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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 shapes the bottom of the geometry moves down (not shown). The volume rendering shows
vortices using a two-dimensional transfer function of l 2 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
correspondencebetween 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

Optimizingthecombustionprocesswithin anengineblock is cen-
tral to the performanceof many motorizedvehicles. Associated
with this processare two important patternsof �o w: swirl and
tumblemotion,which optimizethemixing of �uid within eachof
an engine's cylinders. Good visualizationsare necessaryto ana-
lyze the simulationdataof thesein-cylinder �o ws. We present
a rangeof methodsincluding integral, feature-based,and image-
basedschemeswith thegoalof extractingandvisualizingthesetwo
importantpatternsof motion. We placea strongemphasison au-
tomaticandsemi-automaticmethodsthat requirelittle or no user
input.

The simulationdataassociatedwith in-cylinder tumblemotion
within a gas engine,given on an unstructured,time-varying and
adaptive resolutionCFD grid, demandsrobust visualizationmeth-
odsthatapplyto unsteady�o w. Wemakeeffectiveuseof animation
to visualizethe time-dependentsimulationdata. We alsodescribe
thechallengesandimplementationmeasuresnecessaryin orderto
applythepresentedmethodsto time-varying,volumetricgrids.
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1 I NTRODUCTI ON

Among the many designgoalsof combustion engines,the mix-
ing processof fuel and oxygenoccupiesan importantplace. If
a goodmixture canbe achieved, the resultingcombustionis both
cleanandef�cient, with all the fuel burnedandminimal exhaust
remaining.In turn, themixing processstronglydependson thein-
�o w of the fuel andair componentsinto the combustionchamber
or cylinder. If theinlet �o w generatessuf�cient kineticenergy dur-
ing thisvalvecycle, theresultingturbulencedistributesfuel andair
optimally in the combustionchamber. For commontypesof en-
gines,near-optimal �o w patternsareactuallyknown andinclude,
amongothers,so-calledswirl andtumblemotions. With the gen-
eralprogressof state-of-the-artCFD simulations,thedisciplineof
enginedesignis madeaccessibleto bothnumericalsimulationand
visualizationof theresultingdatasets,allowing for rapidtestingof
enginedesigns.

Larameeet al. [8] took preliminary stepstowards the visual-
ization andanalysisof in-cylinder �o w. Using a combinationof
texture-basedand geometrictechniques,they were able to indi-
rectly visualize the key swirl and tumble patternsin two engine
simulationdatasets.Theapproachesthey usedwereessentialman-
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Figure 2: (Left) Stable, circulating 
o w 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-dependent�o w. It is theaim of
this paperto expandon this previousstudyby providing additional
feature-centricvisualizationsof the swirl and tumblemotion pat-
ternsthatextractswirl andtumblecharacteristics(semi-)automat-
ically. With applicationby engineersin mind, we presenta survey
of methodsthatareusefulin thiscontext anddemonstratehow they
canbeeffectively appliedin enginesimulationanalysis.

Of particular interestare the time-varying natureof the simu-
lation andthe interconnectionbetweenvisualizationmethodsthat
treatdataof differentdimensionality(typically boundaryvs. vol-
umedata). We study to what extent an analysisof the boundary
�o w permitsreliable insights into the volume of the combustion
chamberon thepresentedexamples.

We describethetechniquesemployedandpresenta critical dis-
cussionof the resultingvisualizationsfrom an applicationstand-
point. Although the applicationdomaincovered in this work is
speci�c, theconclusionsreachedcanbeleveragedin many areasof
engineering.

Thepaperis structuredasfollows. In Section2, we describethe
datasetsthatwe basedour analysison, namelytwo importantpat-
ternsof in-cylinder �o w. Section3 is concernedwith the criteria
for our choiceof methods. We brie�y describethe methodsand
how they contribute to a satisfactory extraction and visualization
of swirl- and tumble-motions.Someof the technicalaspectsin-
volvedin time-varyingunstructuredgridsaredetailedaswell. Hy-
brid combinationsof methodsareexaminedin Section5, beforewe
concludeon thepresentedwork in Section6.

2 ENGI NE SI M UL ATI ON DATA

From a simpli�ed point-of-view, therearetwo typesof ideal �o w
patternsin an enginecylinder: swirl motion and tumble motion.
Both arerotationalmotions,however, theaxisof rotationis differ-
ent in eachcase. Dependingon the type of engine,oneof these
patternsis consideredoptimalbecauseit maximizesmixing of in-
jectedfuel andair, resultingin homogeneouscombustion.

In this paper, we treat two datasetsshowing eachof thesetwo
typesof �o w patterns(henceforthtermed“swirl-motion datasetand
“tumblemotiondataset”).Thebasicgeometriesof thedatasetsand
the respective desiredmotion patternsareshown in Figure2. Al-
thoughthey weregeneratedin thesameproblemcontext, thesimu-

lationdatasetsdiffer in anumberof ways.

2.1 Swirl-Motion in a DieselEngine

This simulationis the resultof a the simulationof steadycharge
�o w in adieselengine,basedonastationarygeometry, resultingin
a simpleandstable�o w. Themainaxisof motion is alignedwith
thecylinder axisandis constantin time. Thespatialresolutionof
thesingletimestepis highwith atotalof 776.000unstructuredcells
onanadaptive resolutiongrid.

2.2 Tumble-Motion in a GasEngine

Thisdatasetresultsfromanunsteadysimulationof thechargephase
of a gasengine(crankangles380� to 540� ). As thepistonmoves
down, thecylinder volumeincreasesby anorderof magnitudeand
thefuel-air mixtureenteringthecylinder is drawn into a gradually
developingtumblepattern. The overall motion is highly transient
and unstable. Both spatialand temporalresolutionare relatively
low, with thedatagivenon 32 timestepsandthegrid consistingof
roughly 61.000unstructuredelementsat the maximumcrankan-
gle. It is interestingto notethat theactualmeshtopologyremains
constantthroughoutall timesteps.This is accomplishedby theuse
of virtual zero-volumecells at the pistonheadthat expandasthe
pistonmovesdown; only themeshverticesarechangingin time.

Bothsimulationswerecomputedin theDepartmentof Advanced
SimulationTechnologies(AST) atAVL (www.avl.com) for thede-
signandanalysisof speci�c �o w in-cylinder types. In additionto
the�o w vector�eld, thedatasetsencompassanumberof additional
attributessuchastemperatureandpressure.In this work, we focus
on the analysisof the swirl andtumbleaspectsof the �o w vector
�eld. Althoughthehighestpriority is given to thevisualizationof
thepatternsthemselves(or their absence),causesfor their absence
arealsosought.

3 CHOI CE OF M ETHODS

Here, we describethe criteria for our selectionof visualization
methods.

3.1 Visualization Goals

Themain interestin thevisualizationof thedatasetsis theextrac-
tion andvisual analysisof the swirl- andtumble-motionpatterns.
Therefore,the�o w vector�eld andits derivedquantitiesareof pri-
maryinterest.

For the use in designanalysis,the constructedvisualizations
needto be objective, meaningthat the quality of the visualization
resultmustnot dependon vital parametersto be suppliedby the
user. This resultsin comparablevisualizationsfor differentsimula-
tion resultsof thesameprototypeor possiblyevenamongdifferent
designprototypes.Therefore,in theselectionof methods,we have
put anemphasison automaticschemesthatrequirelittle or no user
input.

3.2 Data Dimensionality

The simulationresultsaregiven in the form of attributesde�ned
in the interior of the respective cylinder geometries.As is quite
commonin CFD simulations,the �o w is requiredto vanishon the
domainboundary(no-slip condition) in order to correctly model
�uid-boundaryfriction. Nevertheless,valuesontheboundaryof the
domainareeasilyinferredby e.g. extrapolationof volumevalues
next to the boundary. It is alsonotablethat in classicalengineer-
ing analysis,visualizationis widely performedontwo-dimensional
slices.



Overall,thelevel of informationthatcanbeprovidedby avisual-
izationtechniqueincreaseswith thedimensionof thedatait treats.
At thesametime, thevisualizationresultneednot necessarilyim-
prove dueto perceptualissuessuchascluttering. Finally, thereis
usuallyapriceto payin algorithmiccomplexity andcomputational
costasoneprogressesto higherdimensions.Therefore,for thecase
of our examples,we examinein somedetail how the analysisof
boundaryandslicedataallows to draw reliableconclusionson the
patternof thevolume�o w. Weachievethisby apairingof methods
thatcombineboundaryandvolumetechniques.

3.3 Practical considerations

In ourstudyof thedatasets,wehavefoundthatthepossibilityof in-
teractiveviewing of visualizationresultsgreatlyenhancesthecom-
prehensionof occurringstructures.This is in partto beattributedto
thecomplex geometriesof thedatasetsthatareconducive to spatial
perceptionproblems.In thecaseof time-dependenttumblemotion,
it is especiallyhelpful to seethedatasetandthevisualizationin an
animation.Only throughthis canthedynamicof thedifferentmo-
tions be fully understood.Evenmostof the techniquesthat apply
only to stationary�o w (suchasthebetterpartof feature-extraction
schemes)lendthemselvesfavorablyto thegenerationof animations
by concatenationof resultsonsuccessive time-slices.Thereaderis
referredto the accompanying video [1] in which we demonstrate
this. As a consequence,we constructthevisualizationsoff-line in
a preprocessingstepandthendisplaythe resultsin an interactive
viewer.

While we employ GPU-basedprogrammingtechniques[23] to
promotea goodviewing experience,wehave takencarenot to rely
on the latestgenerationof GPUsor otherwiseplatform-dependent
hardware. The visualizationpipelineincluding preprocessingand
interactive viewing runswell on a moderatelyequippedworksta-
tion. Theexamplesin this paperweretreatedon a PCwith 2 giga-
bytesof RAM andanNV20 classGPU.

4 EXTRACTI ON AND V I SUAL I ZATI ON OF SWI RL AND TUM -
BL E M OTI ON

In this sectionwe presentthe methodsalongwith corresponding
visualizationresultsanddiscusstheir relevancewith respectto the
realizationof thevisualizationgoals.

Remark:Due to limitation of availablespacefor images,many
of the �gures usedfor illustration of individual methodsactually
show a combinationof differentvisualizationapproaches.We dis-
cussthebene�tsof suchcombinationsin detail in Section5.

4.1 Visualization of Global Flow Behavior with Integration-
basedMethods

Integration-basedmethodsarewell suitedto the analysisof time-
dependent�o ws. Their commonapplicationto stationary�o ws is
only a specialcase.We go on to discussspeci�c approachesin the
next section.

4.1.1 Particles& Pathlets

Despitetheir simplistic nature,particle visualizationcan provide
valuable insight into the overall structureof a �o w dataset(cf.
e.g.[2, 12]). This is especiallytruefor time-dependentdata.While
thebasicprinciple is similar to thatof streamlinesor pathlines,an
animationof moving masslessparticlesmanagesto convey thedy-
namicnatureof the �o w muchbetterthatstaticimageryalone. In
the generalcase,integral methodssuffer from seedingissues,al-
thoughstrategieshavebeenproposedto circumventthis (e.g.[22]).
However, noneof theseapproachesis concernedwith 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, enginegeometriesoffer the inlet pipe asa nat-
ural choiceof a seedingregion. Integrationof pathlinesin time-
dependent3D �o ws is straightforward throughthe applicationof
standardnumericalintegrationalgorithmsthatonly requirethe in-
tegrandatasparsesetof points.While interpolationin time-varying
grids is usuallyproblematic,we wereableto exploit the topologi-
cally invariantstructureof thegrid to simplify point location.

Figure3 depictsa singleframefrom an animationof massless
particlesmoving with the �o w during the early stageof the valve
cycle, seededat positionsin the intake pipe. The particlesareof
uniform sizeandcolor-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 the valve. A sequenceof pathletimagescorrespondingto
different timesteps(Fig. 4) shows the evolving �o w pattern. In-
dividual pathletsarecolor codedby the angleof their velocity in
theplaneof the tumblemotion. An optimalmotionpattern,when
viewedorthogonally, shouldresemblethecolor wheelgivenin the
legend. Throughthis simple approach,it is possibleto visually
matchthe patternandcon�rm its presenceor absencein different
partsof thedataset.Therightmostimagecon�rms that theoverall
motion is evolving towardsroughly tumble-like nature. However,
theregion below the intake valve shows a very low velocity (short
pathlets),andat the front of the cylinder the �o w hasa swirl-like
component(cyanpathlets).The�o w exhibitsnon-idealasymmetry.

Our generalexperiencewith this techniqueis thatin spiteof be-
ing imprecise,it greatly furthersthe comprehensionof the time-
dependent�o w by providing anoverview.

4.1.2 Streamsurfaces

Streamsurfacesasanextensionof streamlinesareof greatvaluein
someapplicationsbecausethey manageto convey a spatiallyco-
herentpictureof �o w structures(cf. [4, 16, 3]). We found them
to beof limited usein our case,for two reasons.First, bothswirl
andtumblearelarge-scalemotionsthatarelocally overlaidby other
small-scale�o w patternsandtheresultingstreamsurfacesarecom-
plicatedto interpretsincethe small detailsareemphasizedby the
surfacenatureof this primitive. Secondly, it is unclearhow they
canbeappliedsatisfactorily in a time-dependentcontext.

Despitethesedrawbacks,we were able to apply a streamsur-
faceto study the intake behavior in the swirl-motion dataset(see



Figure 4: Time-varying pathlet visualization of the tumble 
o w pattern (left to right). Velocity magnitude is visualized by pathlet length.
Pathlets are seededin the upper intake pipe. As the piston moves down, 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 behavior of some pathlets (cyan pathlets in the front).

Fig. 5). Thestreamsurfaceis seededat thebeginningof the intake
pipe and a part of it caughtin a vortex after passingbeyond the
valve. Thisvortex is consideredsub-optimaldueto a lossin kinetic
energy whichmayotherwisecontributeto swirl.

4.2 Topology-BasedVisualization of Flow Structur es

Topologicalmethodsprovide ef�cient meansfor the visualization
of essentialstructuresin steady�o ws. As opposedto the integral
methodsdescribedpreviously, they offer a fully automaticway to
gain insightfrom vectordatasets.Thetopologicaltechniqueis typ-
ically appliedin the visualizationof planar�o ws [15] for which
it yields syntheticgraph representations.It consistsof critical
points(vector�eld zeros)andconnectingseparatrices.The three-
dimensionalcase,however, remainschallenging.Besidesfrequent
occlusionproblemsthatmustbeaddressedspeci�cally [19], promi-
nentfeaturesof interestlike vorticescannotgenerallybeidenti�ed
aselementsof 3D topology.

In this paper, we addressthesede�ciencies by combining a
topologicalanalysisof the boundary�o w with a hybrid approach
that leverages2D topologyto explore the3D structureof a vector
�eld [20].

Figure 5: A streamsurface seeded in the intake pipe shows non-
optimal intake 
o w around the valve. The streamsurface is color
coded according 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 ourknowledge,a generalalgorithmfor vector�eld topologyon
arbitrarytriangulated2-manifoldsin three-spacehasnot yet been
describedin thevisualizationliterature.Thus,we proposethefol-
lowing approach.In eachtriangle,we usethe well-de�ned local
tangentplaneto performa cell-wisesearchfor critical pointsand
determinetheir type. Theconstructionof separatricesfrom saddle
pointsis performedusinga streamlineintegrationapproachbased
on geodesicsasintroducedby PolthierandSchmies[11]. A spe-
ci�c characteristicof triangulatedsurfacesfor topologicalanalysis
is theexistenceof whatwe termsingularedges. Sincethetangent
planeis discontinuousacrosssurfaceedges,the�o w on bothsides
canbecontradictory. Singularedgesaretypically foundalongthe
sharpcontoursof thegeometrywherethey mustbeintegratedin the
topologicalanalysisto accountfor thepossiblycontradictory�o w
behavior betweenneighboringcells.

For viscous�o ws, the information conveyed by the boundary
topologycanbenaturallyenhancedby showing thestrengthof �o w
separationandattachmentalongseparatrices.Flow separationoc-
curs when the �o w surroundingan embeddedbody interruptsits
tangentialmotionalongtheobject's boundaryandabruptlymoves
away from it. Theoppositephenomenonis called�o w attachment.
As pointedoutby Kenwright[6], separatricesof theboundaryvec-
tor �eld constitutesocalledclosedseparationor attachmentlines.
To quantify �o w separationandattachmentalonga separatrix,we
computethe divergent (resp. convergent) behavior of neighbor-
ing streamlinesby evaluating the local divergenceof the vector
�eld [21]. This is illustratedin Fig. 11 by the color codingof the
intensityof �o w separationandattachmentalongseparatrices.

Direct visualizationof the boundarytopologyproducesimages
suchasFigure6 (swirl dataset)andcanalsobeappliedin a time-
dependentcontext. Thecombinationof linearinterpolationin time
andin spaceoftenproducesartifacts(suchasarti�cial pairsof crit-
ical pointsthat appearandquickly vanishquickly). Nevertheless,
animationsthatshow thetemporalevolutionof theseinstantaneous
graphsprovide valuablemeansto track the dynamicof important
�o w patterns(cf. Fig. 11). In our experience,boundarytopology
is mosteffective if usedin conjunctionwith methodsthat visual-
ize additionalpropertiesof the�o w, bothin thevolumeandon the
boundary. Suchcombinationspermitto determinethemutualin�u-
encebetweenboundaryandvolume. We will discusstheseissues
when we examinefurther combinationsof methodspresentedin
Section5.



Figure 6: Visualization of swirl motion using boundary topology.
Critical points ared colored by type, and separatrix color varies
with separation/attachment behavior from dark blue (weak) to cyan
(strong). Singular edgesSeparatrices indicate the separation between
neighboring vortices on the boundary. (Left) Combination with vol-
ume rendering with a transfer function of l 2 only. On the bottom left
of the cylinder, the recirculation zone causesa non-ideal o�-center
rotation, as visualizedby topology. (Right) In combination with LIC.

4.2.2 Cutting-PlaneTopology

It was shown previously [20] that a moving cutting plane that
traversingthe datasetand on which the vector �eld is resampled
andprojectedat regularintervalscanbeapowerful tool in theanal-
ysisof 3D datasets.Theprojectionof thevector�eld on theplane
effectively managesto discardstructuresorthogonalto the plane,
but preserves plane-parallel�o w patterns. If assumptionson the
orientationof featuresare given, this propertycan be exploited.
Cutting-planesarehenceideally suitedfor thequalitative analysis
of swirl or tumblemotion,sinceits axisof rotationis known. Fur-
thermore,the (discretized)continuumof cutting-planesallows for
the applicationof critical-point trackingover the planeparameter
range.In thecaseof vortical motionthat is intersectedorthogonal
to therotationalcenter, areproductionof thevortex coreasthepath
of a critical point over theparameterrangeshould,in theory, work
well. In practice,it hardto intersect(a-priori unknown) structures
exactly. This resultsin approximationsof thevortex cores.Still, a
qualitativeanalysisis viable.

Figure 7: Cutting-plane topology applied to the dieselengine. Sepa-
ratrices on di�erent planes are colored gray. Although the visualiza-
tion must be interpreted with caution, swirl structures emergeclearly.
Critical points paths are colored according 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 approachappliedto theswirl mo-
tion datasetare displayed. As the cutting planesare appliedor-
thogonalto thecylinderaxis,coherentswirl-typestructuresemerge
at the top of the cylinder. Rotationcoresorthogonalto the planes
arevisualizedby critical point pathsover theplanecontinuum.In-
terestingly, the main swirl coreis supposedto extendthroughthe
wholecylinder, but is actuallyinterruptednearthemiddle.

Figure 9 shows several framesfrom an animationof the tum-
ble dataset.The moving cuttingplaneshave beenappliedorthog-
onal to the tumble axis and are color codedby their distanceto
thebackwall of thecombustionchamberfor increasedvisualclar-
ity. Although the visualizationis not exact, the prevalent tumble
structureis capturedwell in spiteof its overall weaknessand in-
stability. Again, the centerof the respective motionsis given by
thecritical pointspaths.The tumblemotion is foundto consistof
severalsmallervortices,of whichsomehaveadiagonalorientation
that lookslike a simultaneouscombinationof swirl andtumble. In
the full animation,the interactionof the differentsmallertumble
patternscanbeobservedasthey split andmerge.

Usingonly thecritical point pathsin visualization,it is possible
to observe themain tumblevortex, asshown in Figure12. It does
not completelymatchthe desiredaxis andis highly off-centeron
thecurvedwall of thecombustionchamber. Heretoo, thediagonal
natureof themainrotationis con�rmed.

4.3 Dir ectExtraction and Visualization of Vortices

The extractionandvisualizationof vorticesis oneof the classical
topicsof �o w visualization,andmuchwork hasbeenpublishedon
thetopic. A goodoverview is presentedby Postet al. [13]. In gen-
eral,methodscanbedividedinto thosethatfocuson theextraction
of line-typeprimitivessignifying a vortex coreline (seealso[14]),
andthosethatextractvortex coresasregionsbasedondifferentcri-
teria. While the former producepreciseresults,the resultingline
primitives are dif�cult to interpret in complicateddatasets,since
they offer only little informationabouttheextentof a vortex or the
interactionof multiple vortices. In time-dependent,vortex domi-
nated�o ws this is a limiting factor(andtumblemotion is a prime
examplehere).Therefore,vortex coreregionmethodsareusefulto
visualizeregionsof in�uence andvortex interactions.

4.3.1 TheParallelOperatorandtheSujudi-Haimesmethod

We apply thealgorithmof SujudiandHaimes[18] in thenumeri-
cally morestableparalleloperatorversion[10]. Thebasicideacon-
sistsof a local (per-cell) patternmatchingbasedonthede�nition of
a vortex coreasthecenterof rotationalmotion. Thealgorithmre-
sults in a numberof unconnectedline segments. Post-processing
mustbeappliedin orderto sortout falsepositivesandachieve 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 separatrices varies from blue to red on successivecutting planes. Tumble-like 
o w structures
emergeclearly 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).

methodproducesgoodresultsfor simpledatasets,it requiresderiva-
tivesof the�o w vector�eld andis thereforeproneto thein�uence
of numericalnoise.It has,however, thebene�t of beingcompletely
automaticandgeneratingobjective results.

Figure 8 shows an overview of the swirl datasetwith the ex-
tractedvortex cores.Fromthis image,it is visible that theoverall
swirl motionconsistsof severalsmaller-scalevorticesin theupper
half of thecylinder. In themiddleandcloseto thebottom,small-
scaledisturbancesarevisible. An interpretationof adatasetby this
visualizationcanbe insightful but alsoinsuf�cient by itself. If for
example,thesmallvorticesat thetop areactuallycounter-rotating,
anoptimalswirl patternis notachieved(seealsobelow). However,
this cannotbejudgedwith con�dencefrom theseimagesalone.

4.3.2 VolumeVisualization

Among the many region-based vortex de�nitions, the l 2-
criterion[5] hasawell establishedtraditionin engineeringuse.The
criterion is given as a scalarquantityderived from the �o w �eld
Jacobianmatrix andrelatedto a minimum in pressurein Navier-
Stokesequation[9]. Accordingto its de�nition, a vortex is present
at a point if l 2 < 0. Traditionally, isosurfacesareusedto visualize
vortices.However, this approachdoesnot farewell in complicated
datasetswith many vortices.Theresultingisosurfacesdo not sep-
arateindividual vorticesandareproneto visual complexity. This
is only avoidedby a carefulmanualselectionof the isovalue. In
addition, the strengthof the rotation(asgiven by the modulusof
l 2) is not visualized. Volumerenderinghasalsobeenappliedin
thiscontext [17, 20] andis ableto overcomemostof thedif�culties
relatedto isosurfaces.As describedin [20], we have not attempted
to applyvolumerenderingdirectly to theunstructuredgrid but have
employedaresamplingschemethatresultsin arectilineargrid cov-
ering the region of interest(in our cases,the cylinder). It is then
usedin a directvolumerenderingapproach.Althoughartifactsare
incurredin naive sampling,post-samplingscale-space�ltering is
veryeffective in removing theseartifacts.

Usingthis approach,Figure6 (left) illustratesthevorticesin the
context of theswirl motionusingasimpleone-dimensionaltransfer
functionthat indicatesvortex strengthby color. As alreadyvisible
in the resultsof the Sujudi-Haimesmethod,the actualswirl mo-
tion consistsof several independentvortices,mostprominentlya
strongvortex that spansalmost the entire length of the cylinder.
It is clearly off-center. A close-upof the uppercylinder region
including the region just below the intake port is detailedin Fig-
ure10. It is apparentthatthefuel-air mixtureenteringthecylinder
is drawn into a strongrotationalmotion. Whetherthis is goodfor
theoverall mixing processor anobstaclethat resultsin a pressure
losswith negative consequencesremainsunclear. Technically, we

have limited thetransferfunctionrangeto l 2-valuesbetween� 106

and� 102 to �lter vorticalmotionsat thesmallscales.
Recently, theuseof multi-dimensionaltransferfunctions[7] in

�o w visualizationwasinvestigated[20]. We make useof this tech-
niqueto visualizethe rotationalorientationof individual vortices,
allowing more insight into the mutual interactionin the observed
vortex systems.Adding normalizedhelicity asa secondvariable,
we manageto both strengthenthe vortex region criterion aswell
determinetheorientationof therotationalmotion. Normalizedhe-
licity is givenastheanglebetweenthevelocity vectorandthevor-
ticity vectorandhasa rangeof [� 1;1], with positive valuesin the
caseof counter-clockwiserotationin �o w directionandnear-zero
valuesindicatingvery weakvortical behavior. The obtainedvisu-
alization (cf. Fig 10) indicatesseveral mutually counter-rotating
vorticesin closeproximity neartheintake ports.This is highly un-
desired,sincepartof theenergy containedin thein�o w is usedup
by thisvortex system.

Theuseof multidimensionaltransferfunctions(mostcommonly
in medicalimagegeneration)canrequiresomedegreeof interactiv-

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 dependingon rotation direction. On the boundary, the
topological analysis extracts and visualizesseparation lines between
individual vortices.



ity in thedeterminationof thetransferfunctionsin orderto specify
variablerangesmanually for most satisfactory results. We wish
to emphasizethat in our case,transferfunctionsbasedon physical
criteria (suchas l 2 < 0) are automaticin the sensethe interest-
ing valuerangesaredictatedby thelaws of �uid dynamics.Using
simplelinearinterpolationin time,ananimationcandepictthetem-
poralevolutionof vorticesassociatedwith swirl andtumblemotion
(seeFig. 1).

5 HYBRI D APPROACHES

While performingexperimentswith the different approachesde-
tailed above, it becameapparentthat a combinationof visualiza-
tionscanprovideanevenmorethoroughunderstandingof thesim-
ulation results. In this section,we describeexamplesof particu-
larly effective combinationsandhow they contribute to the swirl
andtumbleanalysis.

5.1 Boundary and cutting plane topology

In �uid �o ws, complex �o w structuressuchasvorticesareoften
causedby the interactionof the �o w with boundaries.Depending
on this interaction,differentpatternsappearon a boundarythat in
turnallow to infer propertiesof thevolume�o w. However, in com-
plicatedgeometriessuchas in-cylinder �o w, this approachalone
introducesvisualizationcomplexity dueto thehighnumberof vor-
ticesinvolvedandgenerallycomplex �o w structure.

Thecombinationof boundarytopologyandcuttingplanetopol-
ogyis aneffectiveapproach.Figure11illustratesthis in time-slices
from ananimation.For the tumble�o w, this typeof visualization
providesvaluableinsightinto thedevelopmentof thediagonaltum-
ble motion. In theearlystagesof thevalve cycle (left two images),
the �o w patternis very incoherentand unstable. Roughlyat the
middle of the cycle (secondimagefrom the right), a swirl pattern
occursin the front half of the cylinder, mainly constitutedby two
large vortices. In the very last timesteps,the rotationalaxis tilts
towardsthe desiredtumble axis, but fails to reachit completely.
Here,a large recirculationzonecanbe observed that may hinder
thedevelopmentof thetumblemotion.

5.2 Sparseand densemethods

Ontheboundary, thetopologicalgraphasavisuallysparsemethod
is effectively combinedwith densemethods,suchastexture-based
methodsor volumevisualization.While texture-basedmethodsare
built on the capabilityof the humanvisual systemto identify pat-
ternsin the �o w, the topologicalgraphservesasa tersestructural
picturethatreliesoncognitiveinterpolationonbehalfof theviewer.
It is thereforeaverynaturalcombination.Figure6 (swirl, right im-
age)providesan example,showing a very strongvortex nearthe
inlet that is drawing away energy from the creationof the ideal
swirl pattern.Wereferthereaderto previouswork [8] for otherap-
plicationsof texture-basedtechniquesin this problemcontext that
webelievewill bene�t stronglyfrom apairingwith a feature-based
visualization.

A similar conclusionis reachedby combiningboundarytopol-
ogyandthevolumevisualizationof vortices.Again lookingfor the
swirl pattern,the imperfectionof theactual�o w motion is visible
in Figure6 (left). While thevolumerenderingshows thecorrectly
orientedbut off-centermainvortex, thetopologygraphonthelower
cylinder boundarycomplementsthis visualizationby showing cor-
nerregionsof the �o w thatarenot takingpart in theswirl pattern.
As expected,the topologicalgraphalsoservesto show separation
andattachmentboundariesthatdelimit the regionsof in�uence of
thedifferentvortices.As con�rmedby therotationaldirectionanal-

ysis(cf. Fig. 10), thesevorticesarerotatingin differentdirections,
which is consideredasdestructive �o w behavior.

Thereareof courseotherpossiblecombinations:for example,
the Sujudi-Haimesvortex core line visualizationcan play a sim-
ilar role ascutting-planetopology. In our experimentswe found
however that it often detectsonly the strongvorticesat the intake
portionsof bothdatasets.Combiningparticlesandvortex corelines
offers insightsinto how exactly thevorticesarecreatedandwhere
kineticenergy is lost in smallscalestructures(cf. Fig. 3).

6 CONCL USI ON AND FUTURE WORK

By usinga numberof visualizationtechniquesthatwe selectedas
automaticandobjective,we wereableto extractandcreatevisual-
izationsof theswirl andtumbledatasetsthatallow anin-depthvi-
sualanalysisof theactuallyoccurringpatterns.Thevisualizations
arecomparablebetweensimilardatasetsandcanthusbeemployed
in designprototypeanalysis.By usinghybrid combinationsof dif-
ferenttechniques,wewereableto determinetheextentto whichthe
desiredpatternis establishedandalsodetectin�uencesthathinder
its formation.In summary:

� Theswirl motion in thedieselengineis visible in theform a
prominentmainvortex spanningtheentirecylinder (Figure6,
left). It is non-optimallyoff-center. A recirculationzoneis
presentin the lower cornerof the cylinder. This may be the
causefor theexcentricityof theswirl motion. A vortex sys-
temat theintake valve (Figures8, 6 and10 prohibitsthefull
conversionof energy containedin theincoming�o w into the
swirl motion.

� Theobservedtumblemotionin thegasengineis stronglydi-
agonalandresemblesa hybrid of bothswirl andtumble(Fig-
ures11 and 12). Here too, a prominentrecirculationzone
inducesthe swirl componentinto the �o w. Again, the �o w
distributionat theintakevalve is notoptimal.

The unstructured,adaptive andtime-varyingnatureof the tum-
bledatasetsposesatechnicaldif�culty thatwewereableto circum-
navigatethroughthechoiceof schemesandappropriateextensions
whereneeded.Theresultingvisualizationsareof high quality and
providevaluableinsightinto theapplication.

Figure 12: Close-up of Figure 11. Tumble motion center lines are
extracted using cutting-plane topology and are colored according to
the type of the critical point path. Boundary singularities appear 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 appear there, too. This is a prime
example of a hybrid approach being used to investigate the relationship between boundary and volume methods.

Therearemany possibleavenuesthat future work might take.
High up on thepriority list areimprovementsin the �eld of topo-
logical visualization.Full three-dimensionaltopologyhasnotbeen
completelyrealized,andwhile delivering viable visualizationre-
sults, replacementssuchas cutting-planetopology are not com-
pletelysatisfactory. The inclusionof featuressuchasvortex cores
into the topologicalskeletonis desirable,but maynot bepossible.
Furthermore,theinterplaybetweenthetopologiesof theboundary
andvolume�o ws needto beinvestigatedon a moresystematicba-
sis. In general,it seemsdesirableto examinethe hybridizationof
differentvisualizationapproachesin thesamecontext.

Futurework could also featureimprovementsto many of the
schemespresentedhere to allow for the treatmentsof larger
datasets,suchas whole engineblocks. It remainsto be seenin
how far this is feasiblefrom a technicalpointof view.
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