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1 Introduction

The laminarflow of anincompressiblenewtonianfluid arounda circular cylinder
is well known anddescribedn literatureasKarmanvortex street For its extensve
investigationdn the pastthis flow is frequentlyusedas a testcasefor numerical
simulation(CFD). In spiteof that, directcomparison®f thetime dependentlevel-
opmentof thevelocity componentbetweerexperimentandsimulationstill seento
be missing.Until now to our knowledgejust comparisongor the meanvalueshave
beenreported.In this work resultsfor thetime dependentiow obtainedwith Laser
DopplerVelocimetry(LDV) andParticleImageVelocimetry(P1V) arereportedand
comparedo resultsof anumericalsimulation. The qualitatve andquantitative cor-
respondenceanddifferencesarepresente@nddiscussed.

2 Experimental set-up

Figure 1 shows the side view and the partial top view of the set-up. The dotted
areacomprisingthe cylinder and its wake—wherevortex sheddingis expected—
representsheregion of interestbothfor experimentandnumericalsimulation.De-
tails areshawn in figure 2 with (&, ) defininga dimensionlesgoordinatesystem
in which the cylinder diameteris usedasa referencdength. Theregion of interest
is 352mm in length, 65.6 mm in heightand 328 mm in depth. The cylinder has
a diameterof 16 mm and extentsover the whole channeldepthwith 328 mm in
length. The measurementare conductedat half channeldepthwherethe flow is
taken to be two-dimensiondl. At the beginning of the channela honezcombflow
guideis installedin orderto reducenflow effectsthatarecausedy the 90° change
in directionof theflow from thereserwir to thechannel.

Thefluid (water)is pumpedinto the reserwir by a centrifugalpump. Theflow
rateis adjustedo its desiredvalueby anelectronicallycontrollablevalve andmea-
suredsimultaneously Behindthe valve the wateris storedin an opentank from
which it is pumpedbackinto the reserwir. Sowe have a circularflow thatallows
usto seedhefluid only oncebeforethe measurementstart. At all timeswe pump
more waterinto the reserwir thanis neededfor the desiredmaximumflow rate.
Theunusedwvaterflows backinto thetankvia awastevay. Sothewaterlevelin the

1Thegeometricatatiosof this two-dimensionaproblemaretakenfrom [3].



g —— cylinder

honeycomb flow guide

water E= ] 3

4
| 7o -
B <
2 @ 1, 3 5e 8, 10e 11 E
y 2, 4 B %
o, 8, .5 10 15 20

Fig. 2. Geometryof thechannelndlocationof the measuringpoints

resenoir is keptconstantthusensuringanalsoconstanpressurgradientalongthe
channel.

FortheLDV measurementstwo componenbackwardscatteringsystem(DAN-
TEC) with anArgon-lon-Laseis used.Themeasuring/olume(0.2 mmx 0.2 mmx
2 mm) is traversedwithin a planein the middle of the channelthatis orientated
normally to the cylinder axis. Thelocationof the measuringoointscanbe seenin
figure2. Thetracersusedaretitanium-oxidparticleswith ameandiameterof 5 um.

For the PIV measurementa system(Optical Flow Systemd_td.) is usedthat
mainly consistsof a double oscillator Nd: YAG laser(30 mJ per cavity), a cross-
correlationCCD-cameravith a1l K by 1 K sensomnda PCequippedvith 512MB
RAM in orderto recordsufficiently long time seriesof theflow. Thearearecorded
by the CCD-cameras describedby a squarewith its lower left cornerat (¢ =
2.1,y = 0.1) andits upperright cornerat (¢ = 6.0, = 4.0). For betterlight scat-
teringefficiency thetracersusedaresilver-coatechollow glass-spherewith amean
diameterof 10 pm.

We defineaReynoldsnumberthatcharacterizethestationaryflow in themiddle

planeas
_ umDp

Re (1)

with theaveragehorizontalvelocity uy, thenewtoniandynamicviscosityy, thefluid
densityp andthecylinder diameteD. Thevalueof uy, is determinedy integrating



the inflow velocity profile (§ = —2) (seefigure 3(a)) over the channelheightthus
giving a Reynoldsnumberof 100.
Furtherthe StrouhalnumberSrandthedimensionlessime
Df . tu
Sr=— t=— 2

L o ()
with the separatiorfrequeng f of the vorticesare used. Thusthe dimensionless
timeis calculatedo f = t/256s. All velocitiesaremadedimensionlessvith up,.
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Fig. 3. Inflow velocity profileat§ = —2

In thestationarycasetheinflow shouldideally befully developedtimeindepen-
dentandof parabolicshapeacrosghechanneheight. As onecanseein figure 3 the
inflow is notof parabolicshapeandshavsasmallverticalcomponen{~ 2% of up).
Thereasorfor thenon-parabolishapeobviouslyis thatthelengthof theinletis too
shortto allow the flow to fully develop. The vertical componenthatresultsfrom
the 90° changen directionof the flow from the reserwir to the channels limited
to anacceptablezalueby the alreadymentionedlow guideat the beginning of the
inlet. Neverthelesghis inflow profile is usedfor the numericalsimulationso that
directcomparisoris possible.

3 Numerical Simulation

The primary aim of the simulationis to computethe velocity in the mid-plane
areashawn in figure 2, wherethe flow is assumedo be two-dimensional.Using
a primitive-variableformulationwith cartesianvelocity v(u,v) andpressurep, the
simulationis basedn theequatiornf motionfor anincompressiblésothermafiuid

p(g—\t/+L-v):—gradp+divT+f 3)



andthe continuity equation
divv = 0. (4)

Heret representshetime, p thefluid density L thevelocity gradient(L = gradv)
andf the body force per unit volume (which in this caseis setto zero). For a
newtonian fluid the extra-stresgensorT is connectedwith the strain rate tensor
D=2 (L+LT) by T = 2pD, wherepis thefluid viscosity

The simulationusesa standardGalerkin finite elementmethodbasedon the
isoparametrid¢riangularTaylor-Hood elementwith continuouspiecevise quadratic
shapefunctionsfor the velocity and continuouspiecavise linear onesfor the pres-
sure. The unstructuredneshusedto discretizeboth the entranceand the mid-
planeareaof figure 2 is shovn in figure 4. It describeghearea—2 < & < 22 and
0< W< 4.1. A close-upof thecylinder sectioncanbeseenin figure 10.
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Fig. 4. Finite elementmeshwith ca. 17000unknavns (u,v, p)

The above equationsaresupplementedvith initial andboundaryconditionsall
selectedn sucha way, thatthe resultingsimulationwill follow the experimental
set-upascloseaspossible. Thereforetheinitial conditionis afluid atrestwith zero
velocitiesandzeropressurgradient. A no-slip boundaryconditionis usedfor all
walls. It is assumedhetime-varyinginlet velocity canbe approximatedy

Vin(yt) = Vs(y) fp(t) (5)

whereindex srefersto thestationaryvelocity of figure 3 asmeasuredvith theLDV
equipment.Theprocesgunction fy(t) describeshechangen inlet velocity from 0
to vs andis in this caseassumedo belinear. It thusroughlyapproximateshequasi-
linearcurvein figure9 asseerwith LDV at§ = —2, W = 2. Differentfunctionsfp(t)
will resultin a differentfluid structureonly during the start-up,but not after the
vortex sheddinghasstartedandthe inlet velocity remainsunchangedThe outflow
conditionis somavhatmorecomplicatedsinceno velocity datais availableandthe
flow itself is, dueto the vortex sheddingsuspectedo be very complex. A useful
conditionis to enforcea vanishingverticalvelocity in combinationwith avanishing
horizontaltensionvector, viz. v x n = 0 andt - n = 0 wheren is the surfacenormal
vectorandt = —pn+ T - n thetensionvector As shawn in figure 6 this condition
hasno visibleinfluencein upstreandirection.

The spatial discretizationleadsto a semi-discretecoupledsystemof nonlin-
ear differential ordinary equations. Applying an implicit time discretization(e.qg.



Crank-Nicholsonseconcbrderin time) this resultsin analgebraicnonlinearindef-

inite system
(e %) (5)=(¢) ©

which thenhasto be solved at all timelevels. Formally solving the first equation
for v andinsertingthe resultin the secondequationgivestwo definite nonlinear
problems,

Sp=C'NICcp=C'N*th-c 7)

Nv=n—-Cp, 8

with the matrix S hoawever givenimplicitly only. The solutionalgorithmsolvesthe
first equationusing a variantof the well known Richardson-iterationinvolving a
suitablepreconditionefor S. After thesolutionfor p is known, thesecondequation
canbesolvedfor v. In practice,both equationsare solvedin a successie manner
within theiterationprocessA detaileddescriptionof the algorithmis givenin [2].

The timestepsize At is automaticallyselectedusing a local error estimation
basedntwo similarintegrationsof differenttimestepgonestepwith At, two steps
with At/2) . At the begin a strongincreasein the timesteplengthis seenin fig-
ure5. It is interestingto notethatlater, with the vortex streetfully developed still a
periodicchangeof thensmallstepsis used.
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Fig. 5. Adaptive selectionof the simulationtimestep

The amountof computationatime requiredfor 0 <t < 2isca.28honaSun
Ultra 1 workstationusing a workspaceof ca.12 MB. As an examplefor the flow
computedoy the simulation,figure 6 shows several streaklinesduring vortex shed-
ding. Thegreyscalegeferto differentpositionswheretracerparticlesof zeromass
have beenaddedinto theflow. Figure7 givesa closerview of the quasi-stationary
flow aroundthe cylinder.

Besideghe calculationof the velocity andpressurdield, the simulationis also
able to predictnot easily measurablelata, like drag and lift forceson the (two-
dimensionalcylinder asa function of time. Figure8 shavs the correspondingli-
mensionlessoeficients,which aredefinedasusual,viz. Cp = Fp/(p/2u3D).
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Usingsuchintegral datathe programcodehadpreviously beenverifiedby com-
puting the so called benchmark-flav describedn [3] within the geometryof fig-
ure2. As shovnin [2], avery goodagreemenhasbeenfound. In fact,theinvesti-
gationdescribecherewasinspiredby that problem,sinceintegral dataalone,even
if sensitve like thelift coeficient, is not sufficient for a completevalidationof a
simulation. In view of this thereis a needfor time-varyingfield information(v, p)
for otherthanpureacademigroblems.We hopethe datapresentederewill help
to somevhatnarrow this gap.
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4 Results

4.1 Instationary Flow

We startthe flow by openingthe valve shawvn in figure 1. The meanvelocity of
the flow enteringthe investigationareaincreasesiearly linearly from zeroto its
maximumvalueduringatimeintervall of Af = 0.35. It is measuredt (§ = — 2, =
2) with LDV (seefigure 9, points: LDV-data,line: approximatiorfor simulation).
Afterwardsthe massflow is keptconstanandthenwe measurehe inflow velocity
profile at (§ = —2,p) with LDV (seefigure 3). As describedpreviously, both data
setsareusedfor the simulation.

In figure 11 we show the velocity at point 4 asmeasuredby LDV. The velocity
increasesluringstart-upandshawvs oscillationsimmediately afterthemassflow is
constant.Comparingthis curve to the correspondingimulationdata,we find very
goodagreemenfor boththe amplitudeandthe frequeng. The earlierstartof the
oscillationsin the experimentmay be causedy smalldisturbance# the set-up.

Resultsof PIV-measurementduring start-upareshown in figure 12. As exam-
plesfor instationaryandnon-periodidlow fields streamlinesandvorticity (left) and
velocity vectors(right) areshawn for two differentmomentsvhenvortex shedding
hasnot yet started. One canobsene an increasingareaof slackwaterwherethe
velocitiesare closeto zero. The vorticity intrudesinto the flow from the cylinder
andthe channelwalls andincreasesn magnitudeasit is indicatedby the darker
gray of thecontourplot.

4.2 Quasistationary Flow

Whenconstantmassflow is reachedwe measurahe velocity with LDV at points
1-1l1andtake imagesfor PIV within therectangleshovn in figure 2. With LDV as
apoint measuremertechniquewe arenot ableto capturethevelocitiesat different
pointsat the sameinstantasit canbe donewith the simulationor with PIV. There-
fore we choosean arbitrarytime interval of At = 0.2 andcompareLDV andPIV

datato the simulationdata,keepingin mind thatthe phaseof the velocity oscilla-
tionswill bedifferent. Furtheron, for LDV the shape(the temporalresolution)of



the curvesstronglydependsn the numberof particlespassinghe measuringvol-
ume,whereador PIV andthe simulationthe shapeof the curvesstronglydepends
on theimagecapturingfreqeng respectiely the simulationtimestep.In theseex-
perimentPlV imagepairsaretakenwith afrequeny of 1.3 Hz, whichis sufiicient
to capturehemainflow structuresausedy thesheddingf thevortices(according
totheNYQuI ST criterion). Thefrequeny canbeincreasedipto 15Hz sothateven
fasteroscillationscanbe obsenedwith PIV.

In thefollowing resultsof PIV, LDV andsimulationfor two measuringpoints(3
and4) arereviewed. In general.experimentsand numericalsimulationagreewell
with respecto both qualitatve andquantitatve behaiour. The shapeof the oscil-
lationsaregivenlikewise with all methodqseefigures13— 18). Evenstriking fine
structuref theverticalvelocity arefoundin bothexperimentsandsimulation(see
figures13(b),14(b)and15(b)). The marksin thefiguresrepresenmeasuregarti-
cles(LDV), resultsof cross-correlatinguccessie imagepairs(PIV) andtimesteps
(simulation). The differentamplitudesof the horizontalvelocity may be causedy
an uncertaintywith which the actuallocation of the measuringpoints canbe ac-
cessedn the experiment. The Strouhalnumberderived from the measurements
betweer0.271(PI1V) and0.281(LDV) andcomputedo be 0.283in the simulation.

Furtheron, P1V is usedto gainexperimentaldataof the time dependenteloci-
tieswithin a planeorientatechormallyto the cylinder axis. It is not possibleto get
similar velocity mapsof flows like theinstationaryortex streetwith LDV because
asa point measurementechniqueL DV canonly be usedto recordvelocitiesat a
single point over time. Figures19 and 20 shav the contourplot of the absolute
velocity andstreamlinesf the flow. To reducethe amountof presentediataonly
every secondPIV image pair (Af = 6-10~3) andthe correspondingesult of the
simulationareshavn. The unusualmeansof streamlinedor instationaryflows is
chosenn orderto visualizethe positionsof the vortices. The 20 grayscalegor the
dimensionlesabsolutevelocity represena valueof 0 with white andavalueof 2.0
with darkgray. Onecanfind very goodagreemenin thepositionof thevorticesand
theform of thestreamlines.

Figures21 and22 shov a detailedview aroundmeasuringooint 1 for the same
pointsin time asin figures19 and20. Onecanobsene a vortex coremoving from
the upperleft cornerdown to the lower right corner Again very good agreement
betweerexperimentandsimulationis shavn.



5 Conclusions

The PIV andLDV measurementsiake experimentalinformationon the time de-
pendentdevelopmentof the velocitiesin the Karmanvortex streetavailablefor a
whole cross-sectiorand at discretepointsfor comparisorwith numericalsimula-
tions. In spiteof the actualthreedimensionalityandthe wall influence$ excellent
agreemenbetweerexperimentsandtwo dimensionakimulationcanbe found.

Theresultsof the PIV measurementgrove thatit is possibleto extendthe ap-
plication of PIV away from statisticalevaluationof turbulent flows towardsto the
recordingof instationaryflows thatcannotbetriggeredto externalevents—like it is
possiblein turbomachinery—andhereforecannotberecordecby LDV.
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Fig. 19. Contourplot of absolutevelocityand Fig. 20. Contourplot of absoluterelocityand
streamlines—PIV streamlines—simulation
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