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Figure 1: The visualization of CFD simulation data from a cooling jacket: (left) texture-based 
o w 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-shot is accompaniedby a close-up.

ABSTRACT

We presenta visualanalysisandexplorationof �uid �o w through
a coolingjacket. Engineersinvesta largeamountof time andseri-
ouseffort to optimizethe �o w throughthis enginecomponentbe-
causeof its importantrolein transferringheatawayfrom theengine
block. In this study we examinethe designgoalsthat engineers
apply in orderto constructan ideal-as-possiblecooling jacket ge-
ometryandusea broadrangeof visualizationtools in orderto an-
alyze,explore,andpresentthe results.We systematicallyemploy
direct, geometric,andtexture-based�o w visualizationtechniques
aswell asautomaticfeatureextractionandinteractivefeature-based
methodology. Andwediscusstherelativeadvantagesanddisadvan-
tagesof theseapproachesaswell asthechallenges,both technical
and perceptualwith this application. The result is a feature-rich
state-of-the-art�o w visualizationanalysisappliedto an important
andcomplex datasetfrom real-world computational�uid dynamics
simulations.
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1 I NTRODUCTI ON

The departmentof AdvancedSimulationTechnologies(AST) at
AVL (www.avl.com) makesdaily useof computational�uid dy-
namics(CFD) software in order to analyze,explore, and present
the resultsof their simulations. CFD simulationsoftware is used
notonly to recommendimprovementsin designof automotivecom-
ponentsbut alsoto highlight thecause(s)of enginefailurein some
cases. In general,one of the major causesof enginefailure can
resultfrom over-heating.

We presenta visual analysis,exploration, and presentationof
a feature-richrangeof �o w visualizationmethodologyin orderto
investigateandevaluatethedesignof acoolingjacketfrom anauto-
motiveengine.TheengineersatAVL-AST investa largeamountof
time andeffort into trouble-shootingandoptimizingcoolingjacket
designbecausecoolingjacketsplayanimportantrolein engineper-
formance.Ourstudyincludesthesystematicapplicationof abroad
rangeof approachesincludingdirect,geometric,texture-based,and
feature-basede.g.,automatic,semi-automatic,andinteractive, fea-
tureextractiontechniques.Eachis usedto investigateandevaluate
the designof a cooling jacket. By systematicwe mean,the em-
ployment of algorithmsall to the samedataset and all toward a
commongoal,namely, the visualizationof �uid �o w throughthis
importantenginecomponent.We discussthe relative advantages
anddisadvantagesof thesetechniquesandgive 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 andoptimal temperatureat which theengineruns.A
very large cooling jacket would be effective in transportingheat
away from thecylinders,however, too large of a geometryresults
in extra weight to be transported.Also, engineerswould like the
engineto reachits optimal operatingtemperaturequickly. In the
following, we describethemajorcomponentsof thegeometryand
the designgoalsof the mechanicalengineersresponsiblefor 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 threecomponents:the cylinder headwhich is
thetop, thebottomcalledthecylinderblock,anda thin component
connectingthe cylinder headandblock called the gasket. These
threemain componentsareshown pulled apartin Figure2 for il-
lustration. The cylinder head(top) is responsiblefor transferring
heatawayfrom theintakeandexhaustportsat thetopof theengine
block. Thecylinder block is responsiblefor heattransferfrom the
enginecylindersandfor evendistribution of �o w to thehead.This
cooling jacket is usedwith a four cylinder engineblock. Between
thecylinder headandblock lies thecoolingjacket gasket,depicted
in Figure 2 as small red ellipses,the actual location of which is
revealedby red holesat the top of the cylinder block. The gasket
consistsof a seriesof smallholesthatactasconduitsbetweenthe
blockandhead.Theseductscanbequitesmallrelative to theover-
all geometrybut nonethelessarevery importantbecausethey are
usedto govern themotionof �uid �o w throughthecooling jacket
asdescribedin thenext section.

Design Goals: Thereare two main componentsto the �o w
througha cooling jacket: a longitudinal motion lengthwisealong
thegeometryanda transversalmotionfrom cylinderblock to head
andfrom theintake to theexhaustside.Thesetwo componentsare
sketchedin Figure3. The locationof the inlet andoutlet arealso
indicated.Four maindesigngoalsareessentialfor themechanical
engineers:

1. to obtainanevendistributionof �o w to eachenginecylinder
2. to avoid regionsof stagnant�o w
3. to avoid veryhighvelocity �o w
4. to minimize the �uid pressurelossbetweenthe inlet andthe

outlet

The �rst designgoal, an even distribution of �uid to eachcylin-
der, is intuitive. An even distribution of �o w shouldresult in an
evenrateof heattransferaway from eachcylinder, intake port,and
exhaustport. The secondgoal, avoiding regionsof stagnant�o w

inlet
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Figure 3: The major components of the 
o w through a cooling jacket
include a longitudinal component, lengthwisealong the geometry and
a transversalcomponent 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.Stagnant�o w doesnot transportheataway and
canleadto boiling conditions.Boiling �uid canindicatepotential
problemareasin thecoolingjacketgeometrythatleadultimatelyto
overheating.Wenotethattheoptimalcoolingjacket temperatureis
about90� C or 363� K.

The third goal, to avoid regionsof velocity too high in magni-
tudeis lessobvious. High velocity �o w canleadto cavitation–the
formationof low-pressurebubbles,suchasthoseresultingfrom the
rotationof a marinepropeller. Firstly, cavitation wastesenergy in
theform of noise.Secondly, cavitation canalsoleadto damageto
thewalls of thecoolingjacket itself over thelong term. Cavitation
is associatedwith explosionsandunnecessaryvibration.Erosionof
theboundarysurfacescanresultin ashorterproductlifetime.

The fourth designgoal is to minimize pressurelossacrossthe
coolingjacketgeometry. Thewaterpump(notshown) locatedatthe
coolingjacket'sinlet is responsiblefor maintainingaspeci�edpres-
sureat theinlet. Thegreaterthepressuredropbetweenthecooling
jacket's inlet andoutlet, themoreenergy thewaterpumprequires
in orderto maintainthedesiredpressure.An ideally straightpipe
with aninlet andoutletof equalsizewouldexhibit nopressureloss
acrossits geometry, thusawaterpumpwouldrequiremuchlessen-
ergy in this case.Generally, thesmallerthecooling jacket gasket,
thelargerthepressureloss.Curvesin thegeometrycanalsocause
pressurelosses.

Themainvariablein coolingjacketdesignlies in thegasket. En-
gineersadjustthenumber, location,andsizeof theconduits(Fig-
ure2, middle)in their pursuitof theideal�uid motion.

Simulation Data Thegrid geometryconsistsof over1.5mil-
lion unstructured,adaptive resolutiontetrahedra,hexahedra,pyra-
mids, andprism cells. We alsofocuson steady�o w datafor this
casebecausefor the cooling jacket, engineersaremost interested
in investigating the behavior of �uid �o w after the simulationhas
reacheda stablestate.The�uid in thecooling jacket shouldreach
its optimaltemperaturerapidlyandthenideallyremainin thisstate.

The restof thepaperandits contributionsareorganizedasfol-
lows: Section2 describesour classi�cation of �o w visualization
techniquesand highlights importantapplicationrelatedresearch.
Section3 systematicallyinvestigatespropertiesof the �o w using
direct, e.g. color-mapping,texture-based,e.g., imagespacead-
vection and dye injection, and geometric�o w visualizationap-
proachesincludingstreamlines,streamsurfaces,andanimatedpar-
ticles.Sections4 and5 applyautomatic,semi-automatic,andinter-



active feature-based�o w visualizationtechniqueslike topologyex-
traction,vortex identi�cation, focus+context (F+C) rendering,and
informationvisualizationin orderto helpusexplore,analyze,and
evaluatethecoolingjacket design.Section6 presentsa discussion,
weighssomerelative advantagesanddisadvantagesof the respec-
tive methodsandoffersour overall perspectives.Finally Section7
outlinesourconclusions.

2 REL ATED WORK AND CL ASSI FI CATI ON OF FL OW V I SU-
AL I ZATI ON TECHNI QUES

Weclassify�o w visualizationtechniquesinto four differentgroups:
direct, texture-based,geometric,and feature-based.Here a brief
outlineof ourclassi�cationis givenalongwith someimportantap-
plicationsof thesetechniques.For moredetailson the classi�ca-
tion, seeour recentstate-of-the-artreport[13].

Direct Flow Visualization: Thiscategoryof techniquesuses
a depictionthat is asstraightforward aspossiblefor representing
�o w datain the resultingvisualization. Commonapproachesare
vectorglyphsor colorcodingof velocity. Figure3 showsanexam-
pleof temperaturemappedto color for thecoolingjacket.

Dense, Texture-Based Visualization: A texture is com-
putedthat is usedto generatea denserepresentationof the �o w
(Figure1, left). The notion of wherethe �o w moves is incorpo-
ratedthroughco-relatedtexture valuesalong the vector �eld. In
thispaperweuseanadvectionapproachaccordingto ImageSpace
Advection (ISA) [14], which can generateboth Spot Noise [28]
and LIC-lik e [2] imagery. Scheuermannet al. [22] introduceda
methodby which to addthenormalcomponentof 2D �o w to LIC
andappliedit to visualizethe deformationof an intake manifold.
Lagrangian-EulerianAdvection was appliedin order to visualize
vertical motion in ocean�o w by Grantet al. [8]. We note that a
more comprehensive comparisonof texture-based�o w visualiza-
tion techniquesis givenelsewhere[13].

Geometric Visualization: Theseapproachesoften �rst inte-
gratethe�o w dataandusegeometricobjectsin theresultingvisual-
ization. Theobjectshave a geometrythatre�ects thepropertiesof
the �o w. Examplesincludestreamlines(Figure6), streamsurfaces
(Figure8), streaklines,andtimelines.Not all geometricobjectsare
basedon�o w integration,e.g.,isosurfacing.Baueretal. [1] applied
a particle seedingschemein order to visualizea rotating helical
structurein thedraft tubeof awaterturbine.Wenotethatthiscould
alsobeclassi�edin thefeature-basedcategory. Sadloetal. [21] ex-
tendedthe image-guidedstreamlineplacementalgorithmof Turk
andBanks[27] in order to seedvorticity �eld lines. Larameeet
al. [15] useddirect, texture-based,andgeometric�o w techniques
(without feature-extraction methods)to explore swirl and tumble
motion,two importantin-cylinder �o w motions.A morethorough
descriptionof geometrictechniquesis presentedby Postetal [16].

Feature-Based Visualization: This approachlifts the visu-
alizationto a higher level of abstraction,by extractingphysically
meaningfulpatternsfrom the data. The visualizationshows only
subsetsthataredeemedinterestingby theuser. Here,weapplyboth
automaticfeature-extractiontechniqueslike�nding thepositionsof
vector�eld singularities,vortices,andvortex coreextraction[6, 7]
andinteractive feature-extractiontechniquessuchasthosethat in-
corporateinformationvisualizationviews [4, 5]. Roth andBanks
appliedmultiple automaticvortex extraction techniquesto turbo-
machinerydesignincluding a water turbine [19]. Kenwrightand
Haimesusedtheeigenvectormethodfor vortex identi�cation to ap-
plicationsin aerodynamics[11, 12]. Reinderset al. [18] applied
thewinding anglemethodandattribute-basedfeatureextractionin
orderto trackvorticesresultingfrom �o w aroundacylinder. Sadar-
joen et al. apply automaticvortex detectiontechniquesto hydro-
dynamic�o ws [20]. Tricocheet al. [26] visualizevortex 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.

Doleischet al. [5] usedinteractive feature-based�o w visualization
techniquesto tracksootin a dieselexhaustsystem.Postet al. [17]
cover feature-based�o w visualizationin detail.

We apply a feature-richrangeof tools from four major classes
of �o w visualizationtechniquesin order to explore and evaluate
the designof a cooling jacket. To our knowledge,this is the �rst
time techniquesfrom thesefour classeshave beensystematically
appliedin orderto evaluatethesame�uid motionandthe�rst time
acoolingjackethasbeenthefocus.

3 DI RECT, TEXTURE-BASED, AND GEOM ETRI C V I SUAL
ANALYSI S AND EXPL ORATI ON

Thissectiondescribeshow weappliedcolor-mapping,image-space
advection (ISA), dye injection, streamlines,streamsurfaces,and
particlesto investigatethecoolingjacket �o w.

Direct Visualization and High Temperature: Oneof the
areasof thecoolingjacket thatmayrequirespecialattentionis the
exhaustsideat thecylinder head.Figure4 shows a top view of the
headwith a focuson onecylinder only. The exhaustsideof the
head(topof Figure4) surroundstwo exhaustports.Theintakeside
surroundstwo intake ports.But noticetheheadgeometrycontains
a completebridgebetweenthe exhaustportsandnot betweenthe
intake ports. This is becausethe exhaustside is generallyhotter
andrequiresmoreheattransfer. The bridgebetweenthe exhaust
portsis anareathatshouldbemonitoredcloselyin orderto avoid
overheating.

Onedirect approachto �nding areasof high temperatureis to
simplymapcolor to temperatureasin Figures3 and4. In thiscase,
color-mappingdoesnot revealany obviousareasof overheatingat
the surface,however, inspectingthe entiresurfacemanuallyis te-
diousanderrorprone.Also, in thecaseof a complex andintricate
geometry, small areasof high temperatureareeasilyoverlooked.
This is onereasonwe have appliedinteractive feature-based�o w
visualizationtechniqueslike thosedescribedin Section5. These
featuresallow us to specifya thresholdvalueandseethroughthe
geometrythusreducingthelikelihoodof hightemperature�o w fea-
turesbeingoverlooked.

Identifying Recirculation with Texture-Based Visualiza-
tion: Unilateral�o w is preferableto recirculating�o w because
it is moreeffective in heattransport. We appliedISA [14] to the
cooling jacket to gain a completedepictionof the �o w at the sur-
facein Figure1, left. We chosea gray-scalesurfacecolor dueto
perceptualproblemswhenapplyingbothcolor-mappingandtextur-
ing at thesametime. Sucha combinationresultsin imagerythatis
overly complex visually, e.g.,many smalloverlappingcomponents



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

of differentcolorsmake depthperceptionmoredif�cult. It is im-
portantto notethat theopacityof thesurfaceis arbitraryandthus
user-de�ned in our implementation.Theusermaysimply increase
the surfaceopacity to increasedepthperception.Also, given the
intricateand complex geometry, we prefernot to rely on a tech-
niquethat requiresa parameterizationof thesurface.We canthen
zoomin on a subsetof the surfacein orderto gain moredetailed
insight into the characteristicsof the �o w. Our texture-basedap-
proachgivescompletecoverageof thevector�eld andcanvisualize
areasof recirculation. Recirculationcanthenbe highlightedwith
dye. Figure5 shows the dye injection appliedon top of the ISA
texture on the intake sideof the cylinder block. The dye helpsus
discover featureslikeseparatriceslike theonehighlightedbetween
thered,orange-beige,andyellow dyesources.Also highlightedare
thesmallrecirculationzonesbelow two of thegasket conduits.

Visualizing Flow Distribution with Geometric Visualiza-
tion: Oneof the designgoalsis an even distribution of �o w to
eachenginecylinder. Geometrictechniquescanbe usedto visu-
alize this distribution andobserve global �o w behavior. Figure6
showsageometricapproachusedto visualizebothlongitudinaland
transversalbehavior of the �o w on the exhaustsideof the cylin-
der block. In this casethe streamlines,seededwith a rake, are
color-mappedwith pressureand the geometryis shown as semi-
transparentcontext information. Although an even distribution is
notclearusingstreamlines,thestreamlinecolor-maprevealsasud-
den,undesirablepressuredrop as �o w passesthroughthe gasket
conduits. The gasket causesthe largest pressuredrop between
the inlet and the outlet–working against one of the designgoals
from Section1. Interactive seedingis tediousgiventhis thin, inter-
connectedgeometry. It canalsoslow down to lessthaninteractive
rates,especiallybeforecachingtakesplace. However, it may be
possibleto speedup the seedingwith hardwareaccelerationtech-
niques.Thisis onereasonweapplytheautomaticfeatureextraction
techniquesin Section4.

While streamlinesmanageto convey anaccuratepictureof some
basiccharacteristicsof the�o w, they presentchallengesin ouranal-
ysisof this complex CFD datasetfor two main reasons:�rst, they
requirean appropriateseedingstrategy, andsecond,they canlead
to perceptualproblemssuchasvisualclutteringif appliedenmasse.
Oneway in which we addressboth the seedingandperceptualis-

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

suesis to usea simpleparticleseedingschemesimilar to that of
Baueret al. [1]. Massless�o w particlesaregeneratedat the inlet
of thecooling jacket andthentravel alongintegral curvesthrough
thevector�eld until they hit aboundaryor leavethroughtheoutlet.
Theparticlesminimizevisualclutterandcomplexity sincethey do
not leave trails asthey passthroughthe complex pathwaysof the
geometry. The individual particlesarevisualizedby ananimation
of simplepoint primitives,with optionalcolor mappingof �o w at-
tributes.Despitethe relative simplicity of this approach,it is very
effective in identifying regionswherethe �o w is undesirablyslow
or nearlystagnating(cf. Figure7), especiallyin an animation.1

Furthermore,thedynamicsof theparticlemovementservesto clar-
ify theoverall �o w behavior stemmingfrom theinlet, sincevelocity
is implicitly containedin thevisualizationeitherthroughthespeed
atwhich theparticletravelsor throughcolor-coding.

Streamsurfacesareanotherapproachweemployedto addressthe
visualproblemsof streamlinesin theanalysisof thecomplex �o w
patternsin thecoolingjacket geometry. Following theapproachof
Garthet al. [6], streamsurfacesarecomputedby anenhancedver-
sion of Hultquist's algorithm[9]. Figure8 shows two streamsur-
facesoriginatingin the block surroundingthe �rst cylinder. Both
streamsurfacesshow laminarbehavior at thestart,however, partsof
eithersurfacearedrawn into thegasket joining thecylinder block
andtheheadandcontinuefrom thereto theoutlet. It is clearlyvis-
ible how the mostly laminar �o w in the headis disruptedby the
�o w enteringthe headthroughthe gasket, creatingvorticesin the
�o w throughthe head(seeFigure8). The effect of the gasket on
the �o w structureis shown as a result. As with most geometric
�o w visualizationtechniques,color mappingof �o w attributescan
beappliedto makeuseof theroleof streamsurfacesasnatural�o w
probes.Both streamsurfaceswereseededinteractively asa result
of thecomplicatedjacket geometry. Furthermore,we wereunable
to useboundarytopologyasa meansof seeding(seeSection4).
Like streamlines,seedingstreamsurfacesthat provide insight can
be tedious. We alsoexperimented,lesssuccessfully, with isosur-
faceswhich yieldedcomplex, disconnectedimagerywith lessin-

1For supplementary, high resolutionimagesandanimationsincludinga
full lengthvideo,pleasevisit
http://www.VRVis.at/scivis/laramee/jacket/



a) b)

c) d)

Figure 7: Flowing particles seededat the inlet (a) 
o w 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.Hencewealsoemployedthefeature-extractiontechniquesin
Sections4 and5.

4 AUTOM ATI C, FEATURE-EXTRACTI ON AND TOPOL OGY-
BASED M ETHODS

Vorticesandvortex coresarenotpartof theidealpatternof motion
depictedin Figure3. This sectiondescribestheresultsof applying

methodsthatautomaticallyor semi-automaticallyextracttopologi-
cal informationandvortex corelines.

3D and Boundary Topology: Amongtheautomaticfeature-
basedtechniques,topologicalmethodstake a prominentrole. For
simpledatasets,or datasetswith a high degreeof symmetry, these
methodsusuallyprovide insightful visualizationresultsby depict-
ing the �o w's structuralskeletonby meansof critical pointsin the
�o w �eld andconnectingseparatricesor separationsurfaces.How-
ever, for complex 3D �o ws,satisfyingsolutionsarestill elusive,es-
peciallyin thecaseof unstructured,adaptiveresolutionmesheslike
the cooling jacket. Someresearchershave however successfully
visualizedsubsetsof 3D topologyon structuredgrids, e.g.saddle
connectors[25].

A satisfyingtopologicalvisualizationof thecooling jacket �o w
is hinderedby a numberof dif�culties. Generally, the interestin
recirculationzonescannotbe accommodatedby straightforward
topologicalanalysis,sincethesezoneshave yet to be identi�ed as
part of the topologicalskeletonof a vector �eld. Hence,texture-
basedtechniquesshown previously arehelpful. Furthermore,nu-
mericaldif�culties result from the fact that this CFD datasetcon-
tainscell-basedvalues.Sincetopologicalanalysisassumesa con-
tinuousvector�eld, a resamplingto vertex-basedvaluesis neces-
saryin orderto constructa suitableinterpolant.This mayresultin
numericalerrorandleadto theoccurrenceof false-positive critical
points.Hence,carefultreatmentis mandated.

We have appliedseveral distinct but relatedapproachesto the
cooling jacket datasetresampledto vertex-basedrepresentation.
The3D topologyapproachdid not yield very viablevisualizations
dueto thehighnumberof critical pointsin the�o w volumeandthe
resultingvisualclutter. Moreover, thecomputationaleffort required
to determinepossiblesaddleconnectionsis costly.

As in the 3D case,we wereunableto obtainvisualizationsof
boundarytopology free of perceptualproblems,again due to the
very high numberof critical points (hundreds).Numericaltreat-
menthereis furthercomplicatedby thefact thatnot only mustthe
datasetbe resampled,but constructinga good tangentspacerep-
resentationof the vector �eld at the surfacein order to compute
separatricesis especiallydif�cult. Thesechallengesaswell asthe
highnumberof critical pointsprovidestrongmotivationfor alterna-
tive solutionssuchasdynamiccuttingplanetopology(below) and
theF+Cmethodologywedescribein Section5.

Extracting Singularities with Moving Cutting-Plane
Topology: This methoddescribedby Tricocheet al. [26] slices
throughthedatasetwith anumberof successivecuttingplanes.The
vector �eld is projectedonto eachplaneand a two-dimensional
topologicalanalysisis performedon a per-planebasis.This allows
a sliceddepictionof 3D vector�eld structures.Structuresorthog-
onal to thecuttingplanesarenot recovereddirectly however. This
is remediedby consideringthe cutting planesas a parametrized
continuumandapplyingparametrictopologymethodsto track the
locationsof critical pointson the cutting planeover its evolution
throughthedataset.This methodhasprovedeffective in isolating
recirculationvortex cores.Applicationto ourdatasetis straightfor-
wardowing to thelargelongitudinalcomponentof the�o w. Inter-
estingstructuresareexpectedto be orthogonalto the longitudinal
constituent. Positioningthe dynamiccutting planeorthogonalto
thelongitudinalaxisrevealsa numberof interestingfeatures,most
notablyseveral vorticesin the head(cf. Figure9). They show up
assourcesandsinkson thecuttingplanes.As thecreationof these
vorticesis dueto transversal�o w from the interconnectionsof the
cylinder block to thehead,theoriginsof thesevorticescanbeob-
serveddirectly. Thevortex coresarethengivenby thepathsof crit-
ical pointsfrom the parametricanalysis.Technically, this type of
visualizationdoesnotalwaysyield goodspatialperceptability. The
useof tube-like primitivescanalsobeprohibitive dueto the large
numberof lines both from a renderingpoint of view andbecause



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

of visual clutter. We have thereforeemployeda simpleschemeto
illuminate the lines basedon tangents,similar to illuminated�eld
linesdescribedby Stallingetal. [23].

Vortex Core Line Extraction: Vorticesareinterestingfea-
turesof thecoolingjacket designinsofar asthey canhave bothde-
sirable(mixing of hot andcold constituentsof the�o w) andharm-
ful effects (increasedoverall �o w resistance)in this setting. The
moving cutting-planeschemediscussedabove doesnot detectall
vorticesin a dataset,becausevorticeswith a transversalaxis 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 resultingcore lines
dueto thederivativesinvolved. However, after careful�ltering of
the datasetand the algorithmresultswe wereable to producean
insightful visualization.Thevortex corelinesarerenderedillumi-

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

Figure 11: Areas of temperature t � 363� K are interactively-speci�ed
by the user and rendered in focus.

natedfor spatialperception(Figure10). Wealsoexperimentedwith
thel 2 method[10] but did not �nd it providedadditionalinsightto
whathasalreadybeenpresented.

5 I NTERACTI VE, FEATURE-BASED TECHNI QUES

We alsoemployedstate-of-theart feature-basedvisualizationtech-
niquesthat allow the userto specifya region(s)of interestinter-
actively [4, 5]. The regions are then renderedas the focus in a
focus-plus-context (F+C)visualizationstyle.

Extracting Regions of Stagnant Flow: Figure1, right, il-
lustratesaregionof interestwith avelocityvalue,v, of lessthan0.1
m/s,morespeci�cally: jvj < 0:1m=s. Weknow thatregionsof stag-
nant�o w, likethosein Figure1, right,arelesseffectivein transport-
ing heatawayfrom theengine.Ourinteractivefeature-speci�cation
environmentis alsoeffectivefor themulti-attributedataanalyzedin
thisstudy. Thecolor-codingin Figure1 right indicatestemperature.
The optimal �uid temperature,363� K is mappedto magentaand
high temperatureis mappedto blue. This visualizationresultindi-
catesthattherearevery few, small regionswherelow velocity and
high temperaturecoincide–anadvantageousdesigncharacteristic.

Figure11 further re�nes thefeaturespeci�cation,by restricting
thefocusto includeonly high temperaturevalues.Thenew feature
is de�ned usingv andtemperature,t as:

(jvj < 0:1m=s) \ (364� K < t)

Theresultin Figure11 is a lessclutteredimage,showing undesir-
able regions, whereslow �o w and hot �o w 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 gooddesign.
Areasof very high velocity, leadingto cavitation,canbeidenti�ed
in a similar way. Recall,avoiding high velocity magnitudewasa
goaloutlinedin Section1.

Extracting Reverse-Longitudinal Flow: Figure12 depicts
the result of selectingall negative X-velocity valuesvia brush-
ing. The positive X-velocity componentis alignedwith the lon-
gitudinal �o w direction. Thusall regionscontaininga negative X-
velocitycomponentare�o wing, at leastpartially, backwardinstead
of traversingthe shortestpathfrom inlet to outlet. This extracted
featuremayalsopointout recirculationzones.

We can further re�ne the region of interestby including only
velocity valueswith negative X and negative Z components.Fig-
ure 13 depictsthe regions where�o w moves backward (reverse-
longitudinal)anddown (reverse-transversal)insteadof theshortest
path–upandforwardfrom 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 reverse longitudinal

o w and regions of reverse-transversal
o w.

deducethat�o w throughthecylinderheadis acomplex patchwork
of �o w, especiallyalongthecenterof thehead.

Theinteractive feature-speci�cationusesmultiple, linkedviews
to de�ne features.Any scienti�c view, likethatshown in Figures11
or 12, can be linked with a rangeof different information visu-
alizationviews. The scatterplot andbrushingtool usedto iden-
tify thecombinationof reverse-longitudinalandreverse-transversal
�o w are shown in Figure 14. Here the featurespeci�cation was
doneinteractively usingbrushingto encirclethedatavaluesof in-
terest. The valuesde�ning the featureencompassedby the brush
arered.

Regions of High Pressure Gradient: As part of our in-
vestigationof thecoolingjacket datasetwe have implementedthe
ability to computescalarderivative information. We cannow ex-
tractderivativeinformationfor thepressuresimulationattributeand
useit to identify theareasof thecooling jacket geometrywith the
largestpressuredrop.Thesearetheareasthatdraw themostenergy
from thewaterpump.We alsoknow from experiencethatareasof
pressuredropareassociatedwith areasof highvelocity �o w.

Figure15 shows the regionsof large pressuregradient,(gradi-
ent, g > 5;550Pa). Consistentwith Figure6, we noticethe large
pressuredropexpectedthroughthegasket conduits.However, un-
expectedly, we seelargepressuregradientsnearboth the inlet and
theoutletaswell otherareas.Theseareareasthatcanbebrought
attentionto theengineerfor futureoptimization.

6 DI SCUSSI ON

Note that we madevery limited useof 2D slicesin our investiga-
tion. Slicesare of very limited usein this casebecausethe 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-transversal
o w (in
red).

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

disconnectedcomponentsthat aremoredif�cult to interpret,like
the slice shown in Figure 2, middle usedto illustrate the gasket.
Thecomplex natureof this particularcasealsoruledout theuseof
any surfaceparameterization.This is onereasonour texture-based
�o w visualizationatthesurfacewasuseful.Otherreasonsarethatit
is fastandavoidstheseedingproblemby providing completecov-
erage. Areasof recirculationat the surfaceareanimatedandthe
usercanzoomin to anarbitrarylevel of detail.

Therelatively simpleparticle-basedvisualizationis surprisingly
effective becauseof the reductionin visual complexity. The inte-
gralpathsthroughthe�o w arecomplicated,ascanbeseenwith the
streamlinesandstreamsurfaces. Tracing long, twisted,andcom-
plicatedpathsresultsin visual clutter rapidly. The animationis
insightful in spottingareasof near-stagnant�o w andareasof fast
�o w. The particlevisualizationdoeshave its disadvantageshow-
ever. The animationtime competeswith interactiontime. Also,
they will fail to show recirculationzonesunlessparticlesreally en-
ter theseregions.

Despitethehelpful visualizationresultof theautomaticfeature-
extractionapproaches,theproblemsweencounteredwith theappli-
cationof topologicalmethodsin our context show thatthereis still
work to bedonein orderto accommodateawiderselectionof mod-
erndatasets.Also, weurgecautionwheninterpretingtheresultsof



thecuttingplanetopologyvisualizationbecausenotall vortex cores
aredetected.In this case,it is helpful to have a priori knowledge
of the simulationdata. However, asa fully automaticfeatureex-
tractionscheme,�o w topologyis still very appealing.Neededare
automaticextractionmethodsthat allow reductionin visual com-
plexity andidentifymoreelementsof 3D �o w �elds associatedwith
unstructured,adaptive resolutiongrids.

TheF+C visualizationhasprovenvery usefulin our analysisof
the cooling jacket for two importantreasons:(1) the volumeren-
deredresultallows theuserto seethroughtheintricatecomponents
of thegeometrypreventingareasdeemedunimportantfrom occlud-
ing theregion of interestand(2) interactive thresholdinggivesthe
userthe opportunityto reducethe enormouscomplexity of some
of thecoolingjacket's �o w behavior andresultingvisualization.In
otherwords,theuseris affordedanarbitrarily narrow focus.Link-
ing thescienti�c view with theinformationvisualizationview is an
essentialpartof thefocusingprocess.

7 CONCL USI ONS AND FUTURE WORK

We have applied a feature-richrangeof state-of-the-artfeature-
extractionandvisualizationtechniquesin order to investigate the
�o w of �uid througha cooling jacket. Our featuresincludeddi-
recttechniquessuchascolor-coding,texture-basedapproacheslike
imagespaceadvectionanddye injection, geometrictools includ-
ing streamlines,streamsurfaces,andparticles,automatic,topology-
basedfeature-extraction algorithms,and interactive feature-based
strategiesincorporatingF+C renderingandlinked informationvi-
sualizationviews. To our knowledge, this is the �rst time tools
from all four categoriesof �o w visualizationtechniqueshave been
appliedsystematicallyto thesameenginesimulationdata.

Future work could take on multiple directions including the
developmentof more robust automatic, surface-based,feature-
extraction techniquesand also the applicationof arbitrary �lters
to topologicalfeatures. For example,the applicationof the pair-
distance�lter describedby De LeeuwandVanLiere [3] to there-
sultsdescribedin Section4 couldprove to beveryuseful.

The authorsthank all thosewho have contributed to this re-
searchincludingAVL (www.avl.com), theAustrianresearchprogram
Kplus (www.kplus.at ). The CFD simulationdataset is courtesyof
AVL. For furtherinformationoninteractivefeatureextractionusing
SimVis, pleasevisit: http://www.SimVis.at/
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