Visual Analysis and Exploration of Fluid Flow in a Cooling Jacket
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Figure 1: The visualization of CFD simulation data from a cooling jacket: (left) texture-based ow visualization applied to the surface,
(middle) semi-automatic extraction and visualization of vortex core lines using the moving cutting plane method and, (right) a feature-based,
focus+context visualization showing regions of near-stagnant o w, speci ed interactively. Each snap-shotis accompaniedby a close-up.

ABSTRACT

We presenta visual analysisandexplorationof uid o w through
acoolingjacket. Engineersnvesta large amountof time andseri-
ouseffort to optimizethe o w throughthis enginecomponenbe-
causeof itsimportantrolein transferringheataway from theengine
block. In this study we examinethe designgoalsthat engineers
applyin orderto constructan ideal-as-possibleooling jacket ge-
ometryandusea broadrangeof visualizationtoolsin orderto an-
alyze,explore, and presenthe results. We systematicallyemploy
direct, geometric,andtexture-basedo w visualizationtechniques
aswell asautomatideatureextractionandinteractive feature-based
methodologyAnd wediscusgherelative advantagesinddisadwan-
tagesof theseapproacheaswell asthe challengesbothtechnical
and perceptualwith this application. The resultis a feature-rich
state-of-the-arto w visualizationanalysisappliedto animportant
andcomple datasetfrom real-world computationaluid dynamics
simulations.

CR Categories: 1.3.3 [ComputerGraphics]: Picture/ImageGen-
eration; 1.3.7 [ComputerGraphics]: Three-DimensionaGraphics
andRealism—Colarshadingshadaeving, andtexturel.6.6[Simula-
tion andModeling]: SimulationOutputAnalysis

Keywords: o w visualization,vector eld visualization feature-
extraction,feature-basedisualization computationaluid dynam-
ics (CFD), coolingjacket, visualizationsystemsenginesimulation,
heattransfer

VRVis ResearcltCenterin Vienna,Austria,
e-mail: f Laramee,Doleisch,Hausg® VRVis.at
TDepartmenbf ComputerScience University of KaiserslauternGer
mary, e-mail: garth@rhrk.uni-kl.dehagen@informatik.uni-kl.de
*Departmenbf AdvancedSimulationTechnologiegAST), AVL, Graz,
Austria,e-mail: juergen.schneider@acom

1 INTRODUCTION

The departmenbof AdvancedSimulation TechnologieS(AST) at

AVL (www.avl.com) makes daily useof computationaluid dy-

namics(CFD) software in orderto analyze,explore, and present
the resultsof their simulations. CFD simulationsoftwareis used
notonly to recommendmprovementsn designof automotie com-

ponentshut alsoto highlight the cause(spf enginefailurein some
cases. In general,one of the major causef enginefailure can
resultfrom over-heating.

We presenta visual analysis,exploration, and presentatiorof
a feature-richrangeof o w visualizationmethodologyin orderto
investicgateandevaluatethedesignof acoolingjacketfrom anauto-
motive engine.Theengineerat AVL-AST investalargeamountof
time andeffort into trouble-shootingandoptimizing coolingjacket
designbecauseoolingjacketsplay animportantrolein engineper
formance.Our studyincludesthe systemati@pplicationof a broad
rangeof approachemcludingdirect,geometrictexture-basedand
feature-based.g.,automatic semi-automaticandinteractie, fea-
ture extractiontechniquesEachis usedto investigateandevaluate
the designof a cooling jacket. By systematiove mean,the em-
ploymentof algorithmsall to the samedatasetandall toward a
commongoal, namely the visualizationof uid o w throughthis
importantenginecomponent. We discussthe relative adwvantages
anddisadwantageof thesetechniquesand give recommendations
asto wherethey arebestappliedin orderto investigateandexplore
coolingjacketdesign.

Cooling Jacket Design: The complex shapeof the cooling
jacket is in uenced by multiple factorsincluding the shapeof the
engineblock andoptimaltemperaturet which the engineruns. A
very large cooling jacket would be effective in transportingheat
away from the cylinders, however, too large of a geometryresults
in extra weightto be transported.Also, engineersvould like the
engineto reachits optimal operatingtemperaturequickly. In the
following, we describethe major component®f the geometryand
the designgoalsof the mechanicakengineersesponsiblefor the
analysis.
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Figure 2: The cooling jacket hasbeensplit apart for illustration. The
geometry consists of three primary components: (top) the cylinder
head, (middle) the gasket, and (bottom) the cylinder block.

Cooling Jacket Geometry: The cooling jacket geometry
consistsmainly of three components:ithe cylinder headwhich is
thetop, the bottomcalledthe cylinder block, anda thin component
connectingthe cylinder headand block called the gaslet. These
threemain componentsre shavn pulled apartin Figure 2 for il-
lustration. The cylinder head(top) is responsiblégor transferring
heataway from theintake andexhaustportsatthetop of theengine
block. The cylinder block is responsibldor heattransferfrom the
enginecylindersandfor evendistribution of o w to thehead.This
coolingjacket is usedwith a four cylinder engineblock. Between
thecylinder headandblock lies the coolingjacket gaslet, depicted
in Figure 2 as small red ellipses,the actuallocation of which is
revealedby red holesat the top of the cylinder block. The gaslet
consistof a seriesof small holesthatactasconduitsbetweerthe
blockandhead.Theseductscanbe quite smallrelative to the over
all geometrybut nonethelessire very importantbecausehey are
usedto governthe motionof uid o w throughthe cooling jacket
asdescribedn thenext section.

Design Goals: Therearetwo main componentgo the ow
througha cooling jacket: a longitudinal motion lengthwisealong
thegeometryandatransvesal motionfrom cylinder block to head
andfrom theintake to the exhaustside. Thesetwo componentare
sketchedin Figure3. Thelocationof the inlet andoutletarealso
indicated.Four main designgoalsare essentiafor the mechanical
engineers:

. to obtainanevendistribution of o w to eachenginecylinder

. to avoid regionsof stagnanto w

. to avoid very high velocity ow

. to minimizethe uid pressurdossbetweerthe inlet andthe
outlet

A WNPE

The rst designgoal, an even distribution of uid to eachcylin-
der, is intuitive. An even distribution of ow shouldresultin an
evenrateof heattransferaway from eachcylinder, intake port, and
exhaustport. The secondgoal, avoiding regions of stagnanto w
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Figure 3: The major components of the o w through a cooling jacket
include a longitudinal component, lengthwise along the geometry and
a transversal component in the upward-and-over direction. The inlet
and outlet of the cooling jacket are also indicated. Color is also
mapped to temperature in this example.

is very important. Stagnanto w doesnot transportheataway and
canleadto boiling conditions.Boiling uid canindicatepotential
problemareasn thecoolingjacketgeometnthatleadultimatelyto
overheating We notethatthe optimal coolingjackettemperaturés
about90 C or 363 K.

The third goal, to avoid regions of velocity too high in magni-
tudeis lessobvious. High velocity o w canleadto cavitation-the
formationof low-pressurdubbles suchasthoseresultingfrom the
rotationof a marinepropeller Firstly, cavitation wastesenegy in
theform of noise. Secondly cavitation canalsoleadto damageo
thewalls of the cooling jacket itself over thelong term. Cavitation
is associateavith explosionsandunnecessaryibration. Erosionof
theboundarysurfacescanresultin a shorterproductlifetime.

The fourth designgoal is to minimize pressurdoss acrossthe
coolingjacketgeometry Thewaterpump(notshavn) locatedatthe
coolingjacket'sinletis responsibldéor maintainingaspeci edpres-
sureattheinlet. Thegreaterthe pressurelrop betweerthe cooling
jacket's inlet andoutlet, the more enegy the waterpumprequires
in orderto maintainthe desiredpressure An ideally straightpipe
with aninlet andoutletof equalsizewould exhibit no pressurdoss
acrossts geometrythusawaterpumpwould requiremuchlessen-
emgy in this case.Generally the smallerthe cooling jacket gaslet,
thelargerthe pressurdoss. Curvesin the geometrycanalsocause
pressurdosses.

Themainvariablein coolingjacketdesignliesin thegaslet. En-
gineersadjustthe number location,andsize of the conduits(Fig-
ure2, middle)in their pursuitof theideal uid motion.

Simulation Data Thegrid geometryconsistf over 1.5mil-
lion unstructuredadaptve resolutiontetrahedrahexahedrapyra-
mids, and prism cells. We alsofocuson steady o w datafor this
casebecausdor the cooling jacket, engineersare mostinterested
in investigating the behaior of uid o w afterthe simulationhas
reached stablestate. The uid in the coolingjacket shouldreach
its optimaltemperatureapidly andthenideally remainin this state.

Therestof the paperandits contributionsare organizedasfol-
lows: Section2 describesour classi cation of o w visualization
techniquesand highlights importantapplicationrelatedresearch.
Section3 systematicallyinvesticatespropertiesof the o w using
direct, e.g. colormapping,texture-basedge.g., image spacead-
vection and dye injection, and geometric o w visualizationap-
proachesncluding streamlinesstreamsudces andanimatedpar
ticles. Sectiont and5 applyautomatic semi-automaticandinter



active feature-based w visualizationtechniquedik e topologyex-
traction,vortex identi cation, focus+contet (F+C) renderingand
informationvisualizationin orderto help us explore, analyze,and
evaluatethe coolingjacket design.Section6 presents discussion,
weighssomerelative advantagesand disadwantagesf the respec-
tive methodsandoffers our overall perspecties. Finally Section7
outlinesour conclusions.

2 RELATED WORK AND CLASSIFICATION OF FLOW VISu-
ALIZATION TECHNIQUES

We classify o w visualizationtechniquesnto four differentgroups:
direct, texture-basedgeometric,and feature-based Here a brief
outlineof our classi cationis givenalongwith someimportantap-
plicationsof thesetechniques.For more detailson the classi ca-
tion, seeour recentstate-of-the-anteport[13].

Direct Flow Visualization: Thiscateyory of techniquesises
a depictionthat is as straightforvard as possiblefor representing
ow datain the resultingvisualization. Commonapproachesire
vectorglyphsor color codingof velocity. Figure3 shavs anexam-
ple of temperaturenappedo colorfor the coolingjacket.

Dense, Texture-Based Visualization: A texture is com-
putedthat is usedto generatea denserepresentatiorof the ow
(Figure 1, left). The notion of wherethe o w movesis incorpo-
ratedthrough co-relatedtexture valuesalong the vector eld. In
this papemwe useanadwectionapproactaccordingto ImageSpace
Advection (ISA) [14], which can generateboth Spot Noise [28]
andLIC-like [2] imagery Scheuermantt al. [22] introduceda
methodby which to addthe normalcomponenof 2D ow to LIC
andappliedit to visualizethe deformationof an intake manifold.
Lagrangian-Euleriaridvection was appliedin orderto visualize
vertical motionin ocean ow by Grantet al. [8]. We notethata
more comprehensie comparisonof texture-basedo w visualiza-
tion techniquess givenelsavhere[13].

Geometric Visualization: Theseapproachesften rst inte-
gratethe o w dataandusegeometrimbjectsin theresultingvisual-
ization. The objectshave a geometnythatre ects the propertiesof
the o w. ExamplesncludestreamlinegFigure6), streamsuices
(Figure8), streaklinesandtimelines.Not all geometricobjectsare
basedn o w integration,e.g.,isosurficing.Baueretal. [1] applied
a particle seedingschemein orderto visualizea rotating helical
structuren thedrafttubeof awaterturbine.We notethatthis could
alsobeclassi edin thefeature-basedateyory. Sadloetal. [21] ex-
tendedthe image-guidedstreamlineplacementalgorithm of Turk
andBanks[27] in orderto seedvorticity eld lines. Larameeet
al. [15] useddirect, texture-basedand geometric o w techniques
(without feature-&traction methods)to explore swirl andtumble
motion,two importantin-cylinder o w motions.A morethorough
descriptionof geometricechniquess presentedby Postetal [16].

Feature-Based Visualization: This approachifts the visu-
alizationto a higherlevel of abstractionpy extracting physically
meaningfulpatternsfrom the data. The visualizationshavs only
subsetshataredeemednterestingoy theuser Here,we applyboth
automatideature-atractiontechniquedike nding thepositionsof
vector eld singularitiesyortices,andvortex coreextraction([6, 7]
andinteractive feature-gtractiontechniquesuchasthosethatin-
corporateinformationvisualizationviews [4, 5]. Roth andBanks
appliedmultiple automaticvortex extractiontechniguedo turbo-
machinerydesignincluding a waterturbine[19]. Kenwrightand
Haimesusedtheeigervectormethodfor vortex identi cation to ap-
plicationsin aerodynamic$l11, 12]. Reinderset al. [18] applied
thewinding anglemethodandattribute-basedeatureextractionin
orderto trackvorticesresultingfrom o w aroundacylinder. Sadar
joen et al. apply automaticvortex detectiontechniquego hydro-
dynamic ows [20]. Tricocheet al. [26] visualize vortex break-
down using moving cutting planesand direct volume rendering.
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Figure 4: A top view of the cooling jacket head, focusing on a single
cylinder head. One half of the head, the exhaust side, surrounds the
exhaust ports of each cylinder head. The other half, the intake side,
surrounds the intake ports of each cylinder head. Temperature is
mapped to color.

Doleischetal. [5] usedinteractive feature-based w visualization
techniquedo track sootin a dieselexhaustsystem.Postet al. [17]
cover feature-based w visualizationin detail.

We apply a feature-richrangeof tools from four major classes
of ow visualizationtechniquesn orderto explore and evaluate
the designof a cooling jacket. To our knowledge,this is the rst
time techniquesrom thesefour classeshave beensystematically
appliedin orderto evaluatethe sameuid motionandthe rst time
acoolingjackethasbeenthefocus.

3 DIRECT, TEXTURE-BASED, AND GEOMETRIC VISUAL
ANALYSIS AND EXPLORATION

Thissectiondescribefiown we appliedcolor-mappingimage-space
adwection (ISA), dye injection, streamlines streamsudces,and
particlesto investigatethe coolingjacket o w.

Direct Visualization and High Temperature: Oneof the
areasof the cooling jacket that may requirespecialattentionis the
exhaustsideatthecylinder head.Figure4 shavs atop view of the
headwith a focus on one cylinder only. The exhaustside of the
head(top of Figure4) surroundswo exhaustports. Theintake side
surroundswo intake ports. But noticethe headgeometrycontains
a completebridge betweenthe exhaustportsandnot betweenthe
intake ports. This is becausehe exhaustside is generallyhotter
andrequiresmore heattransfer The bridge betweenthe exhaust
portsis an areathat shouldbe monitoredcloselyin orderto avoid
overheating.

Onedirect approachto nding areasof high temperatures to
simply mapcolorto temperaturesin Figures3 and4. In thiscase,
colormappingdoesnot reveal ary olvious areasof overheatingat
the surface,however, inspectingthe entire surfacemanuallyis te-
diousanderrorprone.Also, in the caseof a comple andintricate
geometry small areasof high temperatureare easily overlooked.
This is onereasonwe have appliedinteractive feature-basec w
visualizationtechniquedik e thosedescribedn Section5. These
featuresallow usto specifya thresholdvalue and seethroughthe
geometnthusreducingthelik elihoodof hightemperatureo w fea-
turesbeingoverlooked.

Identifying Recirculation with Texture-Based Visualiza-
tion: Unilateral o w is preferableo recirculating o w because
it is more effective in heattransport. We appliedISA [14] to the
cooling jacket to gain a completedepictionof the o w at the sur
facein Figurel, left. We chosea gray-scalesurfacecolor dueto
perceptuaproblemavhenapplyingbothcolor-mappingandtextur-
ing atthe sametime. Sucha combinatiorresultsin imagerythatis
overly comple visually, e.g.,mary smalloverlappingcomponents



Figure 5: A close-up view of dye injection used to visualize longi-
tudinal ow at the surface of the cylinder block (intake side) and
re-circulation zonesbelow the gasket conduits.

of differentcolorsmake depthperceptionmoredif cult. It isim-
portantto notethatthe opacity of the surfaceis arbitraryandthus
userde ned in ourimplementation.The usermay simply increase
the surface opacity to increasedepthperception. Also, given the
intricate and complex geometry we prefernot to rely on a tech-
niguethatrequiresa parameterizationf the surface. We canthen
zoomin on a subsetof the surfacein orderto gain more detailed
insightinto the characteristicef the ow. Our texture-basedp-
proachgivescompletecoverageof thevector eld andcanvisualize
areasof recirculation. Recirculationcanthenbe highlightedwith
dye. Figure5 shaws the dye injection appliedon top of the ISA
texture on the intake side of the cylinder block. The dye helpsus
discover featuredik e separatriceik e the onehighlightedbetween
thered,orange-beigeandyellow dyesourcesAlso highlightedare
thesmallrecirculationzonesbelow two of the gaslet conduits.

Visualizing Flow Distribution with Geometric Visualiza-
tion: Oneof the designgoalsis an even distribution of ow to
eachenginecylinder. Geometrictechniquescan be usedto visu-
alize this distribution and obsene global o w behaior. Figure6
shavs ageometricapproachusedto visualizebothlongitudinaland
trans\ersalbehaior of the o w on the exhaustside of the cylin-
der block. In this casethe streamlinesseededwith a rake, are
colormappedwith pressureandthe geometryis shavn as semi-
transparentontect information. Although an even distribution is
notclearusingstreamlinesthe streamlinecolormaprevealsa sud-
den, undesirablepressuredrop as o w passeshroughthe gaslet
conduits. The gaslet causesthe largest pressuredrop between
the inlet and the outlet—working against one of the designgoals
from Sectionl. Interactie seedings tediousgiventhis thin, inter-
connectedyeometry It canalsoslow down to lessthaninteractve
rates,especiallybeforecachingtakes place. However, it may be
possibleto speedup the seedingwith hardware acceleratiortech-
nigues.Thisis onereasorwe applytheautomatideatureextraction
techniquesn Sectior4.

While streamlinesnanagéeo corvey anaccuratepictureof some
basiccharacteristicsf the o w, they presenthallengesn ouranal-
ysis of this complex CFD datasefor two mainreasons:rst, they
requirean appropriateseedingstratgy, andsecondthey canlead
to perceptuaproblemssuchasvisualclutteringif appliedenmasse.
Oneway in which we addres$oth the seedingand perceptuals-

Figure 6: Streamlineswith pressuremapped to color usedto visualize
longitudinal motion along the cylinder block and transversal ow
through the gasket conduits. A semi-transpaent rendering of the
surface provides context information.

suesis to usea simple particle seedingschemesimilar to that of
Baueret al. [1]. Masslesso w particlesare generatedat the inlet
of the cooling jacket andthentravel alongintegral curvesthrough
thevector eld until they hit aboundaryor leave throughtheoutlet.
The particlesminimize visual clutterandcompleity sincethey do
not leave trails asthey passthroughthe complex pathwaysof the
geometry Theindividual particlesarevisualizedby ananimation
of simplepoint primitives,with optionalcolor mappingof o w at-
tributes. Despitethe relative simplicity of this approachit is very
effective in identifying regionswherethe o w is undesirablyslow
or nearly stagnating(cf. Figure7), especiallyin an animation.!
Furthermorethe dynamicsof the particlemovementsenesto clar-
ify theoverall o w behaior stemmingrom theinlet, sincevelocity
is implicitly containedn thevisualizationeitherthroughthe speed
atwhich theparticletravelsor throughcolor-coding.
Streamsudcesareanotheapproactwe emplg/edto addresshe
visual problemsof streamlinesn the analysisof the complex o w
patterngn the coolingjacket geometry Following the approachof
Garthetal. [6], streamsudcesare computedby anenhanceder
sion of Hultquist's algorithm[9]. Figure 8 shaws two streamsur
facesoriginatingin the block surroundingthe rst cylinder. Both
streamsudcesshav laminarbehaior atthestart,however, partsof
eithersurfacearedrawn into the gaslet joining the cylinder block
andthe headandcontinuefrom thereto the outlet. It is clearlyvis-
ible how the mostly laminar o w in the headis disruptedby the
o w enteringthe headthroughthe gaslet, creatingvorticesin the
o w throughthe head(seeFigure8). The effect of the gaslet on
the o w structureis shovn asa result. As with mostgeometric
o w visualizationtechniquesgolor mappingof o w attributescan
be appliedto make useof therole of streamsudcesasnatural o w
probes. Both streamsudceswere seedednteractvely asa result
of the complicatedacket geometry Furthermorewe wereunable
to useboundarytopology as a meansof seeding(seeSection4).
Like streamlinesseedingstreamsudcesthat provide insight can
be tedious. We also experimented)esssuccessfullywith isosur
faceswhich yielded comple, disconnectedmagerywith lessin-

LFor supplementaryhigh resolutionimagesandanimationsncludinga
full lengthvideo,pleasevisit
http://www.VRVis.at/scivis/laramee/jacket/
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Figure 7: Flowing particles seededat the inlet (a) ow through the
cooling jacket (b,c) and identify regions of low-velocity (d) by re-
maining there for an extended period of time (jacket upside-down).
Color is mapped to velocity magnitude.

Figure 8: Streamsurfacesin the cooling jacket: (top) red and blue
streamsurfacesare seededclose to the inlet and traverse the jacket
mainly in longitudinal direction; (bottom) parts of a stream surface
(color representstime) are pulled into the interconnections and create
vortices upon entering the jacket head (highlighted with insets).

sight. Hencewe alsoemployedthefeature-gtractiontechniquesn
Sectionst and>5.

4 AUTOMATIC, FEATURE-EXTRACTION AND TOPOLOGY-
BASED METHODS

Vorticesandvortex coresarenot partof theideal patternof motion
depictedin Figure3. This sectiondescribegheresultsof applying

methodshatautomaticallyor semi-automaticallgxtracttopologi-
calinformationandvortex corelines.

3D and Boundary Topology: Amongtheautomatideature-
basedechniquestopologicalmethodstake a prominentrole. For
simpledatasetsor datasetsvith a high degreeof symmetry these
methodsusually provide insightful visualizationresultsby depict-
ing the o w's structuralskeletonby meansof critical pointsin the

ow eld andconnectingseparatricesr separatiorsurfaces.How-
ever, for complex 3D o ws, satisfyingsolutionsarestill elusive, es-
peciallyin thecaseof unstructuredadaptve resolutionmeshedik e
the cooling jacket. Someresearcherfiave however successfully
visualizedsubsetof 3D topology on structuredgrids, e.g.saddle
connector$25].

A satisfyingtopologicalvisualizationof the coolingjacket o w
is hinderedby a numberof dif culties. Generally the interestin
recirculationzonescannotbe accommodatedby straightforvard
topologicalanalysis sincethesezoneshave yet to beidenti ed as
part of the topologicalskeletonof a vector eld. Hence,texture-
basedtechniquesshovn previously are helpful. Furthermorenu-
mericaldif culties resultfrom the factthatthis CFD datasetcon-
tainscell-basedvalues. Sincetopologicalanalysisassumes con-
tinuousvector eld, aresamplingo vertex-basedvaluesis neces-
saryin orderto constructa suitableinterpolant. This may resultin
numericalerrorandleadto the occurrencef false-positre critical
points.Hence carefultreatmenis mandated.

We have appliedseveral distinct but relatedapproacheso the
cooling jacket datasetresampledto vertex-basedrepresentation.
The 3D topologyapproachdid not yield very viable visualizations
dueto thehigh numberof critical pointsin the o w volumeandthe
resultingvisualclutter Moreover, thecomputationaéffort required
to determingpossiblesaddleconnectionss costly.

As in the 3D case,we were unableto obtain visualizationsof
boundarytopology free of perceptuaproblems,again dueto the
very high numberof critical points (hundreds). Numericaltreat-
menthereis furthercomplicatecby the factthatnot only mustthe
datasete resampledput constructinga good tangentspacerep-
resentatiorof the vector eld at the surfacein orderto compute
separatricess especiallydif cult. Thesechallengesaswell asthe
highnumberof critical pointsprovide strongmotivationfor alterna-
tive solutionssuchasdynamiccutting planetopology (below) and
the F+C methodologywe describein Section5.

Extracting Singularites with Moving Cutting-Plane
Topology: This methoddescribecdby Tricocheet al. [26] slices
throughthedatasetith anumberof successie cuttingplanes.The
vector eld is projectedonto eachplane and a two-dimensional
topologicalanalysiss performedon a perplanebasis.This allows
a sliceddepictionof 3D vector eld structures.Structuresrthog-
onalto the cutting planesarenot recovereddirectly however. This
is remediedby consideringthe cutting planesas a parametrized
continuumandapplying parametridopology methodso track the
locationsof critical pointson the cutting planeover its evolution
throughthe dataset.This methodhasproved effective in isolating
recirculationvortex cores.Applicationto our datasets straightfor
ward owing to thelarge longitudinalcomponenbdf the o w. Inter
estingstructuresare expectedto be orthogonalto the longitudinal
constituent. Positioningthe dynamiccutting plane orthogonalto
the longitudinalaxisrevealsa numberof interestingfeaturesmost
notablyseveral vorticesin the head(cf. Figure9). They shav up
assourcesandsinkson the cutting planes.As the creationof these
vorticesis dueto trans\ersal o w from the interconnectionsf the
cylinder block to the head the origins of thesevorticescanbe ob-
seneddirectly. Thevortex coresarethengivenby the pathsof crit-
ical pointsfrom the parametricanalysis. Technically this type of
visualizationdoesnot alwaysyield goodspatialperceptability The
useof tube-like primitivescanalsobe prohibitive dueto thelarge
numberof lines both from a renderingpoint of view andbecause



Figure 9: Cutting plane topology revealing ow structures perpen-
dicular to the dominant longitudinal ow. The topology extracted
on individual cutting planes is visualized using sepaatrices (blue).
Longitudinal vortex cores are then shown as red paths.

of visual clutter We have thereforeemplo/ed a simpleschemeto
illuminate the lines basedon tangentssimilar to illuminated eld
linesdescribedy Stallingetal. [23].

Vortex Core Line Extraction: Vorticesareinterestingfea-
turesof the coolingjacket designinsofar asthey canhave bothde-
sirable(mixing of hotandcold constituent®f the o w) andharm-
ful effects (increasedverall ow resistance)n this setting. The
moving cutting-planeschemediscussedabore doesnot detectall
vorticesin a datasetbecausevorticeswith a trans\ersalaxis are
generallynot detectedby the method. To gain a more complete
picture, we have appliedthe methodof Sujudi and Haimes[24].
Caremustbe taken in the computationof the resultingcorelines
dueto the deriativesinvolved. However, after careful Itering of
the datasetand the algorithmresultswe were ableto producean
insightful visualization. The vortex corelines arerenderedllumi-

Figure 10: Results of the Sujudi-Haimes vortex core line extraction
method, (inset) a torus shaped vortex core.

Figure 11: Areas of temperature t
by the user and renderedin focus.

363 K are interactively-speci ed

natedfor spatialperceptior(Figure10). We alsoexperimentedvith
thel » method[10] but did not nd it providedadditionalinsightto
whathasalreadybeenpresented.

5 INTERACTIVE, FEATURE-BASED TECHNIQUES

We alsoemplo/ed state-of-theart feature-basedisualizationtech-
niguesthat allow the userto specify a region(s) of interestinter
actively [4, 5]. The regions are thenrenderedas the focusin a
focus-plus-conte (F+C)visualizationstyle.

Extracting Regions of Stagnant Flow: Figurel, right, il-
lustratesaregion of interestwith avelocity value,v, of lessthan0.1
m/s,morespeci cally: jvj < 0:1ms. We know thatregionsof stag-
nant o w, likethosein Figurel, right, arelesseffectivein transport-
ing heataway from theengine.Ourinteractve feature-speci cation
ernvironmentis alsoeffective for the multi-attribute dataanalyzedn
thisstudy Thecolor-codingin Figurel rightindicategemperature.
The optimal uid temperature363 K is mappedto magentaand
high temperaturés mappedo blue. This visualizationresultindi-
catesthattherearevery few, smallregionswherelow velocity and
hightemperatureoincide—aradwantageousesigncharacteristic.

Figure 11 furtherre nes thefeaturespeci cation, by restricting
thefocusto includeonly hightemperaturealues.The new feature
is de ned usingv andtemperaturet, as:

(jvj < 0:1mes)\ (364 K< t)

Theresultin Figurel1lis alessclutteredimage,shaving undesir
ableregions, whereslov ow andhot ow are apparent. These
regions are lesseffective in transportingheataway. Fortunately
theseregions seemto be rathersmall, thus, from a heat-transfer
point of view, the simulationresultspoint toward a good design.
Areasof very high velocity, leadingto cavitation, canbeidenti ed
in a similar way. Recall,avoiding high velocity magnitudewasa
goaloutlinedin Sectionl.

Extracting Reverse-Longitudinal Flow: Figure12 depicts
the result of selectingall negative X-velocity valuesvia brush-
ing. The positive X-velocity componenis alignedwith the lon-
gitudinal o w direction. Thusall regionscontaininga negative X-
velocity componentre o wing, atleastpartially, backwardinstead
of traversingthe shortestpathfrom inlet to outlet. This extracted
featuremayalsopointoutrecirculationzones.

We can further re ne the region of interestby including only
velocity valueswith negative X and negative Z components Fig-
ure 13 depictsthe regionswhere o w moves backward (reverse-
longitudinal)anddown (reverse-transersal)insteadof the shortest
path—upandforward from inlet to outlet. Fromthis result,we can



Figure 12: The visualization identifying all regions of reverselongi-
tudinal o w. Color-mapping re ects velocity magnitude.

Figure 13: The result identifying all regions of reverselongitudinal
o w and regions of reverse-transversalo w.

deducehat o w throughthe cylinder headis a complex patchvork
of ow, especiallyalongthe centerof thehead.

Theinteractve feature-speci catiorusesmultiple, linked views
to de ne features Any scienti c view, likethatshavnin Figuresll
or 12, canbe linked with a rangeof differentinformation visu-
alizationviews. The scatterplot and brushingtool usedto iden-
tify thecombinatiorof reverse-longitudinahndreverse-transersal
ow areshawn in Figure 14. Herethe featurespeci cation was
doneinteractively usingbrushingto encirclethe datavaluesof in-
terest. The valuesde ning the featureencompassetly the brush
arered.

Regions of High Pressure Gradient: As part of our in-
vestigation of the coolingjacket datasetwe have implementedhe
ability to computescalarderivative information. We cannow ex-
tractderivative informationfor the pressuresimulationattributeand
useit to identify the areasof the coolingjacket geometrywith the
largestpressuralrop. Thesearetheareaghatdran themostenegy
from thewaterpump. We alsoknow from experiencethatareasof
pressuralropareassociatedvith areasf high velocity o w.

Figure 15 shaws the regions of large pressureggradient,(gradi-
ent,g > 5;550Pa). Consistentwith Figure6, we noticethe large
pressuralrop expectedthroughthe gasket conduits. However, un-
expectedly we seelarge pressurgradientsnearboththeinlet and
the outletaswell otherareas.Theseareareashat canbe brought
attentionto the engineeffor future optimization.

6 DISCUSSION

Note that we madevery limited useof 2D slicesin our investiga-
tion. Slicesare of very limited usein this casebecausehe thin
geometryhassucha high surfacearea. Slicing canresultin small

Figure 14: The scatterplot and brush used to de ne the feature
in Figure 13{all reverselongitudinal and reverse-transversalo w (in
red).

Figure 15: The regions of very high pressure gradient, (inset) an
unexpected high pressuregradient.

disconnectedtcomponentghat are more dif cult to interpret,like
the slice shavn in Figure 2, middle usedto illustrate the gaslet.
Thecomple natureof this particularcasealsoruled out the useof
ary surfaceparameterizationThis is onereasorour texture-based
o w visualizationatthesurfacewasuseful. Otherreasonsrethatit
is fastandavoidsthe seedingproblemby providing completecov-
erage. Areasof recirculationat the surfaceare animatedand the
usercanzoomin to anarbitrarylevel of detail.

Therelatively simpleparticle-basedisualizationis surprisingly
effective becausef the reductionin visual compleity. The inte-
gral pathsthroughthe o w arecomplicatedascanbeseenwith the
streamlinesand streamsudces. Tracinglong, twisted, and com-
plicated pathsresultsin visual clutter rapidly. The animationis
insightful in spottingareasof nearstagnanto w andareasof fast

ow. The particlevisualizationdoeshave its disadantageshow-

ever. The animationtime competeswith interactiontime. Also,
they will fail to shaw recirculationzonesunlessparticlesreally en-
tertheseregions.

Despitethe helpful visualizationresultof the automatidfeature-
extractionapproachegheproblemswve encounteredvith theappli-
cationof topologicalmethodsn our context shav thatthereis still
work to bedonein orderto accommodatewider selectiorof mod-
erndatasetsAlso, we urge cautionwheninterpretingthe resultsof



thecuttingplanetopologyvisualizationbecaus@otall vortex cores
aredetected.In this case,it is helpful to have a priori knowvledge
of the simulationdata. However, asa fully automaticfeatureex-

tractionscheme,o w topologyis still very appealing.Neededare
automaticextraction methodsthat allow reductionin visual com-
plexity andidentify moreelement®f 3D ow elds associatetith

unstructuredadaptve resolutiongrids.

The F+C visualizationhaspraoven very usefulin our analysisof
the cooling jacket for two importantreasons:(1) the volumeren-
deredresultallows theuserto seethroughtheintricatecomponents
of thegeometrypreventingareagleemedinimportanfrom occlud-
ing theregion of interestand(2) interactve thresholdinggivesthe
userthe opportunityto reducethe enormouscompleity of some
of thecoolingjacket's o w behaior andresultingvisualization.In
otherwords,the useris affordedanarbitrarily narrav focus. Link-
ing thescienti ¢ view with theinformationvisualizationview is an
essentiapartof thefocusingprocess.

7 CONCLUSIONSAND FUTURE WORK

We have applied a feature-richrangeof state-of-the-arfeature-
extraction and visualizationtechniquesn orderto investigate the
ow of uid througha coolingjacket. Our featuresincludeddi-
recttechniquesuchascolor-coding,texture-base@pproachetke
imagespaceadwection and dye injection, geometrictools includ-
ing streamlinesstreamsudcesandparticles automatictopology-
basedfeature-&traction algorithms,and interactve feature-based
stratgjiesincorporatingF+C renderingandlinked information vi-
sualizationviews. To our knowledge, this is the rst time tools
from all four cateyoriesof o w visualizationtechniquesiave been
appliedsystematicallyto the sameenginesimulationdata.

Future work could take on multiple directionsincluding the
developmentof more robust automatic, surface-basedfeature-
extraction techniquesand also the applicationof arbitrary Iters
to topologicalfeatures. For example,the applicationof the pair-
distancelter describedy De LeeuwandVan Liere [3] to there-
sultsdescribedn Section4 couldprove to bevery useful.

The authorsthank all thosewho have contrituted to this re-
searchincludingAVL (www.avl.com), the Austrianresearctprogram
Kplus (www.kplus.at ). The CFD simulationdatasetis courtesyof
AVL. For furtherinformationoninteractve featureextractionusing
SimVis, pleasevisit: http://www.SimVis.at/
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