedges Sincethetangent
planeis discontinuousicrosssurfaceedgesthe o w on bothsides
canbe contradictory Singularedgesaretypically found alongthe
sharpcontoursof thegeometrywherethey mustbeintegratedin the
topologicalanalysisto accountfor the possiblycontradictory o w
behaior betweemeighboringcells.

For viscous o ws, the information corveyed by the boundary
topologycanbenaturallyenhancedby shaving thestrengthof o w
separatiorandattachmenalongseparatricesFlow separatioroc-
curswhenthe ow surroundingan embeddedody interruptsits
tangentiaimotion alongthe objects boundaryandabruptlymaoves
away from it. The oppositephenomenoiis called o w attachment.
As pointedout by Kenwright[6], separatricesf theboundaryec-
tor eld constituteso calledclosedseparatioror attachmentines.
To quantify o w separatiorandattachmentlonga separatrixywe
computethe divergent (resp. corvergent) behaior of neighbor
ing streamlinesby evaluatingthe local divergenceof the vector
eld [21]. Thisis illustratedin Fig. 11 by the color codingof the
intensityof o w separatiorandattachmengalongseparatrices.

Direct visualizationof the boundarytopology producesmages
suchasFigure6 (swirl datasetiandcanalsobe appliedin a time-
dependentontext. The combinationof linearinterpolationin time
andin spaceoftenproducesrtifacts(suchasarti cial pairsof crit-
ical pointsthat appearand quickly vanishquickly). Nevertheless,
animationghatshowv thetemporalevolution of thesenstantaneous
graphsprovide valuablemeansto track the dynamicof important
ow patterng(cf. Fig. 11). In our experience boundarytopology
is mosteffective if usedin conjunctionwith methodsthat visual-
ize additionalpropertiesof the o w, bothin thevolumeandonthe
boundary Suchcombinationgpermitto determinghemutualin u-
encebetweenboundaryandvolume. We will discusstheseissues
whenwe examine further combinationsof methodspresentedn
Section5.



Figure 6: Visualization of swirl motion using boundary topology.
Critical points ared colored by type, and sepaatrix color varies
with sepaation/attachment behavia from dark blue (weak) to cyan
(strong). Singular edgesSepaatrices indicate the sepaation between
neighboring vortices on the boundary. (Left) Combination with vol-
ume renderingwith a transfer function of / ; only. On the bottom left
of the cylinder, the recirculation zone causesa non-ideal o -center
rotation, asvisualizedby topology. (Right) In combination with LIC.

4.2.2 Cutting-Plan€lopology

It was shawvn previously [20] that a moving cutting plane that
traversingthe datasetand on which the vector eld is resampled
andprojectedatregularintervalscanbea powerful tool in theanal-
ysisof 3D datasetsThe projectionof the vector eld ontheplane
effectively managego discardstructuresorthogonalto the plane,
but preseres plane-parallelo w patterns. If assumption®n the
orientationof featuresare given, this property can be exploited.
Cutting-planesare henceideally suitedfor the qualitative analysis
of swirl or tumblemotion, sinceits axis of rotationis known. Fur-
thermore the (discretized)continuumof cutting-planesallows for
the applicationof critical-point tracking over the planeparameter
range.In the caseof vortical motionthatis intersectedrthogonal
to therotationalcenter areproductiorof thevortex coreasthe path
of a critical point over the parameterangeshould,in theory work
well. In practice,it hardto intersect(a-priori unknavn) structures
exactly. Thisresultsin approximationof the vortex cores. Still, a
qualitative analysids viable.

Figure 7: Cutting-plane topology applied to the dieselengine. Sepa-
ratrices on di erent planesare colored gray. Although the visualiza-
tion must be interpreted with caution, swirl structures emergeclealy.
Critical points paths are colored accarding to type. Observethat the
overall swirl motion is fueled by several parallel vortices at the top
of the cylinder. The main swirl motion core is disrupted near the
middle.

In Figure7, theresultsof this approactappliedto the swirl mo-
tion datasetare displayed. As the cutting planesare applied or-
thogonalto thecylinder axis,coherenswirl-typestructureemepe
at the top of the cylinder. Rotationcoresorthogonatlto the planes
arevisualizedby critical point pathsover the planecontinuum.In-
terestingly the main swirl coreis supposedo extendthroughthe
wholecylinder, but is actuallyinterruptedhearthe middle.

Figure 9 shaws several framesfrom an animationof the tum-
ble dataset.The moving cutting planeshave beenappliedorthog-
onal to the tumble axis and are color codedby their distanceto
the backwall of the comhustionchambeffor increasedsisual clar
ity. Although the visualizationis not exact, the prevalenttumble
structureis capturedwell in spite of its overall weaknessand in-
stability. Again, the centerof the respectre motionsis given by
the critical pointspaths. The tumblemotionis foundto consistof
severalsmallervortices,of which somehave adiagonalorientation
thatlookslik e a simultaneougombinationof swirl andtumble. In
the full animation,the interactionof the differentsmallertumble
patternscanbeobseredasthey splitandmeige.

Usingonly thecritical point pathsin visualization,it is possible
to obsene the maintumblevortex, asshovn in Figure12. It does
not completelymatchthe desiredaxis andis highly off-centeron
the curvedwall of the comhustionchamberHeretoo, the diagonal
natureof the mainrotationis con rmed.

4.3 DirectExtraction and Visualization of Vortices

The extractionandvisualizationof vorticesis oneof the classical
topicsof o w visualizationandmuchwork hasbeenpublishedon
thetopic. A goodoverview is presentedby Postetal. [13]. In gen-
eral,methodscanbedividedinto thosethatfocuson the extraction
of line-typeprimitivessignifying a vortex coreline (seealso[14]),

andthosethatextractvortex coresasregionsbasedn differentcri-

teria. While the former producepreciseresults,the resultingline

primitives are dif cult to interpretin complicateddatasetssince
they offer only little informationaboutthe extentof a vortex or the
interactionof multiple vortices. In time-dependentyortex domi-
nated o ws this is alimiting factor(andtumblemotionis a prime
examplehere).Thereforeyortex coreregion methodsareusefulto

visualizeregionsof in uence andvortex interactions.

4.3.1 TheParallelOperatorandthe Sujudi-Haimesnethod

We apply the algorithmof SujudiandHaimes[18] in the numeri-
cally morestableparalleloperatowersion[10]. Thebasicideacon-
sistsof alocal (percell) patternmatchingbasecnthede nition of
avortex coreasthe centerof rotationalmotion. The algorithmre-
sultsin a numberof unconnectedine sggments. Post-processing
mustbe appliedin orderto sortout falsepositvesandachieve co-
herentvortex corelines (this is detailedby Roth [14]). While the

Figure 8: Direct vortex visualization in the swirl dataset using the
Sujudi-Haimes algorithm. The method favors small and strong vor-
tices, therefore, it is not ideally suited for the visualization of the
large-scaleswirl motion. The recirculation zone at the bottom of the
cylinder is however captured well.



Figure 9: Four frames from an animation of the tumble motion simulation. Cutting plane topology is applied to visualize o w eld structures in
the plane orthogonal to the tumble axis. Color of sepaatrices varies from blue to red on successivecutting planes. Tumble-like o w structures
emergeclealy from the otherwise incoherent lines. The paths of critical points over the cutting plane continuum are displayed in green. In the
last frame (right), the diagonal main tumble axis can be observedtogether with a large recirculation zone (closed path on the left).

methodproducegoodresultsfor simpledatasetst requiresderiva-
tivesof the o w vector eld andis thereforeproneto thein uence
of numericalnoise.lt has,however, thebene t of beingcompletely
automaticandgeneratingbjective results.

Figure 8 shavs an overview of the swirl datasetwith the ex-
tractedvortex cores. Fromthisimage,it is visible thatthe overall
swirl motion consistsof several smallerscalevorticesin the upper
half of the cylinder. In the middle andcloseto the bottom,small-
scaledisturbancearevisible. An interpretatiorof adataseby this
visualizationcanbe insightful but alsoinsufcient by itself. If for
example,the smallvorticesatthe top areactuallycountetrotating,
anoptimalswirl patternis notachieszed (seealsobelow). However,
this cannotbe judgedwith con dencefrom theseimagesalone.

4.3.2 VolumeVisualization

Among the mary region-based vortex de nitions, the [ -
criterion[5] hasawell establishedraditionin engineeringise.The
criterion is given as a scalarquantity derived from the ow eld
Jacobiammatrix andrelatedto a minimum in pressuran Navier-
Stokesequation9]. Accordingto its de nition, avortex is present
atapointif I , < 0. Traditionally, isosurbicesareusedto visualize
vortices.However, this approactdoesnot farewell in complicated
datasetsvith mary vortices. The resultingisosurficesdo not sep-
arateindividual vorticesand are proneto visual compleity. This
is only avoided by a carefulmanualselectionof the isovalue. In
addition, the strengthof the rotation (as given by the modulusof
I ») is not visualized. Volume renderinghasalso beenappliedin
thiscontext [17, 20] andis ableto overcomemostof thedif culties
relatedto isosurfices.As describedn [20], we have not attempted
to applyvolumerenderingdirectly to the unstructuredyrid but have
emplo/edaresamplingschemehatresultsin arectilineargrid cov-
ering the region of interest(in our casesthe cylinder). It is then
usedin adirectvolumerenderingapproach Althoughartifactsare
incurredin naive sampling,post-samplingscale-spacdtering is
very effective in removing theseartifacts.

Usingthis approachFigure6 (left) illustratesthe vorticesin the
context of theswirl motionusinga simpleone-dimensionatansfer
functionthatindicatesvortex strengthby color. As alreadyvisible
in the resultsof the Sujudi-Haimesmethod,the actual swirl mo-
tion consistsof several independentortices, mostprominentlya
strongvortex that spansalmostthe entire length of the cylinder.
It is clearly off-center A close-upof the uppercylinder region
including the region just belav the intake port is detailedin Fig-
ure10. It is apparenthatthefuel-air mixture enteringthe cylinder
is drawn into a strongrotationalmotion. Whetherthis is goodfor
the overall mixing processor an obstaclethatresultsin a pressure
losswith negative consequencegmainsunclear Technically we

havelimited thetransferfunctionrangeto / ,-valuesbetween 10°
and 1C?to lter vortical motionsatthesmallscales.

Recently the useof multi-dimensionatransferfunctions[7] in
o w visualizationwasinvestigated[20]. We male useof thistech-
nigueto visualizethe rotationalorientationof individual vortices,
allowing moreinsight into the mutualinteractionin the obsered
vortex systems.Adding normalizedhelicity asa secondvariable,
we manageto both strengtherthe vortex region criterion aswell
determinethe orientationof the rotationalmotion. Normalizedhe-
licity is givenastheanglebetweerthe velocity vectorandthe vor-
ticity vectorandhasarangeof [ 1;1], with positive valuesin the
caseof counterclockwiserotationin o w directionandnearzero
valuesindicatingvery weakvortical behaior. The obtainedvisu-
alization (cf. Fig 10) indicatesseveral mutually counterrotating
vorticesin closeproximity neartheintake ports. Thisis highly un-
desired sincepartof the enegy containedn thein o w is usedup
by this vortex system.

Theuseof multidimensionatransferfunctions(mostcommonly
in medicalimagegenerationfanrequiresomedegreeof interactv-

Figure 10: Visualization of the rotational directions in the vortex
systemat the top of the dieselenginecylinder. The transfer function
is identical to that of Fig. 1. The counter-rotating vortices appear in
blue and in red depending on rotation direction. On the boundary, the
topological analysis extracts and visualizessepaation lines between
individual vortices.



ity in thedeterminatiorof thetransferfunctionsin orderto specify
variable rangesmanuallyfor most satisfctory results. We wish
to emphasizehatin our case transferfunctionsbasedon physical
criteria (suchas/ , < 0) are automaticin the sensethe interest-
ing valuerangesaredictatedby thelaws of uid dynamics.Using
simplelinearinterpolationin time,ananimationcandepictthetem-
poralevolution of vorticesassociateavith swirl andtumblemotion
(seeFig. 1).

5 HYBRID APPROACHES

While performingexperimentswith the different approachesle-
tailed above, it becameapparenthat a combinationof visualiza-
tionscanprovide anevenmorethoroughunderstandingf the sim-
ulation results. In this section,we describeexamplesof particu-
larly effective combinationsand how they contribute to the swirl
andtumbleanalysis.

5.1 Boundary and cutting plane topology

In uid ows, compl ow structuressuchasvorticesare often
causeddy the interactionof the o w with boundaries.Depending
on this interaction,different patternsappearon a boundarythatin
turnallow to infer propertiesof thevolume o w. However, in com-
plicatedgeometriessuchasin-cylinder o w, this approachalone
introducesvisualizationcompleity dueto the high numberof vor-
ticesinvolvedandgenerallycomplex o w structure.

The combinationof boundarytopologyandcutting planetopol-
ogyis aneffective approachFigurellillustratesthisin time-slices
from an animation. For the tumble o w, this type of visualization
providesvaluableinsightinto the developmenbf thediagonaktum-
ble motion. In the early stagef the valve cycle (left two images),
the ow patternis very incoherentand unstable. Roughly at the
middle of the cycle (secondmagefrom theright), a swirl pattern
occursin the front half of the cylinder, mainly constitutedby two
large vortices. In the very last timestepsthe rotationalaxis tilts
towardsthe desiredtumble axis, but fails to reachit completely
Here, a large recirculationzone can be obsered that may hinder
thedevelopmeniof thetumblemotion.

5.2 Sparseand densemethods

Ontheboundarythetopologicalgraphasavisually sparsenethod
is effectively combinedwith densemethodssuchastexture-based
methodsr volumevisualization.While texture-basednethodsare
built on the capability of the humanvisual systemto identify pat-
ternsin the o w, thetopologicalgraphsenesasa tersestructural
picturethatrelieson cognitive interpolationon behalfof theviewer.
It is thereforeavery naturalcombination Figure6 (swirl, right im-
age)provides an example,shaving a very strongvortex nearthe
inlet that is draving away enegy from the creationof the ideal
swirl pattern.We referthereadeito previouswork [8] for otherap-
plicationsof texture-basedechniquesn this problemcontet that
we believe will bene t stronglyfrom a pairingwith afeature-based
visualization.

A similar conclusionis reachedby combiningboundarytopol-
ogy andthevolumevisualizationof vortices.Again looking for the
swirl pattern,the imperfectionof the actual o w motionis visible
in Figure6 (left). While the volumerenderingshows the correctly
orientedbut off-centermainvortex, thetopologygraphonthelower
cylinder boundarycomplementshis visualizationby shaving cor
nerregionsof the o w thatarenot taking partin the swirl pattern.
As expected the topologicalgraphalsosenesto shav separation
andattachmenboundarieghat delimit the regionsof in uence of
thedifferentvortices.As con rmed by therotationaldirectionanal-

ysis(cf. Fig. 10), thesevorticesarerotatingin differentdirections,
whichis consideredisdestructve o w behaior.

Thereare of courseotherpossiblecombinations:for example,
the Sujudi-Haimesvortex core line visualizationcan play a sim-
ilar role as cutting-planetopology In our experimentswe found
however thatit often detectsonly the strongvorticesat the intake
portionsof bothdatasetsCombiningparticlesandvortex corelines
offersinsightsinto how exactly the vorticesarecreatedandwhere
kinetic enegy is lostin smallscalestructuregcf. Fig. 3).

6 CONCLUSION AND FUTURE WORK

By usinga numberof visualizationtechniqueghatwe selectecas
automaticandobjective, we wereableto extractandcreatevisual-
izationsof the swirl andtumble datasetshatallow anin-depthvi-
sualanalysisof the actuallyoccurringpatterns.The visualizations
arecomparabldetweersimilar datasetandcanthusbe emploed
in designprototypeanalysis.By usinghybrid combinationof dif-
ferenttechniqueswe wereableto determingheextentto whichthe
desiredpatternis establishedndalsodetectin uencesthathinder
its formation.In summary:

The swirl motionin the dieselengineis visible in the form a
prominentmainvortex spanningheentirecylinder (Figure6,
left). It is non-optimallyoff-center A recirculationzoneis
presentn the lower cornerof the cylinder. This may be the
causefor the excentricity of the swirl motion. A vortex sys-
temattheintake valve (Figures8, 6 and 10 prohibitsthe full

conversionof enegy containedn theincoming o w into the
swirl motion.

The obseredtumblemotionin the gasengineis stronglydi-
agonalandresembles hybrid of bothswirl andtumble(Fig-
ures11 and 12). Heretoo, a prominentrecirculationzone
inducesthe swirl componeninto the ow. Again, the ow
distribution attheintake valve is not optimal.

The unstructuredadaptve andtime-varying natureof the tum-
ble datasetposestechnicalif culty thatwewereableto circum-
navigatethroughthe choiceof schemesndappropriatesxtensions
whereneeded.Theresultingvisualizationsare of high quality and
provide valuableinsightinto the application.

Figure 12: Close-up of Figure 11. Tumble motion center lines are
extracted using cutting-plane topology and are colored accarding to
the type of the critical point path. Boundary singularities appea at
intersections of the rotation centers with the boundary.



Figure 11: Time-varying visualization of tumble motion using a combination of cutting-plane topology and boundary topology. Where the
critical point paths computed over the cutting-plane parameter range intersect the boundary, singularities appea there, too. This is a prime
example of a hybrid approach being usedto investigate the relationship between boundary and volume methods.

Thereare mary possibleavenuesthat future work might take.
High up on the priority list areimprovementsin the eld of topo-
logical visualization.Full three-dimensiondbpologyhasnotbeen
completelyrealized,and while delivering viable visualizationre-
sults, replacementsuch as cutting-planetopology are not com-
pletely satishctory Theinclusionof featuressuchasvortex cores
into the topologicalskeletonis desirable put may not be possible.
Furthermoretheinterplaybetweerthe topologiesof the boundary
andvolume o ws needto beinvestigatedon amoresystematida-
sis. In general|t seemdgdesirableto examinethe hybridization of
differentvisualizationapproaches the samecontext.

Futurework could also featureimprovementsto mary of the
schemespresentedhere to allow for the treatmentsof larger
datasetssuchas whole engineblocks. It remainsto be seenin
haw farthisis feasiblefrom atechnicalpoint of view.
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