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Abstract

Isosurfacing by itself, is a commonvisualizationtechniquefor investigating3D vector elds. Applyingtexture-

based ow visualizationtechniquesto isosurfacegrovidesenginees with even more insight into the charac-

teristics of 3D vector elds. We apply a methodfor producingdense texture-basedrepresentationof ow on

isosurfaceslt combinegwo well knowscienti ¢ visualizationtechniques namelyiso-surfacingandtexture-based
ow visualization,into a usefulhybrid approac. The methodis fastand can geneite denserepresentation®of

ow onisosurfacesvith high spatio-tempaal correlation at 60 framesper second The methodis appliedin the

context of CFD simulationdata, namely theinvestigationof a commorswirl ow patternandthevisualizationof

blood ow.

CatgyoriesandSubjectDescriptorgaccordingo ACM CCS} |.3.3[ComputerGraphics]Picture/Imagéseneration;
1.3.7 [ComputerGraphics] Three-DimensionaGraphicsand Realism—Colarshading,shadeving, and texture;
[SimulationandModeling]: SimulationOutputAnalysis

1. Intr oduction -The Caseof Swirl Flow

At the VRVis ResearchCenterwe collaboratewith AVL

(www.avl.com ) in orderto provide visualizationsolutions
for analysisof their CFD simulationresultdata.AVL's own

engineeraswell asengineeratindustryaf liates usevisu-
alizationsoftwareto analyzeandevaluatetheresultsof their
automotve designandsimulation.

For mary of the automotve componentsthat undego
evaluation,thereis an ideal patternof ow the engineers
aretrying to create Figure 1 illustratesthe swirl motion of
uid ow in acomtustionchamberfrom a dieselengine.ln
orderto generateswirl motion, uid entersthe comtustion
chamberfrom theintake ports.Lateronin theenginecycle,
the kinetic enegy associatedvith this swirl motionis used
to generataurbulencefor mixing of fresh oxygeninto the
uid. Themoreturbulencegeneratedihe betterthe mixture
of air anddieselfuel, andthusthe betterthe comtustionit-
self. Ideally, enoughturbulentmixing is generatedguchthat
100%o0f thefuel is burned.

Sinceit is theswirling o w thatis usedto generateurbu-
lence,the swirl shouldbe maximizedin orderto maximize
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Intake Ports

Figure 1: The swirling motion of ow in the comhustion
chamberof a dieselengine(side view). Theintake ports at
the top provide the tangential componenbf the ow neces-
saryfor swirl.

turbulence.Fromthe point of view of the mechanicakngi-
neersdesigningthe intake ports,increasedswirl ow leads
to somebene cial conditions:(1) improved mixture prepa-
ration,i.e.,morefuel contactwith oxygen,(2) ahigherEGR
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(ExhaustGas Ratio) which meansa decreasen fuel con-

sumptionand(3) loweremissionsHowever, too muchswirl

displaceshe ame usedto ignitethefuel. As such,abalance
mustbe achiezed between(1) generatingenoughswirl ow

in orderto createturbulenceand(2) notdisplacingthe ame

usedto ignitethe o w.

Someroutine questionghat a mechanicakengineemay
askwheninvestigatingswirl o w are:(1) Canvisualization
provide insightinto or verify the characteristicshape(spr
behaior of the ow? (2) What tool(s) can help to visual-
izetheswirl o w pattern?and(3) Wherein the comtustion
chambeiis theswirl o w patternnot beingmet?

1.1. Isosurfaces

Engineeroftenstartananalysisof CFD simulationdataus-
ing techniquedo visualizethe ow at the surfacein order
to geta rst impressionof the simulationresults.The next
logical stepis to investicatethe propertiesof the o w inside
the volume. Slicesare commonlyused,but visualizing 3D
characteristicef the o w like swirl canbedif cult with 2D
slices.Engineersare interestedn visualizationtechniques
thatprovide insightinto the spatialdimensionorthogonako
thesliceaswell.

Isosuriicesarea visualizationtool usedroutinely by me-
chanicalengineergo investicate the propertiesof the ow
insidea 3D volume.The shapeof anisosurficecangive the
engineeilinsightinto its 3D characteristicsOnereasonen-
gineersuseisosurfices,as opposedo say streamsudces,
is becausehey aresocommon.They feel very comfortable
with isosurficesbecauseljk e isolines,they arevery famil-
iar. Themechanicaéngineersve spoleto arenotasfamiliar
with thenotionof a streamsudceandevenlessits interpre-
tation.

Figure2 shaws anisosurfcein the comhustionchamber
of thedatasetin Figurel. Theengineercanseethatthe o w
hassomeof theswirling orientationthatthey arelookingfor.
However, whatis missingfrom Figure2 is a clearindication
of ow direction,e.g.,theupstreamanddownstreamnature
of the ow. In particular it is not obvious wherethe ow
doesnot follow the ideal swirl patternthat the comtustion
chambeishouldencapsulate.

1.2. Applying Texture-BasedFlow Visualization

Applying texture-based ow visualization techniquesto
suchisosurficesprovides engineersven moreinsightinto
the characteristicef 3D vector elds. And this hasbecome
a feasible option only recently We apply the method of
Larameeet al. [5] for producingdense texture-basedep-
resentation®f o w on isosurfces.The resultis a combi-
nationof two well know scienti ¢ visualizationtechniques,
namelyiso-surficing and texture-basedo w visualization,
into a usefulhybrid approachOur applicationis a versatile
visualizationtechniquewith the following characteristics:

=y

Figure 2: The swirling motion of ow in the comhustion
chamberof a dieselengine(sideview) asillustratedby an
isosurface Thisis a velocityisosurfacewith an isovalue of
5.0m/s.Any CFD attributecanbe mappedo hue

(1) generates denseepresentationf o w onadaptve res-
olution isosurfices,(2) visualizes o w on comple isosur
facescomposedf polygonswhosenumberis on the order
of 200,0000r more, (3) visualizes o w independenbf the
isosurbice meshs compleity and resolution,(4) supports
userinteractionsuch as rotation, translation,and zooming
always maintaininga constanthigh spatialresolution,and
(5) producedastanimationsrealizingup to 60 framesper
second.

We notethat the methodmustbe applicableto adaptie
resolutionsosurficedik ethatof Figure4 (colorplate).Note
that mary of the polygonsin Figure4 cover lessthanone
pixel. Theisosurficealgorithmusedhereis an extensionof
the Marching Cubes[6] and Marching Tetrahedrg11] al-
gorithmsthattakesinto accountmorecell types.It handles
adaptve resolutiormeshesn thesamespiritasLarameeand
Bergeron[4]. Therestof the paperis organizedasfollows:
in Section2 we discusselatedwork, Section3 reviews the
researchthat the work hereis built upon. Section4 details
texture-basedo w visualizationon isosuricesfrom CFD.
Resultsand conclusionsjncluding a discussiorof the user
guestionsarepresentedn Sections.

2. RelatedWork

The dense texture-basedcatggory of uid ow visualiza-
tion techniqgueggenerallystartedout with SpotNoise [12]
andLIC [2]. The mainadwantageof the texture-basedlass
of algorithmsis their completedepictionof the ow eld
while their primary dravbackis, in general,the computa-
tionaltimerequiredto produceheresults Previousresearch
with afocusonrepresentationsf thevector eld onbound-
ary surfacesis generallyrestrictedto steady-stateo w on
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simpleboundarygeometriesuchasspheresThisis mainly
dueto the prohibitive computationatime required.

Someapproachearelimited to curvilinearsurfaces Spot
Noiseis appliedto parameterizedurfaceshy VanWijk [12].
Forsselland Cohen[3] extend LIC to curvilinear surfaces
with animationtechniquesand add magnitudeand direc-
tionalinformation.Stalling[10] providesa helpful overvien
of LIC techniquesappliedto surfaces.In particular a use-
ful comparisorof parameterizeds. non-parameterizesur
faceds given.However, isosurfices)ik e thosegeneratedy
the Marching Cubesalgorithm[6] are not, in general pa-
rameterizable.

Battke et al. [1] describean extensionof LIC for arbi-
trary surfacesin 3D. The methodworks by tessellatinga
given surface with triangles.The trianglesare pacled (or
tiled) into texture memoryanda local LIC texture is com-
putedfor eachtriangle. The resultsarelimited to relatively
small,(1,600-4,00(polygons)simplesurfacescomposeaf
equilateraltriangleshowever. Mao et al. [7] extendLIC for
visualizinga vector eld onanarbitrarysurfacein 3D. The
cornvolutionof a3D white noiseimage with Iter kernelsde-
ned alongthelocalstreamlinesis performednly atvisible
ray-surficeintersectionsHowever ray tracingis, in general,
costly

Our review of the literature[8, 9] indicatesthat only re-
cently have dense,texture-basedo w visualization tech-
nigueson surfacesbecomemore feasible.Perhapshis is
onereasonwhy we have not seenthem appliedto isosur
faces.Larameeet al. [5] and Van Wijk [13] both present
texture-basedo w visualizationfor boundarysurfaces.In
bothmethodstextureis adwectedin thedirectionof the o w
atfastframerates.Also, bothmethodsaresuitedfor the vi-
sualizationof unsteadyo w on surfacesTheapplicationwe
presenherebuildsonthework of Larameeetal. [5]. In what
follows, we describewhy this methodis well suitedfor the
caseof isosurhicesanddiscussts utility.

3. Method Background

In order to understandhow and why we apply texture-
based o w visualizationto isosurfices,we briey outline
themethodbackgroundin brief, thealgorithmpresentedby
Larameeet al. [5] simpli es the problemby con ning the
adwectionof texture propertieso imagespace The surface
geometryis projectedto image spaceandthen a seriesof
texturesare mapped blended,and advected.This order of
operationgliminategortionsof thesurfacehiddenfrom the
viewer. Thepreviousmethodfor visualizationof o w onsur
faceds comprisedf thefollowing procedure(l1) projectthe
vector eld totheimageplane(2) detecigeometricedgedis-
continuities,(3) computeadwectedtexture coordinates(4)
adwect the image, (5) inject and blend in noise, (6) blend
additional noise along geometricedgediscontinuities,and
(7) applyshadingandotheradditionalgraphics Stepsl-7 of
the pipelinearenecessaryor the dynamiccaseof changes
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to the isovalue, time-dependengeometry rotation, transla-
tion, andscaling,andonly a subsetis neededor the static
caseqSteps4-7) involving no changedo the view-point or
isovalue.Eachstageis describedn moredetailin previous
research5].

4. Texture-BasedFlow Visualization on Isosurfaces

Herewe describeheway in which we applythemethodde-
scribedin Section3 to isosurfices Speci cally, we describe
waysto addressf1) thenormalcomponenbf the o w to the
isosurfice, (2) perceptuakhallengesassociatedvith view-

ing ow onisosurfices(3) issueselatedto resamplinghe
vector eld, and(4) someimplementatiordetails.

4.1. Applying a Normal Mask

Whenvisualizing o w on normalboundarysurfacesthe di-

rection of the o w generallycoincideswith the surfaceit-

self. As the o w approachethe boundaryit is not allowed
to passthroughandis pushedn atangentialdirection,i.e.,
it canbe describedassurfacealigned o w. However, in the
caseof isosuricesthisis nolongertrue. The o w ataniso-
surfacecansometimegxhibit astrong o w thatis normalto

thesurface e.g.,cross-surdice o w. Thesamealsoholdstrue
for the caseof arhitraryclipping geometriesSimply adwect-
ing texture propertiesaccordingto thevector eld projected
ontotheisosurficecould be considerednisleadingls there
away in whichthis cross-suidicecomponenbf the o w can
beincorporatednto theresultvisualization?

Battke etal [1], who appliedLIC to surfaces addresshis
problemby varying the length of the convolution Iter ac-
cordingto themagnitudeof thevectorcomponentangential
to the surface.In areaswherethevector eld is orientedal-
mostperpendiculato the surfaceonly very little smearing
of the texture occurs,i.e., the input noiseis visible instead
of a convolved texture. Our approacthis requiredto be con-
sistentwith the visualizationof o w on boundarysurfaces.
Whenwe applytexture-basedo w visualizationto boundary
surfaces the amountof texture-smearingndicatesvelocity
magnitudej.e., texture is smearednto longerstreaksn ar
easof highervelocity magnitude We don't wantto change
the semantidnterpretatiorof smearingor isosurfices.

We proposean ideainspiredby the well known velocity
mask,namely anormalmask A velocity maskcanbe used
to dim or highlight high frequeng noisein low velocity re-
gions.Whereasa normalmaskcanbe usedto dim regions
of thevector eld thathave strongcross- ow componento
the isosurfice.We de ne the normalmaskas:b = (A n)™
whereb increasessa function of the productof the veloc-
ity, v, andnormalvectorto thesurface n, atthatpoint. Here,
m is an arbitrarynumber In practice,it is typically around
unity giving the opacitya nearlylinearbehaior. In our case,
the imageoverlay becomesnore opaquein regionswith a
strongcross- ow componen&and moretransparenin areas
of highly tangentialelocity. With thenormalmaskenabled,
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the viewer's attentionis dravn away from areasof strong
cross- ow componentandtowardsareasof high tangential
velocity. However, the texture propertiesare still adwected
accordinghevelocity vectorsprojectedontotheisosurfaice.
Notethatif we encodethe normalmaskasopacity another
simulationattributecanbemappedo hue.ln ourapplication
thisis arequirementor consisteny.

4.2. Normal Mask Implementation

We can integrate the implementationof the normal mask
with very little overheady takingadwantageof thegraphics
hardware.If welook closelyattheconstructiorof theveloc-
ity image,we notethatthethe R, G, andB imagechannels
areusedto encodethe x, y, andz valuesof the vectorcom-
ponentsat eachvertex de ning the surface.This leavesthe
alphachanneksa free parametein thevelocityimagecon-
struction.In orderto implementthe normalmask,we sim-
ply storeb into the alphachannelof the framehuffer at the
sametime we arestoringthe x, y, andz vectorcomponents
-whenrenderinghevelocityimage . And whenreadingback
the imagebuffer, readingthe alphacomponentn addition
totheR, G, andB componentomesat very little overhead.
Someresultsof applyingthis normalmaskto anisosurbice
areshavn in Figure3. We canseethatthe o w attheisosur
facejust below the intake portin the foreground(in white)
hasa strongnormalcomponento theisosurfice.Thehigher
frequeny texturein this region is dif cult to see.Figure6
(color plate)shaws a close-upfor increasectlarity of expo-
sition. Note alsothat we have chosena simplercolor scale
in this caseto reducethevisualcompleity of theresult.We
nd thatusingusinga full rangeof huefor the color map-
ping (like in Figure2) in combinationwith variableopacity
for thenormalmaskis visually comple. Sowe provide the
optionof tradingoff somecompleity in thecolormapwhile
applyingthe normalmask.

4.3. Perceptual Issues

Figure 6 (color plate) shavs a close-upview of a veloc-
ity isosurficewith texture-basedo w visualizationapplied.
Oneperceptuaproblemwith theresultis thatof occlusion.
Thereis more structureto this isosurcethanwe cansee.
Perceptuaproblemssuchasocclusionandvisual complex-

ity arecommonto generallyall 3D visualizationsOneway
we addressethisis by implementinganinteractve clipping

plane.The clipping plane allows the userto seeoccluded
partsof theisosurficeby remaving sub-set®f thegeometry
on onesideof the plane,in this example,the sidecloserto

the viewer. Again, the usersareinterestedn cutting planes
becausef their familiarity. Figure5 (color plate)shavs an-
otherview of theisosuriicewith aclipping planebeingused.
New structuresin the isosurfice are revealed,namely the
structureresultingfrom o w aroundanintake portvalve.

Of courseanotheralternatve is for the engineeto take a
2D slicethroughthe volume,ratherthancreatinganisosur
face.Thisis essentiallytradingoff dimensionalityin orderto

reduceperceptuaproblemsin our applicationtheuserhas
both options.Anotheroptionfor the userin our application
is the useof arbitraryclipping geometriesFor example the
usercande ne aclipping geometryin the shapeof a sphere
or cylinder and apply the texture-basedo w visualization.
Again however, thisis atrade-of. We maygain by lowering
visualcompleity andocclusion but we losesomeinforma-
tion aboutthe behaior of the o w, namely thatvisualized
by theisosurace.

4.4. A ResamplingPoint of View

Thereasorthis texture-adectionmethodis fasterthanpre-
vious texture-basednethodson surfacesis becausehe in-
jection, blending,andadvectionof noisetexturesis donein
imagespace Thekey to transformingthethree-dimensional
natureof textureson surfacesto atwo-dimensionaproblem
is via the projectionof thevector eld to imagespace.

Thevector eld from theisosurfceis projectedontoim-
age spacevia the velocity image describedin Section3.
Then,the imageis warpedaccordingto a regular, rectilin-
earmesh.By distorting the imageaccordingthe projected
velocity vectorslocatedat the grid intersectionsye areim-
plicitly resamplinghevector eld. Thisresamplingmplies
someconsequencestlnlike thenatureof boundarysurfaces,
isosurbcesmay containvery small, disconnectegbiecesin
somecaseghesepiecesmay only cover a few pixels. This
impliesthatwe needahighvector eld resamplingatewhen
ad\ecting the texturesin imagespace.n otherwords, the
sampling-to-piel ratio shouldnot be too small, e.g.,sam-
pling at every pixel or every otherpixel. In orderto handle
this, we give the userthe option of differentadwectiongrid
resolutionsIn our implementationthe highestgrid resolu-
tion sampleghevector eld atevery pixel, while thesecond
highestadwectiongrid resolutionsampleghevector eld at
every otherpixel.

Another reasonwe give the usercontrol over the reso-
lution of theadwectiongrid is becausave wantto retainthe
adwantage®btainedy decouplingheoriginal surfacemesh
with the meshusedto adwect the textures.This decoupling
preventscomputationon thosepolygonswhoseareacovers
lessthan one pixel. And in the caseof Figure 4 thereare
thousandsf suchpolygons We notealsothatzoomingin on
asurfaceimplicitly increaseshesamplingrateof thevector

eld becausenoreof theimageis spreadbut while theres-
olution of the adwectiongrid at the sametime remainsthe
same.

Thefactthatanisosurhcemay containmary small, dis-
connectegiecesalsoimpliesthatwe needa high frequeny
texturein thespatialdomain.In ourimplementationwe give
theusercontroloverthespatialfrequeng of thenoiseinjec-
tion. Usinga high spatialfrequeny allows for thevisualiza-
tion of ow on even very small, disconnectegiecesof an
isosurfce.
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Figure 3: (left) a velocityisosurfaceof value5.0 m/swith a CFD simulationattribute mappedo hueand texture-basedow
visualization(right) texture-basedow visualizationon the isosurfacecombinedwith a normal mask.A close-upis shownin

Figure 6.

5. Resultsand Discussion

If we take a closerlook at Figures3 and5 (color plate),
we can seethat the texture-basedo w visualizationpro-
vides additionalinsight into the behaior of the ow. One
of thequestionghatthe engineeposeds: Wherein thevol-
umeis the ideal swirl ow patternnot being met? Within
the texture, we can seethat the ideal swirl ow patternis
not being met in just belon the intake ports themseles.
Namely we can seethat two areasof the ow are work-
ing against each other just beneaththe actual boundary
surface of the comhustion chamber This is shavn more
clearly in a close-upin Figure 6 (color plate). The nor
mal mask in Figure 6 highlights the boundary between
this destructve ow pattern.This is contrastedwith only
the isosurficeitself (Figure 2) whereareadestructve ow
is not obvious. The destructve ow patternis madeeven
more olvious in an animationof the o w. Supplementary
MPEGanimationsandimagesf theresultscanbefoundat:
http://www.vrvis.at/ar3/pr2/VisSymO04/

Figure7, top (color plate),shavs theintersectiorof three
bloodvesselsThelargervesselon theright bringsin blood
anddistributesit to two smallvesselon theleft. An abnor
mal pocket, e.g.,ananeurysmhasdevelopedatthejunction
of the threevesselsThe obserer may be interestedo in-
vestigatethe inside of the pocket to seethe resultingblood

o w patternlIf welook attheblood o w atthesurface,asin
Figure7,top,we seemostlynoise.Thevelocity of theblood
o w at the surfaceof the pocket is moving very slow rela-
tive to the vessekurfaces Figure7, bottom,shavs a veloc-
ity isosuriice(of 0.04m/s) insidethe volumewith texture-
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basedo w visualizationapplied.Shavn clearlyis therecir
culationzonein the pocket with blood o wing upstrean(in
theopposingdirection).This secondexamplewaschoserin
an effort to supportour claim that the hybrid approachof
texture-basedo w visualizationon isosurcescanbe use-
ful, notonly in theautomotve domain.

6. Performance

PerformancevasevaluatedonaPCwith anNvidia 980XGL
Quadrographicscard, with a 2.8 GHz dual-processoand
1 GB of RAM. The performancdimesreportedin Table1
supportinteractie explorationof o w onisosurficesThisis
importantfor the caseof changingsovalues Whenthe user
changegheisovalue,texture updateonly requirea fraction
of asecondAnd thetransitionis generallycoherenbecause
eachframeis blendedwith the previousframel[5].

The rst time reportedn the FPScolumnis for the static
casej.e.,theabsencef changeso theview point. Thetimes
shavn in parenthesisndicate the dynamic casesof inter-
active zooming,rotation,andtranslationof the view point.
The reportedtimes are aboutthreetimes fasterthan those
reportecby Larameeetal. [5]. Thisis mainly dueto theup-
datedhardwareusedfor the evaluationandimprovementgo
theimplementation.

Normal maskconstructiondoesnot introducesigni cant
overheadsinceit is easily built into the advection process
itself. For example theisosurficeshavn in Figure6 is com-
posedof 243K polygons.n the staticcasethenormalmask
hasnoeffectonframeratesThey arethesameasthosdisted
in Tablel. In thedynamiccaseusinga 128 advectionmesh,
theframeratedropsfrom 3.3to 3.0 FPSwith theadditionof
thenormalmask.
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num. adwectionmesh
polygons resolution FPS
10K 642 64 (35)
12& 64(18)
256 32(8)
512 15(2.3)
48K 642 64 (13)
128 64(10)
256 32(6)
512 15(2)
221K 642 64 (4)
128 64(4)
256 32(2.9)
512 13(1.5)

Table 1: Sampldrameratesfor thevisualizationalgorithm.

7. Conclusionsand Futur e Work

We have shovn how the image space based texture-
adwection techniqueof Larameeet al. [5] can be applied
to isosurfices.Isosurficesprovide informationinto the 3D
characteristicef o w that2D slicesandboundarysurfaces
alonecannot.We have shavn thataddingthe texture-based
representatiof o w to isosurficescan give the engineer
new insightinto the behaiour of swirl o w whenexamin-
ing CFD simulationdata.We have alsoappliedthe method
to the visualizationof blood o w. Furthermorethe method
is fastand supportsuserinteractionsuchaszooming,rota-
tion, andtranslation.

Future work can go in mary directions including vi-
sualization of texture-based ow visualization on time-
dependentisosurfices, streamsudces, and unsteady3D

o w. Challengeswill include both interactve performance
time andperceptualssuesFuturework alsoincludestheap-

plication of more specializedorogrammableraphicshard-

warefeaturesn the mannerof Weislopf etal. [14]
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Figure 4: (color plate) A close-up,wire-frameview of the Figure 6: (color plate) A close-upof a velocity isosurface
isosurfacefrom Figure 2. The algorithm we describemust from Figure 3: with texture-basedow visualizationand a
beapplicableto adaptiveresolutionisosurfacemeshes. normalmaskapplied.Wth the texture advectionon theiso-

surface it is clear that the ideal swirl ow patternis not
exhibitedin thisregion.

Figure 5: (color plate) A closeup view of the sameisosur
faceshownin Figure 3 usinga clipping planetangentto the

view-pointin orderto revealoccludedsosurfacestructures. Figure 7: (color plate) (top) the intersectionof threeblood

vessels An abnormal podket has formed at the junction.
(bottom)a velocityisosurfaceof value0.04m/swith texture-
based ow visualization applied. The recirculation zone
wheee blood ows in theopposingdirectionbecomeslear.
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