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1 Intr oduction

Oneof thefascinatingphenomenaf naturalsciences the turbulentstateof the macroscopic
flow motionin fluid-mechanics.Besidethe omnipresenvariety andbeautyof the turbulent
motion, the inherentfascinationand attractionis strongly connectedvith the enormouddif-
ficultiesassociateavith a mathematicahndphysicalunderstandingThe principal difficulty,
with respecto aninviscidfluid or aclassicabasof pointparticlesin equilibrium,resultsfrom
the strongnon-linearityin the conseration equationand the dissipatve charactere.g. the
flux of enegy from thelarge scalesor eddiesinto progressrely smallerandsmallerones.As
a generalmathematicatsolutionof non-linear non-equilibriumsystemss out of reachfrom
the presentpoint of view, the propertiesof idealisedflows with simplegeometriesareexam-
ined experimentallyand numerically Of primary interestis the two-dimensionaturbulent
boundarylayer flow of an incompessiblefluid along a flat plate with zeio pressue gradient
becausehis flow revealssimultaneouslywo characteristiphenomenaf turbulence hamely
the effectsof nearwall turbulenceandthe effectsof intermittency e.gthe interactionof the
turbulentboundarylayer with the laminarouterflow accordingto figure 1.1 This particular
flow evolvesfrom alaminar boundarylayer flow whenthe Reg/noldsnumberRe, = Uy z/v
is sufficiently high. In this caseflow disturbancesvith a particularwavelengthgrow, become
unstableandsharetheenegy from themeanmotionoverthedegreesof freedomby non-linear
interaction.

125 U/Ug
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FIGURE 1.1: Instantaneoustructureof aturbulentboundaryayerandmeanvelocity profile after[37]

Beginning with the early channeland pipe flow measurementgublishedby Laufer[68,
69], andthe zeropressuragradientooundarylayerbenchmarknvestigationsalongaflat plate
by Klebanof [55], turbulentboundarylayershave beenexaminedextensiely becausef their
technologicaimportance their significancefor the developmentof fundamentaturbulence
modelsandfor the validationof numericalflow simulationg89, 96]. Thebulk of the quanti-
tative investigationshasbeenperformedwith intrusive single-pointmeasuementtechniques
[21] suchaspressurgrobesandhot-wireanemometetbut alsonon-intrusiveflow visualisa-
tions techniqueshave beenfrequentlyappliedto examinequalitativelythe global featuresof
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1 Introduction

theflow [15, 24, 25, 28,54,57,58, 59, 79,81, 84,92, 103 110]. Althoughthe conclusve-
nessof thesevisualisationgs often questionablebecausef the compleity of the turbulent
motionandinherentproblemsassociateavith the interpretation®f the flow visualisationre-
sults as discussedy Hama[26], theseinvestigationshave improved the understandingf
turbulenceto a large extent, becausat waspossibleto detectcoheent flow structuessuch
aslow-speedstreaks,shearlayers, stream-wisevorticesand loop-shapedstructures and to
illustrate their significancefor the turbulent mixing in wall-normaldirection. In the follow-
ing years,anumberof partially contradictingvortical modelshave beenproposedgdesignated
as hairpin, horseshoeor lambdavorticesin the literature[83, 98, 99], to link the coherent
structuresandprocesse&lentifiedasillustratedin figure 1.2 andfigure 1.3 for example.
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FIGURE 1.2: Formationof ahairpinvortex in a boundarylayerfrom a span-wisevortex anddecayof
thevortex structure after[31].
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FIGURE 1.3: Schematiof break-upof a syntheticlow-speedstreakgeneratinghairpinvortices. Sec-
ondarystream-wisevortical structuresaregenerateawing to inrushof fluid, after[1].
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As order can be always obsered when the convectionterm in the equationof motion
is dominantover the production,diffusion and dissipationterm, thereis no doubtaboutthe
existenceof organisedlow structuresHowever, theirexactgeometricahndkinematicalprop-
ertiesarewidely unknovn andthereis still a generalcontroversyaboutwhich structuresare
fundamentadndwhich onesareonly secondarywhich onesaredominantandwhich onesare
irrelevant[73, 86,87,94]. Basedon thetechnologicaprogressn laser cameraandcomputer
technologyin the last decadeof the 20th century it becamepossibleto link the qualitatve
visualisationswith the statisticalresultsfrom the quantitatve single-pointmeasurementsy
applyingnon-intrusve optical multi-point measuremenechniquesuchasthe corventional
andstereoscopiparticleimagevelocimety se€[4, 38, 44, 74] for example,andit waspartially
possibleto prove the validity of the proposedrortical models.However, dueto the measure-
mentnoiseandthe limited spatialresolution,storagecapacityand computerpower at that
time, only the propertiesof thelarge-scalestructurecouldbededucedrom a smallnumberof
samplesTheinformationaboutthe geometricabhndkinematicalpropertiesof the small-scale
structureson the other handis still uncertainand also a consistentphysicalpicture, which
links the basicprocesseandexplainstheir importancewith regardto the turbulenttransport
is missing[31, 76, 86, 89, 94]. Thereis no doubtthat further sophisticatedxperimentalor
numericalinvestigationsarerequiredto solve thesequestionsaandto addanotherpieceto the
puzzleof nearwall turbulence. As a direct numericalintegration of the conseration equa-
tionsis still out of reach,especiallyat high Reynolds numbersit is generallybelieved that
deeperinsight strongly relies on the capabilitiesof advancedmeasurementechniques.To
overcomethe limitations of the existing measuringand visualisationtechniquesappliedin
fluid mechanicsa stereo-scopi@articleimagevelocimetrybasedmeasuremengystemwas
developedandappliedfor theinvestigationof the phenomenaf nearwall turbulence.By us-
ing thistechniquat is possibleto determineatary flow velocity all threevelocity components
in spatially-separateplanessimultaneouslyr separatedh time. It will be shovn in thefirst
partof thisthesisthatthistechniqueas veryreliable ,robustandwell suitedfor measuringvith
high accurag and spatialresolutiona variety of fundamentallyimportantfluid-mechanical
guantities,which are at presentnot available by any otherknown technique.In the second
partof thethesisthe experimentaresultsobtainedwith thistechniquen aturbulentboundary
layer flow will be outlinedin orderto answersomeof the previously mentionedquestions
aboutthe geometricandkinematicalpropertiesof the coherenflow structuresandtheir re-
lation relative to the proposedrortex models.

Besidethedifficultiesassociateavith themeasuremertechniquesearlyall experimental
boundarylayer investigationsreportedin the literature are facedwith the problemthat the
generatiorof a fully-developed,turbulent boundarylayer flow of large extent and rangeof
scalesis difficult to achieve dueto the limited wind-tunneldimensions. By using tripping
devicesright behindthe leading edgeof a flat plate, suchas sandpaper wires or ribbon
elementdgor example,awell-definedtransitionto turbulencecanbereachedaccompaniety
a strongly-graving boundarylayer thicknesss andrangeof scales.However, thesedevices
introduceatrtificial flow-structureswvhich alter the naturalturbulencelevel andflow structure
in thewake[21, 83, 111]. Withouttrippingtheboundarylayer, only naturalflow structuresre
developing,but dueto the gradual,non-uniformtransitionprocessthe onsetof turbulenceis
delayedandstronglyvariesin time andspatiallocation. As a consequenceuantitiedik e the
boundarylayerthickness) arenotwell definedandtherangeof scaleds rathersmallrelative
to the disturbedflow. In addition,a directinteractionbetweerthe outerregion (y > 0.26) of
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1 Introduction

theturbulentboundarylayerwith the nearwall flow domaincantake placeandthis mayalter
thestructureof theflow in betweerbothregions[41]. To overcomeheseprincipaldifficulties
associateavith the preparatiorof awell definedflow, which correspondso theidealisedlow

describedby the equationsof motion, the experimentalinvestigationoutlined in chapter5

to 7 waspreparedand performedin the temperature-stabilise@|osedcircuit wind tunnelat
the Laboratoirede Mécaniquale Lille (LML) shawn in figure1.4. This facility allows high

resolutionexperimentsat Reynoldsnumbersup to Rey, = 20000 at free-streanvelocitiesof

Us = 10m/s Thisis possibledueto the remarkabldoundary-layethicknessof 6 > 0.3 m

at the end of the 20.6 m long, 2 m wide and 1 m high testsection. The contractionratio of

thefacility is 5.4, theflatnessof thewall is 1 mm on 5 m andthe temperaturef theflow can
be stabilisedwith anuncertaintyof +0.2°. The measurementseretaken18 m from thetest-
sectioninlet atfreestreamvelocitiesof 3 m/sand7 m/s At thislocation,theReynoldsnumber
basedon the momentunthickness) is Re, = 7800 and15000. For further detailsaboutthe
wind-tunnelandflow characteristicdik e shapeparameteti;, skinfriction coeficientc; and
strengthof thewake componentA (U /u., ), se€[12].
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FIGURE 1.4: Topandsideview of thetemperature-stabiliseclosedcircuit boundaryayerwind tunnel
at the Laboratoirede Mécaniquede Lille (LML) in France.1 engine(37 kW) with fan, 2 diffuser 3
returncircuit, 4 heatexchanger5 hong/comb, 6 screensy settlingchambemwith nozzle,8 turbulent
boundarylayerdevelopmenizone,9 transparentestingzone.

Organisation of the thesis

This thesisis composef six mostly self containedmain chapterdhatcanbereadindepen-
dentlywithout needingcontinuouscrossreferring.

Chapter 2 examinesvariousaspect®f theParticleImageVelocimetry(PIV) which areof
fundamentalmportancefor accurataneasurementgspeciallyin turbulentflows, but which
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werenotconsideredn detailin theliterature[2, 29, 85,104]. Startingpointis the basicprob-
lem associatedvith the reproduciblegeneratiorof sufficiently monodisperséiquid particles
with anappropriatesize,shapeanddensitysuchthatthey follow the macroscopidlow motion
faithfully without disturbingthe flow or fluid properties.In the past,very little attentionhas
beenpaidto the obsenationthatthe particlesizedistribution generateanay stronglydeviate
from the desireddistribution if theliquid level in the aerosolgeneratochangesthe pressure
varies,or thenozzleholesarecontaminatedor ary reason.This may causeseriousproblems
asthe accurag of all tracerbasedvelocity measurementechniquessuchaslaserDoppler
anemometrfLDA), particleimagevelocimetry(PIV) or Dopplerglobalvelocimetry(DGV),
is ultimately determinedby the particledynamics[3]. Besidethe fundamentaproblemsas-
sociatedwith the generatiorof appropriateracerparticles,the registration, the storage and
theread-outof the particleimageswill beinvestigatedn detailin section2.3. This processs
anotheikey elemenin PIV astheaccurag of thetechniquestronglydepend®ntheprecision
with which the imagedisplacementan be relatedto particle locationsandtheir respectie
particledisplacementf3]. Partsof theresultshave beenalreadypublishedn [39, 42,47].

Chapter 3 focusesonthe stereoscopi®lV techniquedvecausehe corventionalPlV sys-
temoutlinedin chapter2 is notwell suitedto examineturbulentflows for two reasonsFirst,
only the projectionof the three-dimensiondlow velocity insidethe measurememlanecan
be determinedwith the corventional PIV technique. Second the two velocity components
thatcanbe measuredrebiasedvhentheflow is three-dimensiondlecaus®f theperspectie
error. In section3.1 the advantagesand dravbacksof variousstereoscopicecordingcon-
figurationswill be comparedandthe basicprinciplesof differentevaluationschemegnown
asimage warping vectorfield warping andinterrogation windowwarpingwill be discussed
in section3.2. Of primary interestis the investigationof the differentimageinterpolation
schemesvhich arerequiredfor the analysisof the imagepairs,becauseéhe measuremergr-
ror dependstronglyontheinterpolationalgorithmapplied.Anothersystematicneasurement
errorthatwasdiscoveredby applyingthe stereoscopi®lV is investigatedn section3.3. As
this error can be large relative to all other possiblemeasuremengrrorsa calibration vali-
dationtechniques examinedwhich hasbeendevelopedto detectand compensatéhis error
completely The generalmaterialof this chapteris mainly basedon [40, 42] andthe section
aboutthe calibrationvalidation methodand the different evaluationschemescan be found
partiallyin [39, 44].

Chapter 4 describeshe principlesandpropertiesof the multiplanestereo PIV technique.
This techniquewas developedto obtainwith high accurag and spatialresolutioninforma-
tion aboutthe spatio-temporaflow unsteadinesandto determinefundamentallyimportant
fluid-mechanicafuantitiesvhich arepresentlynotaccessiblevith any otherknown measure-
menttechniquetechnique.First of all the principlesandpropertiesof thetechniquewwill be
outlinedalongwith therequiredfour pulselaser system Thereafterthe synchronisatiorand
alignmentof the systemcomponenwill be discussedanddifferentmodesof operationwill
be outlinedwhich have beenappliedfor the fluid-mechanicalnvestigationsn chapter6 and
7. In sectiond.6and4.7 polarisationeffectsandthe effect of optical aberrationson the mea-
suremenprecisionwill be studied.In particular it will be shovn how to reduceundesirable
optical aberrationdelow the resolutionof the recordingmediumandhow to eliminatecer
tain aberrationsompletelyby acceptingaberrationf othertypeswhich are of no harmin
PIV. To examinethe performanceandreliability of the multiplanestereoPIV techniquethe
acousticreceptvity of alaminarboundarylayeralonga flat platewith zeropressuregradient
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1 Introduction

is examinedin sectior4.8. This experimentwasperformedn thelow-turbulencewind-tunnel
atDLR Gottingen. The generalideaof the measuremertechnique possiblerealisationsand
differentapplicationshave beenalreadypublishedby theauthor[41, 39,45, 46,49].

Chapter 5 shows the main fluid-mechanicaresultsmeasuredn the stream-wisewall-
normalplane(zy-plane)of the turbulentboundarylayerat Rey = 7800 and 15000 with the
stereoscopid®IV techniqueoutlinedin chapter3. The measurementvas performedl18 m
downstreamof the test-sectiorinlet in the temperature-stabilisedind-tunnelshowvn in fig-
ure 1.4. In section5.1 the basictheoreticalconceptsequiredfor a statisticaldescriptionof
turbulencearesummarise@ndthedetailsof the experimentakonfiguratiorandtherecording
parameteareoutlinedin section5.2. To validatetheflow characteristicandthe performance
and accurayg of the PIV systemapplied,in section5.3.1the primary statisticalproperties
of the turbulent boundary-layeflow are comparedwith the theoreticalpredictionsoutlined
in section5.1, aswell asthe experimentalresultsreportedin the literature[21]. Thereafter
the propertiesof the normalisedspatialcorrelationandcross-correlatiofiunctionsare exam-
inedto link the statisticalresultswith the conceptof coheentflow structures This concept
assumeshat the compleity of the turbulent motion is simply a resultof the presenceand
interactionof relatively simplevortical structuresor eddies Theaveragesizeandshapeof the
dominantcoherentlow structuress deducedrom the primarycomponent®f thedoublecor-
relationtensorandthe dimensionof the flow structuredeingresponsibldor the production
andtransporof turbulenceis determinedrom thevariouscross-andconditional-correlations.
Becausef thefactthatthe coherenflow structuresave a history of developmentwhile they
are transporteddownstream the spatialcorrelationfunctionsinclude realisationsof a large
numberof structuresat variousstagesof their life history. To examinethe propertiesof the
individualcoherenflow structuressuchastheir significanceor the productionof turbulence,
their mutualinteractionandfinally their relationwith respecto idealisedvortex modelsmen-
tionedon page6, typical instantaneouselocity fieldsarefinally analysedn section5.4.

Chapter 6 examinesthe resultsmeasuredvith the multiplanestereoPIV techniqueout-
lined in chapter4 in stream-wisespan-wiseplanes(zz-planes)at y™ = 10,20, 30. These
planesareof particularinterestbecausef the strongdynamicof the turbulentfluctuationsin
this domainaccordingto the resultsin chapter5. The intensity of the differentflow struc-
turesandtheir propagationdirection relative to the wall are examinedin section6.2.1 and
the size,shapeandintensity of variousspatialcorrelation,cross-correlatiomnd conditional-
correlationfunctionsare analysedn section6.2.2and 6.2.3in orderto obtain quantitatve
informationaboutthe structuralfeaturesof the coherenflow structuresandtheir significance
for theturbulentmixing. In section6.3,the meancorvectionvelocity of thedifferentcoherent
velocity structuregpresentn the nearwall region of theturbulentboundarylayeris estimated
from the spatio-temporastructureof the correlationfunction by usingvariousmethodsand
thedominantcoherenflow structuresdeingpresenin the nearwall region areinvestigatedn
detailin section6.4. Of primary interestis againtheir sizeandshape their significancefor
the productionof turbulenceandtheir mutualinteraction.In thefirst partof the investigation
flow structureswill be considereavhich canbelabelledasdominantdueto their occurrence.
Thereafter flow structuresare examinedthat canbe characteriseéis dominantdueto their
large amplitudein the instantaneouReynoldsshearstresscomponentpuwv. Althoughthese
structuresdo not appearfrequently they revealgeneralfeatureshatcanbe oftenobsenedin
theturbulentflow evenwhenthepeakintensityof the Reynoldssheairstresss lower. In partic-
ularit will be provenonthebasisof the concepbf frozenpattern which stateghata spatially
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varyingsignalcanbetransformednto atime dependensignalatafixedpoint,whetherachar
acteristicvelocity pattern thatwasobsenedin the pastby usinghot-wire probesjs relatedto
themotionof particularcoherenstructuresTheresultsof this chapterarepartially published
in [41].

Chapter 7 focusedinally on the wall-normalspan-wiseplane(yz-plane)investigationof
the turbulent boundarylayer by meansof multiplanestereoPIV at Re, = 7800 and 15000.
Theseinvestigationswere mainly performedto examinethe validity of the frozenpattern
conceptappliedin chapter6, andto prove the existenceof stream-wisevorticesin the near
wall regionandtheir significanceor theturbulentmixing normalto thewall. Two independent
experimentsaredescribedvith differentspatialseparatiorbetweenthe measuremenplanes
in stream-wisalirection(Axz = 0 and Az # 0) andvarioustemporaldelaysbetweena pair
of measurementsDue to the widespreadpinion thatreliable experimentalresultsare very
difficult to achieve whenthe orientationof the light-sheetis perpendiculato the main flow
direction,in section7.2the statisticalresultsarevalidatedagainsthe resultspresentedn the
chapters. In section7.2.2the structuralfeaturesof the coherenflow structuresaredisplayed
andthe modelassumptiormadefor the interpretationf the resultspresentedn chapters
and6 will be examined. In section7.4 the decayof the coherentstructureswith increasing
timeis investigatedisafunctionof thewall distanceo validatethefrozenpatternhypothesis.
In section7.5 the existenceand relevanceof the stream-wisevortex pairsfor the turbulent
mixing in wall boundedflows is finally examinedandthe conceptof hairpin or horseshoes
lik e structuress discusseaswell astheir connectionwith shearlayersandstreaks.Partsof
this chapterare alreadypublishedin [49]. As the fully-developedturbulent boundarylayer
flow alongaflat plateis considerecsoneof the basicacademidlows whichis accessibldy
Direct NumericalSimulations(DNS), anda testcasefor the validationof turbulencemodels
requiredfor Large Eddy (LES) andReynolds Averaged\avier-Stokes Simulations(RANS),
the statisticalresultspresentedn chapter5 to 7 are displayedin variousrepresentationto
simplify acomparisonn thefuture.
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2 Particle Image Velocimetr y

Thetrackingof individual objectsin spaceandtime by meanof opticaltechniquedasalong
history anda lot of valuableinformationcould be collectedin the past. By combiningthese
obsenationswith the humanenthusiasmgreatvity andintellect,an understandingf nature
andsciencecouldbedevelopedrom theearlydaysof consciouseflectionto thepresenstate.
Thereademayremembethat, basedon the preciseobsenationsof the planetarymotion by
TychoBrahe(1546-1601),Johanne&epler(1571-1630ouldreducethe compleity of the
ancientGreekepigycle theories developedby ClaudiusPtolemaiog100-170)andothers,to
threesimplelaws, which describethe motion of the planetsaroundthe sunandwith respect
to eachother andhe could explain the varying sizeandbrightnessof the planetsin time, for
example.Sevendecadesater, IsaacNewton (1643-1727evelopedanideato explain these
laws andall obsered deviationsfrom the ideal motion from first principles,by introducing
theconcepif forcebetweerary pair of objects,andhecouldlink the planetarymotionswith
thelaws of motionfrom Galileo Galilei (1564—1642).The precisionandbeautyof Newton’s
axiomatictheorywas so corvincing that the vision of their absolutecertaintycould be pre-
sened for morethanthreecenturies. The decidingfactorsleadingto this successverethe
absencef friction within the emptyspacethe simpleforce law betweerthe objectsand,fi-
nally, the factthatthe suncould be considerecas motionlessdueto its enormousmasswith
respectto the other planets. Unfortunately the physicsof continuais much more complec
thanpoint mechanicsaseachsinglefluid elementinteractswith its whole ervironmentin a
complex mannerandthe effect of friction canonly be neglectedunderrestrictedconditions.
As a consequencehe motion of fluid elementss stronglycorrelatedandits stateat a single
point requiresinformationaboutthe local translation rotationand deformationof eachfluid
element. This implies that fluid-mechanicatonsiderationglwaysrequirea detailedknowl-
edgeof the spatialdistribution of thevelocity andits spatio-temporaVariations.Singleprobe
techniquesasthey are generallyemployed in fluid mechanicakesearchprovide only local
information at one single point but with high temporalsamplingrate. The Particle Image
Velocimetry(PIV) in contrastyieldsin generalno reliabletemporalinformation (at leastin
its presendevelopmentstate)but the desiredglobal informationcanbe obtainedwith a high
accurayg andspatialresolutionasdescribedn thefollowing sections.

2.1 Principles

The Particle ImageVelocimetryis a well establishednonintrusive techniquefor measuring
the spatialdistribution of the velocity within a single planeinsidethe flow, indirectly via the
displacemenof moving particlesgroupswithin acertaintime, seefigure 2.1and[85]. For this
purposeheflow regionunderconsiderations homogeneouslgeededvith appropriatdracer
particlessuchthattheirinjectionandpresenceoesnotaffecttheflow or fluid properties.The
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2 ParticlelImageVelocimetry

concentratiorof the particlesmustbe well adjustedwith regardto the finestflow structures,
in orderto sampletheflow properly andthe deviation of the particlevelocity u, from thereal

flow motion U mustbe negligible comparedo the uncertaintyof theimagingandrecording
systemandto the uncertaintydue to the evaluationprocedure. In this casethe difference
betweerthefollowing expressionss negligible.

t+At t+At

/ U@ﬁdfz:/"udﬂyﬁ' (2.1)

t t
After the requiredseedingconcentratiorhasbeenobtained,a desiredplaneinsidethe flow
is illuminatedtwice by a thin laserlight-sheet. The light scatteredby the tracerparticlesat
time ¢t andt’ in thedirectionof therecordingopticsis usuallystoredon individual framesof
a single frametransferCCD camerawhoseoptical axisis perpendiculato the light-sheet.
It is obvious that the fluid mustbe optically accessibleand sufficiently transparenfor the
wavelengthunderconsiderationFurthermorethelight-sheetintensityandfield of view must
be well balancedo the scatteringpropertiesof the particles,the performanceof the optical

systemandthe sensitvity of thecamera.
irror

Light sheet optics
-
Double pulse Lase
S
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FIGURE 2.1: Schematicset-upof particleimagevelocimetrysystemafter [85]. A desiredplanein-
sidetheflow is illuminatedtwice by athin laserlight-sheetandthe scatteredight emeging from the
homogeneousldistributed particlesin the directionof theimagingopticsis recorded.

—~

Flow with
particles ~=

Imaging optics

¢ Particle image positions at t
o Particle image positions at t+At
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The local in-plane particle image displacementomponentA X of the double exposed
particlesis finally determinedfrom the two single exposedrecordingsby meansof spatial
cross-correlatiotechniquesandafterwardsdividedby At andthe magnificationfactor M of
theimagingsystento calculatethefirst orderapproximatiorof thevelocity field accordingo
thefollowing equation.

t+At
A AX
/%wﬁdeAﬁﬂ@=M:%—ﬁ—

A wa ~Y (2:2)
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2.1 Principles

It is of fundamentaimportancdo realizethatthe particle displacemenmustbesmallrelative
to the finestflow scalesasonly phenomendhat occurover a time interval which is longer
thanAt = ¢’ — ¢t andthathave a spatialextentlargerthanthe absolutedisplacemeniAz can
be resohed, but the particle image displacementA X, on the otherhand, mustbe large for
accurataneasurements.

This brief overview alreadyimplies thatthe compleity of the techniquearisesbasically
from thetechnicacomponentivolvedandtheirmutualdependenceneachotherandlesson
the principlesof thetechniquetself. In termsof accurag, for example,the particlesshould
be sufficiently small andtheir densityshouldexactly matchthe densityof the surrounding
fluid. Unfortunately this is not often feasiblefor a desiredfield of view anda given laser
power, light sheetthicknesstranspareng of the fluid, imagingoptics andsensitvity of the
digital cameraasthe scatteringntensitydecreasegpidly with decreasingparticlediameter
asshown in figure2.2. Decreasinghe light-sheetwidth or thicknessnay partially help but

/1o V10 |10° |10’

FIGURE 2.2: Light intensity scatteredoy sphericaloil particlesof differentsizein air (left: d, =
1 pm, right: dy = 10 um), illuminatedfrom left with a planemonochromatiavave front, after[85].
The complex spatialintensity distribution, with a maximumin forward direction, resultsfrom the
interferencebetweerthereflectedyefractedanddiffractedwave front.

the sizeof the largestresohablescaleswill decreasaswell andthe threedimensionalityof
theflow may causefurtherproblemsaswill be explainedlater. To usea powerful laserseems
to be the appropriatesolution but besidethe costs, strongreflectionsfrom model surfaces
or undesirablaisturbance®f the flow dueto acousticexcitation or thermalresponsef the
flow have to betakeninto account48]. An intensifiedcameracould be appliedaswell but
areducedspatialresolutionandanincreasedoiselevel mustbe acceptedAlternatively, the
evaluationprocedurecouldbe adaptedut thentheaccurag of thevelocity estimationandthe
validity of the well establishegrinciplesmay becomequestionable Furthermorejt cannot
be recommendedo analysedatawherethe desiredfluid mechanicainformation, hiddenin
the particleimagedisplacementcannotbe uniquely determined.So increasingthe particle
size may be the appropriatesolution at the end, but how this can be achiered is unknown.
Anyway, in orderto make the right decisionwhile settingup andaligning the experiment,a
clearunderstandingf the basiccomponentss essential. For this reasonthe productionof
desiredparticles,the problemsassociatedvith the recordingof the particleimagesandthe
determinatiorof the imagedisplacemenwill be treatedin chapter2. In chapter3 and4 the
moresophisticatedecordingtechniquesreconsideredvhich have beenappliedfor the fluid
mechanicalnvestigationgpresentedn the secondartof thethesis.
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2 ParticlelImageVelocimetry

2.2 Generation of appropriate tracer-particles

Thestartingpointandbasicproblemassociateavith all tracerbasedpticalvelocity measure-
menttechniquesn fluid mechanicss thereproduciblegeneratiorof sufficiently monodisperse
particleswith an appropriatesize, shapeand densitysuchthat they follow the macroscopic
flow motionfaithfully withoutdisturbingtheflow or fluid propertiesin thepast,smolke gener
ators,whichdelivercondensedail vapour or air-operatecaierosobtomisershave beenwidely
andsuccessfullyusedasthesedeviceseasilyproducethe particleconcentrationsequiredfor
high resolutionmeasurements large wind tunnels[75]. Unfortunately very little attention
hasbeenpaidto the obsenationthatthe particlesizedistribution generateasnay stronglyde-
viate from the desireddistribution if the liquid level in the generatorchangesthe pressure
varies,or the nozzleholesarecontaminatedor ary reason17, 47]. This may causeserious
problems,especiallyfor investigationswith strongvorticesor transonicflows with shocks,
asthe accurayg of all tracerbasedvelocity measurementechniquessuchaslaserDoppler
anemometrfLDA), particleimagevelocimetry(PIV) or Dopplerglobalvelocimetry(DGV),
is ultimately determinedby the particledynamics.In the following a systematianalysisof
the control parameterafluencingthe particlesizedistribution will be presentedor different
typesandrealizationsof atomisemozzles.

2.2.1 Description of the experiment

To examinethe conditionsand physicalprocesseseadingto a desiredparticle distribution,
afully transparenperspe& generatgri50 mm in diameterand 280 mm high, was built with
a detachabldid containingtwo orifices: One 8 mm pressurisedir inlet in the centrewith
a fine threadfor easynozzlemountanda 11 mm aerosoloutlet [47]. For the experimental
investigationthreedifferenttypesof nozzleshave beenconsideredseefigure2.3. Thefirst
one, called a refelencenozzlein the following, consistsof a 220-mm-longbrasstube with
aninternaldiameterof 5 mm andfour crosswisearrangecholes,eachl mm in diameterand
20 mmforwardfrom the closedendof thetube.Theholesarelocated80 mm below theliquid
level andwell above the generatobottomin orderto avoid free surface effects during the
mixing processanda biasdueto the presencef the solid boundary The seconchozzleunder
considerationvas a Laskin nozzlewith the samegeometricaldimensionsas the reference
nozzlebut with a 6-mm-thickand18-mm-widebrassdiskimmediatelyabove the nozzleexits
with 1 mmliquid feedholesontop of thetubeholes[67]. It is assumedh theliteraturethat,in
operationfour symmetricallyarrangedir jets of identicalmeanvelocity distributionemepge
from the nozzleexits and producesubmicronparticleswhenthe high velocity region of the
jet interactswith the liquid provided by the feed holes. Theseparticlesare supposedo be
embeddedn bubblesand escapenvhenthe bubblesreachthe liquid surface. In contrastto
the othertwo nozzles,the third one sucksthe liquid from belov througha small capillary
whencompresseair is blown sidevaysthroughthe outlet holeswhoselocationsare above
theliquid level [75]. It shouldbe emphasisethatthis suctionnozzleis not designedor the
atomisatiorof glutinousliquids suchasvegetableoil or Diethylhexylsebaka{DEHS), but as
this nozzletypeis increasinglyappliedin combinatiorwith bothliquids, its performancewill
be analysedchereaswell. For the determinatiorof the volumetricparticlesizedistribution, a
laserdiffractiontechniquewvasappliedwhich canresole particlediameterglovn to 0.25 um
by analysinghethree-dimensionaliffractionpatternof a particleensembl@accordingo ISO
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2.2 Generatiorof appropriatdracerparticles
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FIGURE 2.3: Principalsideandtop view of threeutilisedatomisemozzleswith differentmechanisms
for particle generation.From left to right: referencenozzle,Laskin nozzleand suctionnozzlewith
impactorring.

13320-1se€[34]. Thisis possiblefor sphericaparticleswith known opticalpropertieswhen
theparticleconcentrationithin themeasuremeromainis sufficiently low suchthatmultiple

scatteringandopticalinterferencebetweerthe scatteredadiationfrom differentparticlescan
be neglected. Otherwisethe measurements/ould be biased,as the diffraction patternof

a particle ensembleas no longeridentical to the superpositionof the individual scattering
patternsof all particlespresent.

2.2.2 Particle size analysis

To ensurecontrolled boundaryconditionsbefore starting the experiment,eachnozzlewas
cleanedandthesymmetryof theemegingjetswasanalysedasany asymmetrywouldindicate
damagesat the nozzle exit dueto depositionof old oil or burr, for example. In addition,
all particlesproducedduring the adjustmentof the desiredpressurdevel were completely
removed from the generatorandthe tubeleadingto the optical system. The reproducibility
of the generategarticle distribution wasfinally confirmedby performingfour independent
measurementior eachsetof parametersTo excludetheinfluenceof physicalpropertiesof
theliquid to be atomisedpnly vegetableoil with 1 = 0.026 kg/(ms)andp, = 874 kg/n? and
DEHS with 1 = 0.023kg/(ms)and p, = 912 kg/m® were usedfor all experimentsasboth
liquids behave very similarly.

Figure2.4revealsthevolumetricparticlesizedistributionfor thedescribedozzledor two
typical pressurestateq0.5and1 bar)and,in addition,thedistribution generatedby meansof a
smolke generatohasbeenaddedfor comparisonFirst,it canbe seenthatthe performancef
the smole generatois quite goodwith respecto the otheratomisersgespeciallyif theshape,
bandwidthand upperlimit of the particle size distribution are considered. Unfortunately
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FIGURE 2.4: Volumetricparticledistribution, accordingto ISO 13320-1,generatedy threedifferent
atomisemozzlesfor two pressurestatesanda smole generatowhich delivers condenseail vapour
afterevaporatiorby heating.

smole generatorareoften not well suitedfor velocity measurementdueto the factthatthe

particle concentratiordeliveredby the generatois fixed, andthe meanparticle size cannot

be alteredtowardssmallerparticle diameters.However, this canbe doneby usingnozzles
aswill be seenlater The secondnotableresultin figure 2.4 is the similarity betweenthe

distributionsgeneratedby meansof thereferenceandtheLaskinnozzle. Thisis notsurprising
for two reasons:First, the influenceof the ring above the Laskin nozzleis negligible, as
only a minor part of the expandinganddiverging air jet interactswith the ring. Secondly
it will be shawvn in the next sectionthatthe vertical suctionholesdo not feedthe horizontal
airstreamwith fluid, asassumedn the literature. This could be clearly proven for every

pressuresuppliedby analysingherising bubblescreatedatthetop of theso-callediquid feed
holes. The third remarkableaesultvisible in the samefigure is the strongdependencef the

particlesizedistribution on the pressure Whereador the Laskinandreferencenozzlesonly

a small shift of the maximumtowardsd, = 1 um diameteranda decreasef the shoulder
atd, = 4 pm canbe obsened, the distribution of the suctionnozzledevelopsfrom a single
peakto a doublepeakdistribution with a maximumat d, = 1.5 um andd, = 4um. The

doublepeakdistribution indicatesthattwo differentphysicalprocesseareprobablyinvolved

in the productionof the particles,and it seemdlikely that the processresponsiblefor the

generatiorof small particlesrequireshigherpressurevalues. However, further experiments
arerequiredto validatethis assumption.Finally, it shouldbe notedthat the distribution of

the smole generatoranalyseds quite monodispersecomparedwith the distributions from

the atomisershput the referencenozzleproduceshe largestfraction of particlesbelon 1 zm

followed by the Laskin and the suctionnozzles. Basedon theseresults,it was decidedto

examineonly the referencenozzlein detail, asthe Laskin and suctionnozzlespossesso

advantagewith respecto the referencenozzlewhenthe volumetricparticle size distribution

andconcentratiorare considered However, this may becomedifferentfor seedingnaterials
whoseviscositydeviatesstronglyfrom thefluids analysedere.

Figure2.5and2.6 showv the volumetricparticlesizedistributionsfor thereferencenozzle
asa function of the hole diameterd, the externalpressurep, the numberof holespernozzle
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FIGURE 2.5: Volumetricparticlesizedistribution for variousholediameterqgd = 0.5, 1, 2 mm), pres-
sure(p = 0.5 and1 bar, numberof holespernozzle(n = 4 and12) andimpactor

n andthe effect of an impactorbehindthe outputof the seedinggeneratar The upperleft
plot of figure2.5impliesthatshortlyabove the minimumpressureequiredfor the production
of particles,only theimpactoris well suitedto keepthe particlesizedistribution sufficiently
narrav andthemeanparticlediametersufficiently smallfor accuratdlow investigationsbut it
couldbeseerby visualinspectionthatthe particleconcentratiorproduceds quitelow when
only asinglefour-holenozzleis used.The effect of theimpactorcanbe clearly seenby com-
paringthedot-dashedine with the dottedgraph.It shouldbe mentionedhatadditionaluseof
moreimpactors(cascadearrangementhasno further effect on the particle size distribution.
By increasinghe pressurdrom 0.5to 1 bar, the exit velocity of the air jet reacheghe speed
of soundandthe performanceof the two high massflux nozzleswith (d = 2,n = 4) and
(d = 1,n = 12) becomegsomparablavith thedesiredmpactordistribution but thenumberof
particlesproduceds several ordersof magnitudehigherascould be qualitatvely seenby vi-
sualinspection.Theothernozzlesjn contrastheedmuchhigherpressurédeforetheshoulder
disappearandthemeandiametebecomesboutl um, seefigure2.6. Thisimpliesthatacon-
taminatedhozzlehole,dueto pollutedair or encrusteail, will tendto createlarger particles
asthe effective diameterdecreaseslhis wasvalidatedin severalexperimentsUnfortunately
the high pressuranvestigationcould not be performedby usingthe high flow rate nozzles,
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FIGURE 2.6: Volumetric particle size distribution for varioushole diametergd = 0.2,0.5, 1 mm),
pressurdp = 2 and4 bar, numberof holespernozzle(n = 4 and12) andimpactor

asseriouspollution of the optical systemwasllikely, but a nozzlewith a tiny hole diameter
of 0.2 mm startedto producea sufficient amountof particlesfor reliablesizemeasurements.
The impactorresultis alsomissingasthe expandedair behindthe nozzlecould not be fed
throughthe four impactorholesalthoughtheir apertureareaequalghe areaof thefour nozzle
holes.By increasingheimpactorhole number this difficulty couldbe solved, but this would
reducetheperformancef theimpactorastheacceleratiorof the particleswithin theimpactor
decreaseenerallyit canbestatedhatthebandwidthandmeandiameterof thedistribution
decreaseo a final distribution if the diameterd, pressurep, andthe numberof holesn are
increasedpr whenanimpactoris usedalternatvely. Thus,thedeterminingfactorseemgo be
the massflux andlessthe geometricalpropertiesof the nozzleitself. This is obvious asthe
particlesizeis threeordersof magnitudesmallerthanthe hole dimensions.Furthermorejt
shouldbe notedthatthe nozzlesconsideredio not produceary particleslargerthan10 ym.
This allows thelargestpossibleerrorin velocity measuremertb be estimatedor a particular
flow.

The difficulty associatedvith this investigationis to understandvhy a four-hole nozzle
with 1 mm drills producedifferentparticle sizesunderthe sameboundaryconditionsasthe
samenozzlewith 12 identicalholes,for example,arrangedn sucha way thatthe nearfields
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2.2 Generatiorof appropriatdracerparticles

of the jets do not interactwith eachother (threeplanes20 mm apartfrom eachother each
with four holesarrangecdcrosswise) As only the flow rate (andthuskinetic enepgy) entering
theliquid reserwir andavailablefor turbulent mixing differs, it seemdik ely thatthe nozzle
hasanotherfunction besideghe generatiorof the particles,namelythe sufficient mixing of

the liquid. This hastwo effects. First, the fluid mechanicaktateof the fluid changesnto

a two-phasdiquid which becomeglearly visible, asthe liquid becomesnilky whenthe ki-

netic enegy enteringthe liquid reserwir matcheghe liquid volume. This may promotethe
generatiorof smallerparticlesizedistributions. Secondlythe backgroundurbulencewithin

theliquid reserwir increasestronglyandcausesanenhancedhearingof the bubbleswhich

carrytheparticlesto theliquid surface.This shearingporocessgausedy theturbulentmixing,

canbe seenasan active impactorwhich may enhancehe rejectionof large particles. These
assumptionsveresupportedoy measuremenf the volumetricparticlesizedistribution of a
12-holenozzlewhich wasdippedinto a large liquid reserwir whosefluid mechanicaktate
andturbulencelevel could not be alteredsufficiently by the kinetic enegy enteringfrom the
jet. Furtherevidenceandadditionalinformationon this subjectcanbefoundin [43].

2.2.3 Flow visualisation

In orderto examinethe generationmovement,anddelivery of the particlesabove the liquid
surfaceasafunctionof the pressureareferenceandLaskinnozzle ,eachwith only onesingle
1 mmdrill, wereoperatedn DEHS (vegetableoil is lesssuitedfor optical flow analysisdue
to the strongabsorption). For this visualisationthe centrelineof the air-jet wasilluminated
with a vertically arrangedshortpulsedlaserlight-sheetandthe scatteredight wasrecorded
by meansof a CCD camera. Figure2.7 shows the global structureof the air jet from the
referencenozzle(left) andLaskin nozzle(right) for variouspressureconditions(top to bot-
tom: p = 0.5, 1, 2,4 ba. Theincreasinghorizontalextensionof the jetswith increasingexit
velocity andthe decreasinglivergence(top to bottom)areclearlyvisible. It canalsobeseen
thatthe size of the bubble structureschangeswith increasingree-streanvelocity dueto the
strongemixing with the surroundingmedium. The white circle in the left columnrevealsa
deliveredparticlecloud which movesupwardsin the form of a vortex structurewith entrain-
ment,andat the liquid surfaceof the lower right images,a bubbleis visible just beforethe
burstingtakesplace.Thewhite circlesandarravsin theright columnindicatetherising bub-
blesemeping from theliquid feedholesof the Laskin nozzle,asmentionedn the previous
section. This indicatesthat the holesin the ring are not operatingin a way assumedn the
literature. Figure2.8 shaws a selectionof threeimagesrecordedndependentlywherebythe
white andandblack squaresn the left imageindicatethe sizeandlocationof the othertwo
high resolutionpictures. The jet axis (seebright centrelineof smallwhite square)s approx-
imately 40 mm below the liquid level (seedarkline within black square).The white circles
in the centreimageindicateparticlefilled air bubblesbelow theliquid level (seewhite dots)
moving within the liquid, andthe right imagerevealsa particlefilled air bubble,which has
penetratedhe liquid surface,immediatelybeforebursting. Soit is evidentthatthe particles
aregeneratedt the nozzleexit andtransportedvithin expandingair bubbles,which are ex-
posedo theturbulentmotionof the surroundindluid ontheirwayto theliquid surface where
the particlesaredelivered.
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FIGURE 2.7: Laserlight-sheetvisualisationof an air jet emeging from a reference(left column)
and Laskin nozzle (right column) in DEHS for various pressureconditions(top to bottom: p =
0.5,1,2,4bar). Thewhite circle in the left columnrevealsdeliveredparticle cloud. Circlesandar
rows in the right columnindicaterising bubblesemeging from the liquid feed holesof the Laskin
nozzle.
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FIGURE 2.8: Left Laserlight-sheetvisualisationof an air jet interactingwith the liquid inside an
aerosolgeneratoffor tracerparticlegeneratior(p = 1bar). Cente: detail pictureof particlefilled air
bubblesimmediatelybehindthe nozzleexit. Right detail picture of particlefilled air bubblesabore
theliquid surface.

2.2.4 Conclusion

It couldbeshownn thathigh concentrationsf particleswith anarrav bandsizedistributionand
a meandiameterbelon 1 um caneasily be generatedby meansof multi-hole nozzlesunder
over-critical pressureconditions(> 1 bar) provided the kinetic enegy, enteringthe liquid
volume,is sufficient to changethe fluid mechanicaktateof the liquid to a highly turbulent
two-phasdluid. This experimentalresultcanbe explainedby assuminghatthe nozzlehas
basicallythreefunctions. Firstly, it generateshe particlesat the nozzleexit. Secondly it
changeshefluid mechanicastateof thefluid into atwo phasdiquid which seemgo promote
the generationof smallerparticle size distributions, asthe fluid mechanicaparametersare
different. Thirdly, the remainingkinetic enegy which is not consumedor the generation
of the particlesor the transitionof the fluid mechanicaktateis transferrednto the turbulent
motion of theliquid andmay actasan active impactorasthe shearingof the bubbleswhich
carrytheparticlesto theliquid surfaceis enhancedBesideghisresult,it couldbequalitatively
shown thatbubblesarisefrom theliquid-fed holesof the Laskinnozzle. This impliesthatno
particlescanbe generatedht the ring side of the jet, asassumedn the literature,dueto the
missingliquid in this region.

All validation experiments,discussedn chapter2 to 4, were performedwith a multi-
hole nozzleoil atomiser For the experimentalinvestigationslescribedn chapter5 to 7 the
particleswere generatedvith a smole generatobecausenf the large obsenation distance
andthe small apertureof the optical system. Becauseof the small free-streanvelocity, the
velocity lag of the particlesis negligible relative to the uncertaintieslueto therecordingand
evaluationmethodswhichwill bedescribedn thefollowing sections.

2.3 Registration of the particle images
Besidethe particledynamics theregistration,storageandread-outof the individual particle
imagesis anotherkey elementin PIV becausehe accurag of the techniquestrongly de-

pendson the precisionwith which theimagedisplacementanberelatedto particlelocations
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andtheir respectie particledisplacement§3, 105]. In the recordingprocesghe continuous
intensity distribution of the particle imagesis transformednto a discretesignal of limited
bandwidthasshownin figure 2.9.

FIGURE 2.9: Fromleft to right: Continuousntensitydistribution of tracerparticlesin theimage-plane.
Integrationof the photonsregisteredby thelight sensitve areaof a CCD sensomwith fill factorsmaller
one.Discretisedntensitydistribution in memoryof computer

Whenthe discretisatiorof theimage-signamatcheghe minimumsamplingrate, the fre-
gueng contentof theoriginal signalcanbereconstructeh principlewithoutary lossesand
thustheparticlelocationaswell. Thisis thecontentof thesamplingtheoemwhich stateghat
a bandwidth-limitedsignalcanbe perfectlyreconstructedrom its discretesamplesvhenthe
samplingrateof thesignalis at leasttwice the signalbandwidth.Dueto the noiseintroduced
by inhomogeneouslumination or absorptiorby the surroundingluid, opticalaberrationthe
evaluationtechniqueandthe commonpeak-fitroutinesfor sub-pixel accurag, for example,
theprincipalresolutiongivenby the aperturefocal-length wavelengthof the monochromatic
light and the magnificationof the imaging systemnever needto be fully resoled in prac-
tice. This allows the useof digital recordingsystemswhich areeasyto handleandthe time
consumingfocusing,film change developingandscanningprocedurefor the photographic
recordingmethodsutilised someyearsago,areno longerrequired[104, 109. But it should
be emphasisedhat besidethe loss-of-informationdueto the discretisatiorof the spatialco-
ordinatewith a limited resolutionasindicatedin figure 2.9, andbesideartefactslike Moire
or Mach-bandeffects[35], a possiblemodificationof the incomingintensity signal, dueto
the grey-level quantisationnonlinearitiesn the pixel responser during the read-outof the
imagesor AD-cornversion,amplificationandtransportatiorvia long connectionsinayreduce
furtherthe performancef the measuremertechnique As a digital cameras a complec sys-
temthis biasmay be introducedin mary differentwaysandits strengthstronglydependsn
the CCD (chage coupleddevice) architectureandpixel (pictureelement)characteristicsTo
detectpossibleCCD errorsin therecordingsandto understandheir consequencedsr PIV, a
deepemunderstandingf the CCD principlesis required.

2.3.1 Principles of CCD sensors

State-of-the-ar€CD sensorarehighly integratedsemiconductacircuitsconsistingof ahuge
numberof adjacenMOS-diodegmetal-oxidesemiconductorachof whichis composedf
apolysilicon-oxide-laye(n-layeror anode)typically 0.5 pm in thicknessandof theimpov-
erishmentayer. By applyinga sufficiently high voltagebetweenboth layersthe unbounded
chagesunderthe oxide-layerdisappeatand a light sensitve impoverishment-layewith a
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positive space-chae region occurs.In theimpoverishment-layethe electron-holeairsgen-

eratedby penetrateghhotonsof appropriateenegy areseparate@ccordingo their chage by

the electricfield. Electronsmigrateunderthe pixel-registerwherethey will be storedsothat

they cancontrituteto the signal. The holes,on the otherhand,migratein the oppositedirec-

tion andvanish.Electron-holeairsgeneratedh the polysilicon-oxide-layerdo notcontribute

to thesignalbecausef their smalldrift velocity. Thesameholdsfor electron-holgairsgener

atedin thenon-impwerishment-layevolume.As thisregionis field free,thechagesperform

arandommovementuntil they recombine For theread-oufprocessheaccumulate@lectrons
haveto betransferredsequentiallyfrom oneMOS-elemento the next upto theframegrabber
by changingthe potentialof the MOS-diodesn anappropriatevay. This requiresthateach
pixel is usuallycomposedf threeadjacendiodes(triple-phasepixel-structure) As a conse-
guencehefill-ratio, definedastheratio of thelight sensitve pixel-areao thetotal pixel-size,
is stronglyreducedandthusthe sensitvity of the sensoraswell. This canbe partially com-

pensatedby usingmicro-lenseson top of eachpixel but their transferfunction mayinfluence
thesignalaswell.

2.3.2 Quantum efficienc y and signal-to-noise ratio

A measurdor the sensitvity andefficiengy of eachpixel is given by the quantumefficiency
definedasthe numberof generatectlectronsper photonof a given frequeng. This value
mainly dependson the spectralphoton absorptionline in silicon, on the thicknessof the
impoverishment-layeron the thicknessof the metal-oxidelayer the photonhasto passbe-
foreit maygeneratea electron-holgair, aswell asonthereflectvity of themetal-oxiddayer,
on thefill ratio of the pixel andfinally on the diffusion-lengthof the electronsin the silicon
which contributeto thesignal.

For theimagingof weakbright objects lik e thetiny particlesinsidethefluid, thequantum
efficiengy mustbe extremelylarge with respecto thetotal noise NV;. Basically /V; is the sum
of four independenhoisesourcesnamely Ny = (N? + Ni + N3, + N.)'/2. N, denotes
the noisedueto the readoutelectronicwhich dependon the designof the CCD amplifier,
the main amplifier filtering, the read-outspeedandthe temperature By increasingthe read
out speedthe noisewill increasetoo. This effect canbe compensatethy reducingthe tem-
peratureof the CCD sensor Ny is known asthe dark currentnoisewhich is causedoy the
dark-chage Sy, which againis causedy generatiorof electron-holepairs at defectsin the
semiconductgrwhich accumulatesiuring the illumination time inside the pixel. N; and.Sy
arerelatedaccordingto Ng = /S,;. Sy is directly proportionalto the integrationtime and
decreasesxponentiallywith the temperature GenerallySy dropsby a factorof two by de-
creasinghetemperaturéy 7°. Sq canbereducedurtherby 2 to 3 ordersof magnitudeusing
the multi-phasebinned-modenhich is quite commonfor a nev generatiorof CCD sensors.
The photon-noiseVy, is causedy the statisticalprobability of corvective photo-fluxin the

sensitveregion. This quantityis proportionalo thesquare-roobf thephoton-flux/Vy, = S%Z

andcanbe neglectedfor small photon-flux. N resultsfrom the incompletechage transfer
from the generatiorpoint to theread-outnhode. Scientific-CCDgpossess transferefficiency

of 0.9999andmorewhich reduceghe chage after 1000shiftsby 10%. Althoughthis reduc-
tion canbe accountedor via calibrationthe statisticalvariationof the chage-leakresultsin a
signaluncertainty

For very intenseobjectsthe describednoiseis of minor importancecomparedo the so
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calledstorage-capacitybecausewhenthe storagecapacityis reacheda flux of chagesinto

theneighbouringpixel will occurandalterthestoredinformationin all pixelsinvolved. In PIV

this bloomingeffect canbe obsenred,for example,by recordingsufficiently strongreflections
from surfaces.The pixel storagecapacityof commerciallyavailable CCD sensorss typically

105 to 108 electronsmainly dependingpn the pixel-size,on the manufcturetechnologyand
on the registration-ltage. Thus, the dynamicrangeof the CCD electronicscanreachin

principle 16 bit andmore.

2.3.3 CCD architecture

To visualisequantitatvely theinfluenceof thefill-ratio (the fractionof thelight sensitve area
of thetotalpixel size)andthepixel responséunctionof the CCD sensorthecorvolutionof the
geometricaparticleimagewith the point spreadunctionof thelenssystemhasto be cornvo-

lutedwith the two-dimensionapoint spreadunction of the pixel. Whereaghefirst function
canbe derived analytically for an aberrationfree lenswith a limited spatialbandwidth,the
compleity of therealpixel responseequiresanappropriatanodel. To simplify mattersthe
idealintensitydistribution in the imageplanewill be weighedwith a linear pixel sensitvity

functionwith a positive slopeandvaluesbetweerzeroandonein thedomainn < z <n +1

for all n € Z accordingio equation(2.3).

I(z) = — wp%

_0 2

(x — x0)?
202

]4x—%—n) (2.3)

Although a simplefirst orderapproximations quite a strongidealisation,it is well suitedto
modelthebasicnoisetermsdiscusseh theprevioussectionJikenonconstantmpoverishment-
or metal-oxiddayer, systematiwvariationsin thereflectvity or poorlyalignedor manufctured
micro-lensesfor example.Thecontinuougyraphin figure 2.10representthe Gaussiarnten-
sity distribution of thediffractionlimited imageof apointsourcein Fraunhofeapproximation
asafunctionof the spatialcoordinatg(first factorin equation(2.3)). The solid linesshow the
local intensitydistribution weighedwith alinearly varying pixel responsdunctionaccording
to equation(2.3). The dashedines indicatethe accumulatedight for eachindividual pixel
calculatedirom the unbiasedsignalandthe long-dashedlottedgraphsshav the samefunc-
tion but calculatedfrom the linearly weighedsignal (dottedgraphs). As the dashedine is
alwaysabove the dashedlottedline, it is obviousthatthelinearresponsef the pixel lowers
the signalstrengthto a large extentandthusthe contrastin therecording.As a consequence,
thesignal-to-noiseatio decreaseandthesizeof the particleimagemaybereducedvhenthe
light accumulatedht the outerpartsof the distribution is below the thresholdof digital regis-
tration. Theseeffectscanbe partially compensatetly increasinghe light-sheetntensity by
changingthe apertureof the imagingsystemor by increasingthe particlesize,for example,
but the modificationof the particleimage shapecausedoy the pixel responseesultsin an
erroneouselocity estimation,ascanbe easilyseenby calculatingthe centreof gravity over
all intensities.Whenthe upperleft graphsare consideredthe equalintensityvaluesin case
of the unbiasedsignalleadto the conclusionthat the maximumof the continuousintensity
distribution is exactly symmetricwith respecto the interfacebetweentwo adjacentpixels.
Theweigheddistribution, on the otherhand,suggestshatthe maximumis slightly displaced
to thereallocationasthedifferencebetweerthe dashedndthedashedlottedgraphincreases
in positive pixel directiondueto the secondtermin equation(2.3). If the maximumof the
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08 —— — —— 08¢
06 - 1 06"
> ? ? )
g , /,f E
504 T Lo04n
c . / F
= i r g
’)‘. ;1 l‘ F
02 - i E 1020
.":i?’ / /’ s g
AV I i
. ! 7 - N
0 2 -2
0.8 0.8 [
0.6 - 0.6 -
2 g
504 04 -
£ g
02 | 02 |
0 C : __L'__-i_;, . : s 0 r
-2 -1 0 1 2 -2

X [pixel] X [pixel]

FIGURE 2.10: Gaussianntensitydistribution of a particleimage(solid line) andits discreterepresen-
tation asa function of thefill-f actor pixel responseandsamplinglocation(upperleft to lower right).
Thedashedineswithin the Gaussiardistribution indicatethe collectedintensitycalculatedor theun-
biasedsignalasa function of the linear pixel dimensionandthe long-dashedlottedline the modified
intensityvalue (integrationover the dottedgraphs).

Gaussianntensitydistributionis not symmetricrelative to the interfacebetweenwo adjacent
pixels,asshown in thetwo lowerandtheupperright graphsof figure2.10,theunbiasedsignal
increasesontinouslyfrom 0.48to 0.68,in theexample,until the centreof the pixel coincides
with themaximumof the Gaussiarturve (lowerleft graphs).Undertheseconditionsthegrey-
valuesof themeasuredhtensityis againcompletelysymmetricwith respecto the continuous
distribution so that the exact location of the original function is identical with the discrete
sample.To examinethe behaiour of a smallfill-ratio sensortheintensityof the dashedand
dasheddottedgraphscanbe comparecat a particularsub-pixel location. A comparisonn-
dicatesthe minor importanceof this parameterslong asthe particleimagesize coverson
averagethreepixels in eachspatialdirection. Underthesecircumstanceshe measurement
precisionmay be reducedasthe differencedetweemeighbouringpixel-intensitiesdecrease
while theinfluenceof ary superimposedoiseincreaseshut thiscanbecompensateby using
the appropriatecomponentgor the experiment. If the particleimagesizeis in the rangeof
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2 ParticlelImageVelocimetry

a pixel, eitherdueto the low sensitvity of the sensoror to the noise,thefill ratio becomes
importantasthe completeimageinformationcandisappeawhenthe intensitydistributionis
locatedbetweertwo adjacentight sensitve areas Dueto the statisticalevaluation which will
bedescribedn thefollowing section thedisplacementanstill be calculatedasthe probabil-
ity thatall particleimageswithin aninterrogationareaare unpairedis small, but anincrease
in noiseis unavoidabledueto unpairedparticle imagesandto the poor performanceof the
centreof gravity approachor relatedmethods,seesection2.4 and2.4.1. This is different
whenthedisplacemenéstimatiorrelieson a singleimagepair asin particletrackinganalysis
or asforcedin [27]. However, undertheseconditionsthe measuremerdccuray is strongly
affectedby the CCD characteristics.

2.4 Particle image analysis

In orderto extractthe displacemeninformationfrom the two singleexposedgrey-level pat-
ternsacquiredatt andt’, bothimagesareusuallyevaluatedoy meansof statisticalevaluation
techniquesfor two reasons.First, individual particleimagepairs cannotbe identified suffi-
ciently reliabledueto the high seedingconcentration.Secondly the statisticalevaluationis
lesssensitve to noiseanddiscretisatioreffectsas outlinedin the previous section. For the
evaluation,thewholeimageis sampledvith anappropriatestep-sizetypically half thelinear
dimensionof the grey-level samplel(z,y). For eachsamplinglocationa two-dimensional
grey-level samplel (z, y) of certainsizeandshapés extractedfrom the sourcemageasindi-
catedin figure 2.1,andit is cross-correlatedith the correspondingamplel’ (z, y) from the
searchrecordingaccordingto the following equation [52, 105, 109.

Ruay) =Y S 16, )+, +y) (2.4)

i=—n j=-—-m

The discretecross-correlatiorformula producesone cross-correlatiorvalue Ry (x,y) for

eachpossibledisplacemenbetweenthe two samplesy calculatingthe sumof the products
of all overlappingpixel intensitiessothatthe outputof this calculationcanbedisplayedn the
form of atwo dimensionatross-correlatioplane seefigure2.11 Dueto thesymmetryof the
cross-correlatiofunctionthetemplatel (z, y) canbeselectedn eitherof thetwo imagesput

the sign of the displacemenhasto be reversedwhenthe templateoriginatesfrom theimage
recordedatt + At. The cross-correlatiofiormulais usually properlynormalisedso that its

amplitudeis invariantunderscalechangesn theamplitudeof I andI’ andthusnotaffectedby

variationsin the particleimagenumber sizeandintensity This allows to quantify the quality

of the signalwhich is of greatimportancewhenaligning the experimentalcomponentssuch
aslight-sheetandcameraswith respecto eachother seefigure2.12

As eachsinglegrey-level sampleback-projectedn the objectspaceandmultiplied by the effective light-sheet
thicknessgivenby theintensitydistribution of thelight-sheeitself, the particlesizedistribution, theimaging
opticsandsensitvity of the CCD camerayepresent fluid volume,the cross-correlatiowanbe considered
asweighedvolumeaverage.
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FIGURE 2.11: Exampleof the formation of the correlationplaneby direct cross-correlationherea
4 x 4 pixel template(grey-square)s correlatedwvith a8 x 8 pixel sizesampleto producea x 5 pixel
cross-correlatioplane.
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crr (iﬁ, y) =

(2.5)

I' denoteghe meanintensityvalue of the searchwindow calculatedover the portion which
coincidesperfectlywith the (i, ) andI is thecorrespondingneanintensityfor thetemplate.
It is obviousthatI’ hasto be calculatedior eachpossibleshift to guaranteeghat0 < ¢;; < 1
(negative valuesare usually not consideredasintensitiesare always positve and the mean
valueis closeto zerofor moderateimagedensities). As a direct implementationof this
formulain the spatialdomainbecomegjuitetime intense gspeciallyfor large correlationwin-
dows, the computationof the correlationis usually performedin the frequeny domainvia
fastFouriertransformationFFT) basedalgorithms.They arefastassymmetrypropertiesare
taken into accountbut artifactslike aliasing, circular effects and limitations in the sizeand
shapeof thecorrelationor interrogationvindow may lower the quality of the velocity estima-
tion andrestrictthe performancenf the methodfor particularapplicationsseechapter3. As
the cross-correlatiompproachs basedon the ideathatthe locationof the signal-peakyields
theinformationaboutthedisplacemenof theimagepattern theconditionsfor thecorrectness
of this assumptiomeedto be analysedn detail. Dueto the factthatthis is mathematically
not tractablewhena singlerealizationof a particleimagepatternis consideredthe pattern
is thoughtof asa singlerealizationof a randomprocessandit is assumedhat this particu-
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2 ParticlelImageVelocimetry

FIGURE 2.12: Spatialdistribution of thethecross-correlatioroeficient calculatecover five randomly
locatedparticle image pairs of varying intensity moving homogeneoushAz = 1.89 pixel, Ay =

1.89 pixel. ThedisplacementorrelationpeakRp is surroundedy randomnoisedueto otherpairing
possibilities. WhereasR , is proportionalto the numberof pairedparticleimagesasonly theseadd
to the signalstrength the heightof the noisepeaksdependn theintensity of theimagesandon the
organisatiorof theunderlyingpattern.

lar patternrepresentshe entirerandomprocesgo whichit belongg. Underthis assumption,
it can be shaovn by analysingall possibletracerpatternsfor a single flow field realization
thatthe particleimagesmustbe exactly identicalin size,shapeandintensity homogeneously
distributedandthe structureof the patternmustbeinvariantunderspatialtransformationso
ensurethat the particleimagedisplacements directly relatedto the location of the highest
correlationpeakasassumedh PIV evaluation[2, 52,104]. In practice of coursetherequired
conditionsare only approximatelyrealized,so that experimental,numericaland analytical
investigationsare requiredto analysethe effects of non ideal conditionsintroducedby the
following: inhomogeneities the particleimagedistribution, variationsin the particleimage
sizes,shapeandintensity imagesampling,grey-level quantisatioraswell asnon-linearities
in the pixel responser light sensitvity, shotnoise,chage leakagedark-currenioisein the
CCD andelectronicnoisein the CCD, cameraandframegrabbergradientsandsoon.

2.4.1 Particle image density, loss of pairs and velocity gradients

In the previoussectionst hasalwaysbeenassumedhatthe signalpeakRp(x, y) is uniquely
definedreliableto detectandnot affectedby randomnoisesuperimposedn the signalpeak.
In orderto obtainthisidealconditionsin ary realexperimentthefollowing relationhasto be
takeninto accountwhile settingup theexperiment2, 52, 104].

Rp(z,y) ~ NiF1FoFx (2.6)

Ny representthesocalledimage densitywhich is actuallythe numberof particleimagepairs
in the interrogationdomainwhich contribute to the signal strength. F; and Fp denotethe
in-planeandout-of-plandoss-of-pais asaresultof thefinite sizeof themeasurementolume
and Fx accountdor thelossof correlationdueto gradientswithin the measurementolume.

2For ergodicprocesset is possibleto derive thedesiredstatisticalinformationabouttheentirerandomprocess
from anappropriateanalysisof a singlearbitrarysamplefunction.
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2.4 Particleimageanalysis

CAz
Ny = TfDny N;eN (2.7)
_ |Az| |Ay|
Fr = <1 D, 1 D, (2.8)
|Az|
Fo = [1—-— 2.9
o ( A (2.9)
Fn = exp (—%) (2.10)

Equation(2.6) statesthat the amplitudeof the cross-correlatiopeakincreasewith increas-
ing imagedensity N; € N anddecreasewith increasingdisplacementno matterin which
directionor if the displacemenof the particleimagesis not constant.In orderto optimise
the performancef the experimentthe numberof pairedparticleimagess of primaryimpor-
tanceasonly theseaddto the signalstrength.In additionthe numberof correctpairingswith
respecto incorrectcombinationshasto be optimisedfor increasinghe signal-to-noiseatio
andthusthe detectabilityof the signal. This canbe achiared eitherby changingthe seeding
concentrationthemagnificationof theimagingsystemor simply by increasinghelight-sheet
thickness seeequation(2.7). In-planeloss-of-pairs,causedy particlesenteringor leaving
the measurementolumeduring the illuminations, dueto the motion of the fluid, canbe re-
ducedby decreasing\t or eliminatedwhenthe searchwindow containsthe corresponding
particleimagepatternselectedvith the template.This canbe achieved eitherby correlating
differently sizedsamplesasdescribedeforeor by usingwindow-shifting in connectionwith
multi-passinterrogationtechniqueq106, 109. Usingthis approachtwo equally sizedsam-
ples, separatedy the local particleimageshift are cross-correlatedfter the local shift has
beendeterminedwithin a first evaluation. Sincethe correlationwindows are symmetrically
shiftedwith respecto eachotherandrelative to the exactmeasurememosition,it becomes
necessaryo determinewherethe footprint of the vectorshouldbe located(centreor corner).
Thisis especiallyimportantwhendifferentevaluationmethodsarecomparedecausehepar
ticle patternemployedfor the evaluationmay be differentfor the samepixel coordinatesof
the displacemenvector[97]. Out-of-planeloss-of-pairscanbe compensatedy shifting the
light-sheeiin thedirectionof the meanparticledisplacementasproposedn [52], or by using
multi-light-sheetarrangementsvhen the out-of-planemotion is not uniform, seechapter4.
Theeffectof in-planegradientanbereducedy increasinghe magnificationof theimaging
system,by decreasinghe time-separatiometweenthe two illuminationsor by using prop-
erly shapednterrogationwindows whoselinear dimensionis reducedn the directionof the
gradient.

2.4.2 Signal-peak detection and displacement determination

In orderto increasethe accurag in determiningthe locationof the displacemenpeakfrom
+0.5 pixel to sub-pixel accurag, ananalyticalfunctionis fitted to the highestcorrelationpeak
by usingthe adjacentcorrelationvalues[109]. Usually two one-dimensionaGaussiarfits
alongthe two coordinateghroughthe highestcorrelationcoeficient areapplied. The moti-
vationfor this particularfunctionis basedon thefactthatunderidealimagingconditionsthe
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2 ParticlelImageVelocimetry

shapeof the signalpeakis of Gaussiarshapeik e a diffraction limited imageof a particle,
andcloseto 3 pixelsin eachspatialdirectionfor realisticapplicationsof PIV.

f(z) = Cyexp l-@] (2.11)

xo indicateghe exactlocationof the maximumandC, k& arecoeficientsof nodirectinterest.
Using this expressionfor the main andthe adjacentcorrelationvaluesandthe fact that the
first derivative of this expressiormustbe zero, the positioncanbe estimatedwith sub-pixel
accuray.

2In R — 4 In Rgj) + 2 In Ry )
In Rij—1) — In Ryjn)
2 In R(i,j—l) —4 In R(i,j) + 2 In R(i,j—H)

Az; = (2.12)

Ay, = j+ (2.13)
Unfortunately differencesrom this ideal Gaussiarshapeare normal dueto the discretisa-
tion, electronicnoise,velocity gradientsandopticalaberrationsandintroduceartefactswhich
reducethe performancef this peak-fitandleadto systematianeasuremergrrors. The peak-
locking effect for examplewhich is introducedby undersamplingthe particle imagesmay
be amplified by usingthis peak-fitdueto the characteristiozariation of the RMS errorasa
functionof the sub-pixel locationof the correlationpeak.

Betterresultscanbe achiesed by fitting a two dimensionalGaussiarfunctionto alarger
numberof pointsby usingtheiterative Levenbeg-Marquardimethodasdescribedn [88]. The
weightingof thevaluesshouldbeaccordingo the Fishertransformin orderto compensatée
non-normaldistribution of the correlation-codfcient error (the erroris zerofor valuesequal
1 andincreasesith decreasingamplitude). This peak-finderalso works properly for non-
Gaussiarshapeccorrelationpeaksandis lesssensitve to sub-piel displacementsompared
with thethreepoint Gaussiarpeak-fit.

Figure2.13 shows the distribution of the measured:-displacementasa function of the
sub-pixel shifts alongthe other coordinatecalculatedfrom simulatedimageswith a size of
2048 x 16024 pixel. The evaluationhasbeenperformedby usingthe 2nd order accurate
FFT-basednulti-passnterrogationprocedurewith three-pointGaussiampeak-fitandthe FFT-
basedree-shapeross-correlatiomlongwith the two dimensionalGaussiarpeak-fit. As the
distribution of the measuredelocity is nearlyindependenof the sub-pixel locationwhenthe
two-dimensionalGaussiarpeakis applied,only the graphwith thelargestdeviation from the
true displacemenhasbeenplottedfor comparison.The enormousvariationof the measured
displacemenasafunctionof thesub-pixel shiftin y-directionshouldbenotedwhenthethree-
pointGaussiampeak-fitis applied,seefigure2.13left. It resultsin astrongpeak-lockingeffect
comparedwith the two-dimensionalGaussiampeakfit analysisdespiteof the large particle
imagediameter(2.4 pixel).

Themeanandstandardieviation following from thegraphsn figure2.13aresummarised
in table2.1. It shouldbenotedthatthereliability of thethree-poinpeak-fitis stronglylimited,
with respecto the two dimensionalGaussiarpeak-fit,dueto thevariationof the standardie-
viation as a function of the sub-pixel location (one order of magnitude). For this reason,
the analysisof the recordingsacquiredfor the investigationpresentedn chapter5 to 7, was
performedwith the the iterative Levenbeg-Marquardimethodandthe displacemengestima-
tion with sub-pixel accurag wasperformedwith atwo dimensionalGaussiarpeak-fitroutine.
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FIGURE 2.13: Numericalcomparisorbetweentwo-dimensionalsolid lines) and three-pointGaus-
sianpeak-fit(graphswith symbols(left column)anddottedlines)with iteratve Levenbeg-Marquardt
methodfor two fixed particleimagedisplacement§top: Az = 0 pixel, bottom: Az = 1.47 pixel) as
afunction of the y-shift. The graphrepresentshe probability densityfunctionsfor a setof simulated
displacementields (each2000by 16000pixel in size)analysedvith a 2nd orderaccuratanulti-pass
interrogationtechniquewith 32 x 32 pixel interrogatiorwindoxy and50%overlap.

Figure2.14showvsthedistribution obtainedby analysingexperimentadata. Thedisplacement
wasachieved by transformingoneimageaswill be outlinedin the following chapter It can

TABLE 2.1: Comparison
between two-dimensional
(bottom row) and three-

Ay [pixel] Az [pixel] Az [pixel]
0.0 1.465 £+ 0.198
0.1 —0.003 £ 0.020 1.425+0.100
0.2 +0.003 £0.038 1.453 £0.113
0.3 +0.013 £ 0.061 1.440 £ 0.102
0.4 +0.005 £ 0.071 1.468 £0.121
0.5 —0.005+0.085 1.450+0.128
0.1 +0.015+£0.085 1.445+£0.079

point Gaussiarpeak-fitfor
two particle image dis-
placementsin z-direction
(centre column Az =
0 pixel, rightcolumnAz =
1.47 pixel) asa function of
they-shift.
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2 ParticlelImageVelocimetry

be seenthatthe functionaldependencef the distributionson the displacemenagreesiicely
with theresultshovn in figure2.13.

For completenesg shouldbe mentionedthat varioustechniquesave beenproposedn
the pastto optimisethe evaluationprocedurewith regardto accurag andspatialresolution
andto overcomethe limitations associateavith the requiredimagedensityandthetolerable
gradientsfor detailsthe interestedeademay consultthe existing literature[22, 27, 33,72,
97]. Theexcellentperformancef the 3-pointGaussiariit whenthelocationof thecorrelation
maximumis exactly symmetricalelatingto apixel stimulated_ecordieretal [72] to makeuse
of theaccurayg by transforminghe measuredmagein suchaway thatthe measuredelocity
becomesero after the transformation seesection3.2.2. To increasethe spatialresolution
without increasingthe probability that a randomcorrelationpeakwill exceedthe height of
thedisplacemenpeakanddeterioratehevelocity measurement is possibleto calculatethe
correlationtwice with a small spatialseparationn sucha way that the imagedisplacement
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FIGURE 2.14: Experimentatomparisorbetweerntwo-dimensiona(solid lines)andthree-pointGaus-

sianpeak-fit(graphswith symbols(left column)anddottedlines)with iteratve Levenbeg-Marquardt
methodfor two fixed particleimagedisplacement§top: Az = 0 pixel, bottom: Az = 1.47 pixel) as

afunction of the y-shift. The graphrepresentshe probability densityfunctionsfor a setof measured
displacementields (each1280by 1024 pixel in size)analysedwith a 2nd orderaccuratemulti-pass
interrogationtechniquewith 32 x 32 pixel interrogatiorwindov and50%overlap.
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2.4 Particleimageanalysis

is identical but the noiseuncorrelated27]. Oncethis hasbeendone,the signal peakcan
be clearly detectedby calculatinga correlationof the correlation(the uncorrelatedhoisewill
vanish) but againit shouldbetakeninto accounthatevaluationscheme$asednfew particle
imagesarehighly sensitve to noisethatis introducedoy the characteristicsf digital cameras.
In orderto enhancehe signalquality whenstrongin-planegradientsarepresentHuangetal
[33] hasproposedo transformthe imagein sucha way that the deformationvanishesafter
themapping,seealso[22]. This approachworksfine aslong astheflow underconsideration
possessesnly in-planegradientydu/0x, du/dy anddv/dz, dv/dy). In caseof strongout-
of-planegradients(0u/0z) this andmostof the othersophisticateanethodswill fail, ascan
be easily realizedby consideringa turbulent boundarylayer experimentwith a light-sheet
parallelto theflat plate. Undertheseconditionsthe apparenparticleimagegradientscaused
by particlesfrom differentlayerscannotbe compensatetiecausef arisinginstabilitiesin the
imageanalysis.
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3 Stereo-scopic Particle Image
Velocimetr y

The conventionalPIV techniquedescribedn the previous sectionsyields reliableresultsas
long asthe flow underinvestigations two-dimensionakndparallelto thelight-sheet.In case
of turbulentflows with a strongvelocity componenbeingnormalto the light-sheetthe out-

of-planevelocity componentemainsunknavn andthein-planecomponentsirebiaseddueto

the perspectiveerror asindicatedin figure 3.1 for a simulatedflow with a pureout-of-plane
velocity component.
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As this erroris directly proportionalto the viewing angle,accordingto figure 3.1, the object
distancemustbe increasedo minimise the error while keepingthe field of view. As this
approachrequiresiong focal lengthlensest is obviousthatthis approachs not satishctory
To overcomethis constraintcompletelyandto obtainthe out-of-planevelocity componenta
stereoscopiobsenationarrangemenhasto be applied,which will be outlinedin the follow-
ing sections.

3.1 Principles

Using the stereoscopigecordingtechnique,the imagesof tracer particlesare recordedsi-
multaneouslyfrom two differentviewing directions,and the correctdisplacementwithout
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3 Stereo-scopi€articleImageVelocimetry

perspectre error) of the particleensemblesrereconstructedby usingthe properequations.
Thebasicrecordingarrangementsanbe classifiedeitherwith respecto the camergposition
relative to the light-sheetor with respecto the propagatiordirectionof the light-sheetplane
accordingto figure3.2 Theleft drawing revealsa configurationwhereboth camerasarelo-
catedonthesamesideof thelight-sheet As aconsequencehisrecordingarrangementanbe
operatedn forward/badkward or ninetydegree configurationwhenthe propagatiordirection
of thelight-sheeplaneis consideredAn alternatve arrangemens shovnin theright drawing
of the samefigure. In this casethe camerasreseparatedby the light-sheetplanesothatthe
pureforward, backward andninetydegreearrangementarepossible.As long asonly thein-
tensityof the scatteredight is consideredthe mostefficient light-sheetcamera-configuration
is the purely forward scatteringset-up,accordingto the Miescatteringdiagramin figure 2.2,
followed by the forward/backvard configuration,purely backward andfinally ninety degree
case.This may changewhenthe stateof polarisationhasto betakeninto accountbesidethe
intensity(thiswill befurtheranalysedn chapter4 andthe experimentalpartsof this thesis).

= = Sm—
= g

FIGURE 3.2: StereoscopicecordingarrangementsThe orientationof the principle obseration ray

(obliquelines) relative to the light sheet(dark plane)or the propagationdirection of the light-sheet
plane(indicatedby the arrans) canbe usedto definevariousrecordingconfigurationswith different
properties Theobserationdirectionfrom onelight-sheetide(left draving) allows forward/backvard

and ninety degree imaging and from oppositesides(right drawing) forward, backward and ninety

degree.

Besidethe above classificationjt is commonpracticeto differentiatebetweenthe stereo-
scopicrecordingapproachesegardingto the field distortionsinto translationand angular
displacemeninethodsseefigure 3.3. In caseof thetranslationmethodthe light-sheetplane,
themainplaneof thelensandtheimageplaneareparallelin relationto eachother As aresult,
the magnificationfactoris constantacrosshe field of view (e.g. theimageof a regular grid
appearsundistortedandthe imageanalysisvariesonly slightly from the analysisoutlinedin
the previous chaptey see[44] for details. The dravback,on the otherhand,is the decreased
performanceof this arrangementior increasingsterecopeningangles.This happensecause
of opticalaberration@andthe decreas®f the modulationtransferfunctiontowardsthe edges
of thefield of view (seealsosection4.7) andbecaus®f thelimited overlapof theobsenation
areasof both camerasvhenthe CCD sensoris not shifted with respectto the optical axis,
see[44]. For thesereasonghe angulardisplacemenmethodis usually appliedwherethe
light-sheetplaneandthe main planeof the lensintersectin a commonline?. In this config-
urationthe magnificationfactorvariesacrosshe field of view andtypical distortionsappear

Thetranslationimagingconfigurationcanbe seenasa specialcaseof the angulardisplacemenarrangement
with the line of intersectionbetweenthe imageplane,the main planeof the lensandthe objectplaneat
infinity.
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Observation plane Observation plane

Lens plane
l Image plane \

FIGURE 3.3: Stereo-scopiamagingconfigurationsLeft: translatiormethod.Right: angulardisplace-
mentmethod.

asindicatedin figure 3.4 for both camera-light-sheedrrangementshawn in figure 3.2. The
size,shapeandlocationof thedarkareasndicatetheimageof arectangulaareain the object
spaceasa functionof the cameraarrangementThe difficultiesassociateavith this effectand
possiblesolutionswill befurtheranalysedn section3.2.

miES & -
| o S

FIGURE 3.4: Linearfield distortionsof aregulargrid dueto the obliqueobseration directionsfor two

angulardisplacementameraarrangementsLeft both camerasare locatedon the sameside of the

light-sheetaccordingto the left draving in figure 3.2). Right camerasreseparatedby thelight sheet
(right drawing in figure 3.2).

3.1.1 Error analysis

It is obvious from our experiencewith the visual systemof the humanbeing, thatthe mea-
suremenerrorfor the out-of-planecomponentaindthe accurag of the perspectie correction
dependon the openinganglebetweerthe two cameras.Lawsonand Wu have derived from
geometricatonsiderationshatfor a symmetricatranslationarrangementhe relative out-of-
planeerroroa,/oa, asafunctionof the off-axis positionz is givenby
9hz _ ! (3.1)
OAz \/(Ji/do)2 + (h/d0)2
whered, denoteshe objectdistanceand2# indicateshe shortestistancebetweerthelenses
[71]. Theupperleft graphof figure 3.5 shavs the variationof this relative out-of-planeerror
asa function of the off-axis positionfor variousz/d, given by equation3.1. The slopeof
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3 Stereo-scopi€articleImageVelocimetry

the graphsimplies that the relatve measuremengrror can be significantlyimproved within
0 < z/dy < 0.1 by increasinghe openinganglebetweerthe obsenationdirectionswhereas
for largerz /d, this effectbecomesvealer.

Translation Angular displacement
12 ¢ ‘ 12 ———————— — —
- h/d,=0.1 -  ———————— a=5
10 R et h/d0=0.2 10 L e a=10
————— h/d,=0.3 — -

— ——-hld,=04
—-—--h/d,=05

GAZ / OAX

GAZ / OAX

FIGURE 3.5: Uppergraphs:Variationof this relative out-of-planeerror asa function of the off-axis
positionfor the translationrmethod(left column)andthe angulardisplacemenarrangemenright col-
umn). Lower graphs: Dependenc®f the error for the principal obseration rays from the viewing
angle.

For the centreof thefield of view (x = 0) therelative out-of-planeerrorasa function of the
openinganglereducedo equatiorn3.2. Thisdependenceyhich givestheappropriateopening
anglebetweenthe principle raysfor a desiredout-of-planeerror, is shovn in the lower left
plot of figure3.52
OAz _ 1
OAz do/h
2As the performanceof the stereoscopi@pproactdecreaseshenthe objectdistances large with respecto
the lens separationthe visual systemof the humanbeing changedrom the stereoscopi@pproachto the
interpretatiorof the perspectie (relative magnitudeof known objectsandtheir positionrelative to eachother

- remoteobjectsappearigherthancloseones),shadev sizes,imagecontrast{absorptiorof light increases
with increasinglistance)degreeof accommodatiomndotheraids.

(3.2)
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3.1 Principles

In caseof theangulardisplacemenarrangemerthevariationof therelative out-of-planeerror
asa function of the z coordinateis given by expression3.3. Comparedwith the translation
set-up,the dependences ratherweakascanbe seenby comparingthe upperplots of figure
3.5.

[cosZa—sinQa[ z 2(:os2 04”E
OAz _ (do) 1 (33)

o 2 2
A sin o [1 + (;—0) cos? a] ’

By substitutingz = 0 in equation3.3 it turnsout that the relative out-of-planeerror at the
opticalaxisis thereciprocalof thetangentf the off-axisangle«, accordingo the following
equation,andfor o = 45° (openinganglef = 90°) the out-of-planeerror oA, becomes
comparablevith thein-planeerroroa, atthe centreof thefield of view, seelower right plot

of figure 3.5.
OAz _ 1

= (3.4)
OAg tan «

3.1.2 Scheimpflug condition

Unfortunately large openinganglesare often not feasibleby using standardequipmentdue
to the limited depthof focus,seesection4.7 for further details. For a typical configuration
with f = 5.6,M = 0.5 and A = 532nm, for example,the depthof focusis only 6§, =
2fpda(M + 1)/M? ~ +0.35mm. To overcomethesedifficulties, the conditionswhich
improve theimagingwhenthe objectplaneis tilted relative to the main planeof thelens,will
be briefly derived.

NWRN
A

|le—— 7y ——fe—— 7, ——»]

FIGURE 3.6: Scheimpflugcondition: Theimage-,object-andmainplaneof thelensneedto intersect
in acommonline for idealimaging(P; = P,).

Assumingthatthe main-planeof the lensintersectswith the object-andimage-planest P;

and P, respectiely accordingto figure3.6, it follows from geometricalconsiderationghat
the distancefrom the centreof the lensto the points of intersectioncan be expressedas
OP,/Zy=Y/Z andOP, /2, = y/z. (—Y, —Z) denoteghe coordinate®f anon-axialobject-
point (measuredrom the intersectionof the optical axis of the lenswith the objectplane)
and(y, z) arethe correspondingmagecoordinates.Using the definition for the trans\ersal
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3 Stereo-scopi€articleImageVelocimetry

magnificationMr = y/Y = 2,/Z, andtherelationz = M;Z = M#Z for the longitudinal
magnificationjt turnsoutthatthetwo pointsof intersectiorcoincide.

_ zy  MpZ,MyY  ZY
OR === == im—="5 =0h (3.5)

Thus the image-, object- and main plane of the lens needto intersectin a commonline

for ideal imaging. Although this relation was proven theoreticallyby the Frenchmathe-
matician Girard Desagues(1591-1661),and experimentallyin 1901 by JulesCarpentier
(PatentGB 1139/1901)this conditionis namedafterthe Austrianaerialcartographeifheodor
Scheimpflug(1865-1911)who hasderiedthis relationsfrom the opticallaws in his British

Patent(GB 1196/1904)rom 1904. However, it shouldbe notedthat this Scheimpflugcon-

dition is only a necessarygonditionwhich requiresin additionthat the objectdistanced, is

larger thanthe focal length f of the imaging system. For practicalpurposeghis condition
becomessignificantfor §, < Ltan o wherea denoteghe anglebetweenthe optical axis of

thelensandthelight-sheefplane,d, is thedepthof focusandL is thesizeof thefield of view.

For smallapertureor long focal lengthimaging,the adjustmenbf theimageplanecanbe ne-

glectedfor awide rangeof openinganglesbetweerthetwo camerasn stereo-scopiamaging
configuration.

3.2 Evaluation of stereo-scopic image pairs

The adwvantageof the angulardisplacementechniquewith respecto the translationmethod

is that optical aberrationsaaswell asintensitylossesdueto the decreas®f the modulation-
transferfunctiontowardsthe edgesof thefield of view, canbe neglected seesectiord.7. The

inherentdravback,on theotherside,is the characteristivariationof the magnificatiorfactor

acrosgshefield of view dueto the obliqueviewing direction. Besidea variationof the spatial

resolutionacrossthe field of view anda varying particle imagedensity(humberof particle

image pairs per unit area)additionalerrorshave to be taken into account,especiallywhen

both camerasare locatedon one side of the light-sheet. In this case,the size of eachof a

pair of measurementolumesconsideredor the calculationof the third velocity component
is inverselyproportionalto eachotheraccordingto figure 3.4.

3.2.1 Determination of the mapping function

For corventionalPIV (singlelight-sheesinglecameraconfigurationthevariationof themag-
nification factorover thefield of view is usuallynegligible becauseéhe image-planeandthe
main planeof the imaging systemare parallelto the light-sheet. To ensurethatthe interro-
gationwindows from eachof a pair of stereoscopicecordingscorrespondo the sameflow
region andalso,thatthe magnificationis constantor all positionswithin theimage,the dis-
tortionsalongwith possibledifferencedn the field of view have to be carefully determined
beforethe line-by-line evaluation procedure describedn section2.4, can be applied. For
this processmagesof a regular calibrationgrid (or dot pattern)with a known line-spacing
areusuallyacquiredprior to the measurementahile the calibrationtarget mustbe perfectly
alignedwith the centreof the light-sheetplanesin orderto avoid systematiconeasurement
errors,comparesection3.3. Accordingto the procedurgroposedn [108] eachimageis in-
vertedandcross-correlatedith anappropriatecorrelationmask(+ in thecaseof acalibration
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3.2 Evaluationof stereo-scopiémagepairs

grid ande whenadot patternis used)in orderto determinghecoordinate®f theline crossing
with sub-pixel accurag®. After this steptheimagingfunctionbetweertheimage-andobject
planecanbe changedrom a discreteinto a continuousrepresentatiotry meansof fitting a
standardeastsquaressurfaceto eachof the image-objectpoint sets,so that the first order
projectionmatrix canbe calculatedfor eachobsenationdirectionalongwith the translation,
rotationandmagnificationfactor [108].

y = w? + Q12Y + a13 (3.6)

a317 + azy + 1
021% + A2y + A3

Y = (3.7)
a317T + azy +1

In orderto take into accountaberrationf higherorderandothernon-lineardistortions,the
secondorder projectionin form of equation(3.10) hasto be applied. For this purposethe
coeficients of the first order projectionmatrix have to be usedas an initial estimateto a
Levenbeg-Marquarton-lineareastsquareditting algorithm.

y - u? + a2y + a13 + a142” + a15y* + a16TY (3.8)
a317 + a3y + a3z + a342? + assy? + azery .

y = @ + a2y + o3 + a24x* + as5y® + aseTy (3.9)
a317 + a3y + a3z + a342? + assy* + azery .

0,33:1

As bothsetsof transformatiorequationslescribgusta mappingbetweertwo planardomains
withoutary three-dimensionahformation,thelocationof theimagewith respecto theobject
hasto be known in addition. This canbe doneeitherdirectly, by measuringhe exactcamera
positionsrelative to the centreof the field of view, or indirectly by usingthe following setof
equationssee[56] for mathematicatletailsor [95] for theapplicabilityin PIV.

X - an + a2y + a13z2 + a1a (3.10)
a31T + az2y + 33z + aza

v = 21T + Q22Y + Q232 + Qo4 (3.11)
31T + a3y + 33z + azs

The appearancef the z-coordinaterequiresthatthe calibrationprocedurehasto be repeated
for differentz locationsin orderto determineall unknovn coeficients. This is especially
usefulwhenthe positionof the camerass not accessibler for applicationsn water where
theair-glass-vaterinterfacehasto betakeninto account.

3.2.2 Image warping

Oncethereconstructiortoeficientshave beenproperlydeterminedthe transformatiorequa-
tions can be appliedto deformeachacquired,single-posedimagein sucha way thatthe
magnificationfactoris constantacrosshe back-projectedmageandthefield of view is iden-
tical for all acquiredmages.Usingthis techniqueoptical parametersuchasthefocal length

3As this methodis quite time consuming Houghtransformatiormethodsare usually appliedin this thesisto
find the coordinate®f theline crossingssee[18].
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3 Stereo-scopi€articleImageVelocimetry

andthe magnificationfactor never needto be determinedand non-lineardistortionsintro-
ducedby the transparentest-sectiorwall or other optical componentsn a non-collimated
beamcanbe accountedor, whenthe transformatiorequationsare extendedto higherorder
Furthermorethe simplified stereo-equationsanbe appliedto calculateonethree-component
displacementield from a pair of two-componensetsasthe magnificationfactoris constant.

AXY — Azxotan ag + Az tan as (3.12)
tan ay + tan oy
Ayg tan 51 + Ay1 tan 52
tan By + tan 3,
Az — A
A7 = - SHT o (3.14)

tan o + tan oy

As the grey-level valuesareonly definedat integer pixel locationswithin theimage,a spatial
transformatiorbasedon equation(3.6) to (3.11) causesa mappinginto locationsfor which
no grey levels aredefined. Thus, it becomesecessaryo infer what the correctgrey-level
valuesat thoselocationsshouldbe, basedon the grey-level valuesat integer pixel coordinate
locations.To validatethe performancef differentimageinterpolationmethodstwo particle
imagefields, createdrom onemeasuredor simulated)singleexposedgrey-level patternby
usingthe transformatiorcoeficients (a;; = 0.999, as; = 1, othercoeficientszero)for the
firstimageand(a;; = 1, ass = 1, othercoeficientszero)for the secondmage,wherecross-
correlated39]. As thetruedisplacementinearly variesby two pixels over a rangeof 2000
pixels (referencdine in figure 3.7) a correlationbetweenthe two back-projectedmageswill
yield informationaboutartefactsdueto non-properlychosersub-pixel incrementgnumberof
grid pointsperpixel consideredor calculatingthe grey-valuein the back-projectedgmage)or
dueto interpolationproceduresvhich have beenchosenimproperly The simplestschemes

AY

(3.13)

Numerical Experimental
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FIGURE 3.7: Systematicdeviation of the measureddisplacementAz for different interpolation
schemesA linearlyvaryingparticledisplacemerdippearssastepfunctionaftertheimagede-warping

hasbeenperformedwherebythe step-sizedecreasewith increasingperformanceof the imageinter
polationscheme.

basedon nearest-neighbouaipproachare easyto implementbut undesirableartefactslike
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3.2 Evaluationof stereo-scopiémagepairs

distortionscanbe hardly avoidedandsystematierrorsappearasindicatedin figure 3.7. The
socalledde-samplingnethodyield betterresults providedeachpixel is subdvidedin atleast
four sub-pixel or the bilinear interpolationwherethe grey levels of the four nearesintegral

neighbourof anonintegral coordinateareconsultedo determingheappropriatezalue.More

sophisticatedpproachesik e fitting asin z/x type surfacethrougha muchlarger numberof

neighbourgcubic convolution interpolationmethod)yield much smootheresultsbut at the
costof computationatime. For this reasorthe bilinearapproachwasappliedfor the analysis
of theresultsshovn in chapter5to 7.

3.2.3 Vector field warping

As the properde-warpingin theimagespaces time consumingandrequiresa redistrikution
of theoriginalimageswhich doesnotincreaseonfidencé, the de-warpingcanbe performed
in the vectorspaceassoonasthe corventionalline-by-lineinterrogationprocedurenasbeen
applied.Usingthisapproachtheequallyspacedyrid pointsin theobjectspacearetransformed
into theimagespaceaccordingo thetransformatiorequationg3.6)and(3.7),andthevelocity
ateachimagegrid pointis calculatedoy meansof linearinterpolation.In orderto minimiseor
avoid the interpolationprocedurethe acquiredmagescaneitherbe evaluatedwith a smaller
step-sizeor interrogatedht the properpositionsgivenby the grid pointsin the objectspace.

Theinherentdravbackof this approachs thefactthatthe magnificatiorfactorvariesover
thefield of view aswell asthemeasuremergrrorandthedetectability]51, 52]. Furthermore,
if the camerasystemis symmetricaland locatedon one side of the light-sheet(left image
in figure 3.4), the interrogationwindows from eachof a pair of stereoscopiemagesback-
projectionin the physicalspacemay differ substantiallyin size, which meansthatin effect
differentflow volumesare consideredor the calculationof the third velocity componerit
The significanceof this statementill be consideredn the section3.3. For applicationsin
large wind tunnelsthe problemis furtherincreaseddue to unequalobjectdistancesor non-
symmetricstereoscopi®lV set-ups.

3.2.4 Interr ogation windo w warping

In orderto avoid ary modificationof the measuredyrey-level distribution itself and to be
independenbf interpolationalgorithmsin the vector space,an alternatve approachcanbe
implementedbasedon a local distortion of the size and shapeof the interrogationwindow
in sucha way that the numberof particle imagesremainsconstantover the field of view
andthe shapevariesin a way that the back-projectionof the local interrogationareasinto
the objectspaceis alwaysthe bestapproximationto a squareor otherdesiredshape% This
canbeeasilydoneeitherby calculatinga directcorrelation,which is not restrictedto radix-2
sizedinterrogationwindow dimensionswith rectangulashapeasthe corventionalFFT-based

4An initially circular particleimagefor examplemay appeatelliptically afterthe transformatiorhasbeenper
formed.This artifactcanbiasor lowerthe principalmeasuremerdccurag.

5In the caseof a symmetricalsetupwith a light-sheetetweerthetwo cameragdashectonfigurationin figure
3.2 andright imagein figure 3.4) the fluid elementsconsideredor the calculationof the third velocity
componentareequalin sizebut the spatialresolutionremainsa function of theimagelocation.

5The informationconcerninghe position,sizeandshapeof theinterrogationwindow is known from the cali-
brationgrid analysissimply by substitutingall desiredvaluesof theobjectplaneinto theequationsandusing
anearesheighbourapproactio find the appropriateositionin theimageplane.
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correlationalgorithm [109], or by using the FFT-basedfree-shapecross-correlatiorwhich

combineghe advantage®f the direct correlation(free-sizedandfree-shapeavindows, high

accurag) andthewidely usedFFT-basedcorrelation(high speedevaluation)[88]. Although

thecomputationatimeis increasedy usingthis evaluationtechniquethetotal computational
time is comparableo the de-warping techniqueas the time consumingimage de-warping

canbe avoidedand multi-passtechniquesare not required. Due to the discretenatureof the

imagesthe interrogationwindows from eachof a pair of stereoscopiemageswill never be

exactly identicalbut dueto the statisticalapproactsmalldifferenceslo not affecttheresult.

3.3 Calibration validation

To ensurethat the interrogationwindows from eachof a pair of stereoscopitmagescorre-
spondto the sameregion of flow, the propertiesof the imagingmustbe constantwhenthe
measurementtake place,andidenticalwith the calibrationcondition. Unfortunately inter-
ruptingthe experimentandenteringthetestsectionof awind-tunnelfor thecalibrationproce-
duremayleadto differentboundaryconditions andmechanicabr thermalvariationduringthe
experimentcanbe hardly avoided, especiallyin industrialernvironments.To demonstratéhe
effect of nonproperlyalignedcalibrationgridsor poorly performedevaluation let ussuppose
that the displacementields from the left andright cameraare identical apartfrom a phase
factorandsimilar to the strealy flow patternaspresentn the nearwall region of turbulent
flows.

Az, = sin(x) (3.15)
Azy = sin(z + ¢) (3.16)

By changingthe phase¢ the effect of a simple translationbetweenboth imagescan be
simulatedwhile ¢ = 0 correspondgo zero out-of-planedisplacementiccordingto equa-
tion 3.14. Figure3.8 shows the artificially introducedout-of-planedisplacemenfor ¢ =
0,7/8,m/4,7/2, 7. The openinganglebetweenboth obsenation directionsis 90° andthe
objectdistancdas assumedo belarge sothatthe perspectie erroris negligible.
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FIGURE 3.8: Atrtifical out-of-planedisplace- S
. . 0 s 2n 3n
mentintroducedoby anonproperlyalignedcal- X

ibrationgrid or poorly performedevaluation.

It canbe seenthatthe errorincreasesvith increasingmisalignmentandbecomesomparable
to the true in-planedisplacementor ¢ = 7 sothatthe misalignmentcanbe easily detected
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by meansof fluid-mechanicakonsiderations.This is almostimpossiblefor small ¢, espe-
cially whenthe relation betweenthe componentpossessesomeobvious symmetrywhich

may focusthe attentionin the wrong direction. This is clearly visible in figure3.9 wherea
Rankinevortex with a tangentialparticleimagedisplacemenbf +4 pixel is displayed. The
512 x 512 pixelimageshave beenanalysedvith 32 x 32 pixelinterrogatiorwindows, eachof

them containingapproximately25 particlesgeneratecat randompositionswithin the Gaus-
sianshapedight-sheebf finite thickness.Thecurvatureof the particletrajectoryis takeninto

accountsuchthatparticleimagescloseto the coreof the vortex actuallyorbit the coreatthe
sameradiusbut centrifugalforcesarenot consideredBeforethe analysishasbeenperformed
the simulatedparticleimagepatternhasbeenduplicatedandproperlyshiftedin oppositedi-

rectionsby choosingthe valuesof the coeficient a;3 and a3 andthe sub-pixel increment
properly Theopeninganglebetweertheassumeabsenrationdirectionsis again90° andthe
object-distanc@0000 pixel (20 timesthefield of view) to avoid projectioneffects.
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FIGURE 3.9: Spatialdistribution of the out-of-planedisplacemenintroducedby nonproperlyaligned
calibrationgrid or poorly performedevaluation(averageover 20 fields). Theline spacingin the con-
tour plotsis incrementedn stepsof 0.1 pixel anddifferentline stylesindicatedifferentout-of-plane
directions.

The rangeof the out-of-planedisplacementss a function of the in-planeshift dependson
both, magnitudeanddirectionandcanbe quite large with respecto all othererrorsourcesn
PIV accordingto table3.1. Figure 3.9 shows the spatialdistribution of the error. The shiftis
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Az = 16 pixel for theupperleftimage,Ay = 16 pixel for thelowerright and16 pixel in each
directionfor thelowerleft sample A surprisingresultis the completelydifferentsymmetryas
only thedisplacement# z-directionaccountfor the out-of-planecomponent.This explains
thedifferente, for identicalshiftsin orthogonakpatialdirection,seetable3.1.

TABLE 3.1: Artificial out-

of-planedisplacements, as In-planeshift [pixel] Out-of-planeerror[pixel]

afunction of the magnitude Ax =8 Ay=0 —0.520 < €, <0.482
anddirectionof thein-plane Az =16 Ay =10 —0.688 <€, <0.705
misalignment. Maximum Az = 32 Ay =0 —1.049 <€, <1.109

in-plane displacement: 4.2

pixel Az =8 Ay=38 —0.576 < ¢, < 1.147

Ar =16 Ay=16 —0.824 <€, <1.526
Ar =32 Ay=32 —1.120 <€, < 2.076

Az=0 Ay=8  —0436<e¢, < 1.076
Az=0 Ay=16 —0.602<e¢, <1611
Az=0 Ay=32 —0.969 <, < 2.049

To validatethe boundaryconditionsa cross-correlatiometweerthe de-warpedsingle ex-
posedmagedromthecamergairin stereoscopiagnagingconfigurationacquirecatthesame
instantof time, hasto be calculatedn orderto obtainthelocal misalignmenbetweertheim-
ages.As theilluminatedparticlesarealmostidentical,especiallyfor pureforward, backward
and90° degreeobsenrationdirection’, andtheir differentimagepositionhasbeencorrected
by the appliedwarping, basedon the analysisof the calibrationgrid, the outputmustbe a
zero-displacemeriteld. Any seriousmisalignmentlueto translationyotationor deformation
(magnificationchangeof oneimage)will becomeobviousin the displacementield andcan
be correctedby calculatingthe mappingfunction betweenboth samplesand combiningthe
coeficients of this transformatiorwith the coeficients determinedwith the calibrationgrid
analysis[44]. This non-intrusve approachpasedon the particleimagefields itself, canbe
appliedto eachacquiredmagepair to guarantee¢hateverythinginvolvedin the measurement
is unafectedby wind tunnelvibrations,thermaldistortionse.g. for the durationof the mea-
suremen{44]. This becomesmportantin noisy ervironmentsor for long acquisitiontimes.
Unfortunately an equaldisplacemenbf both camerasannot be detectedvy usingthis ap-
proach.exceptif a markis presenin bothimagessuchasa bright modelreflectionor atiny
darkshadov within thelight-sheet.

"Dueto thefinite apertureof theimagingsystenthis approactis alsofeasiblefor nonsymmetricabbsenation
directionsor forward/backvard configurationsout the quality is slightly reduceddueto possibleunpaired
particleimages.
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The Stereo-scopidarticle Image Velocimetry (PI1V) describedin the previous chapterhas
becomeawidely usedtechniquefor investigationsvherethe spatialdistribution of the veloc-
ity is neededo understandhe flow physics. Unfortunately the distribution of the velocity
within onesingleplane,capturedat oneinstantin time, doesnotyield alwaystheinformation
requiredto answerfluid-mechanicajuestionsln caseof turbulentflows, for example,space-
time correlationgogethemwith the spectrunof thefluctuationsareimportantin the statistical
theoryof turbulenceasthereis alink betweenthesequantitiesandthe decompositiorof the
flow field into a seriesof harmonicmodes.For theidentificationof the mostenegetic veloc-
ity structuresthe properorthogonaldecompositions awell suitedtechniquebut in generait
requiresspatialandtemporalinformationabouttheflow field. Theeigervaluesof thevelocity
gradienttensorare alsoincreasinglyusedto describevariousflows becausdghesequantities
play arolein thetheoryof dynamicalsystemsandtopology Thevorticity vector(all compo-
nents)is anothermportantquantitydueto its Galileaninvarianceaswell asthe acceleration
in its LagrangiarandEulerianform in orderto studythe formationandinteractionprocesses
of moving flow structures.

In orderto retrieve the desiredinformation aboutthe spatio-temporaflow unsteadiness
other sophisticatedmaging techniqueshave beendevelopedsuch as the phase-conjugate
holographicsystemthescannindight-sheetPIV, or the3D particletrackingtedniquel[5, 10,
101]. Despitethe highlevel of developmentof eachcitedtechniquetheinformationaboutthe
spatial-temporaflow unsteadineseemaindimited andfor applicationgn largewind tunnels
whereacquisitiontime, opticalaccesandobsenationdistancesreconstrainedtheirimple-
mentatiorremainschallengingdueto their compleity, costsandmanpaver demand30].

To overcometheselimitations a stereoscopid®IV basedtechniquehasbeendeveloped
which is well suitedto determinemary fluid-mechanicauantitieswith high accurag and
spatialresolution[45, 39, 46]. This techniqueis reliable, robust and easyto handle. Fur
thermoreit is basedon standardP1V equipmentandevaluationprocedureso that available
PIV systemzanbe easilyextended.In the following sectionghis techniquewill bereferred
as multiplanestereoPIV in orderto emphasisets flexibility in spatio-temporalight-sheet
positioningdependenobn thevaluein question.

4.1 Principles

The multiplanestereoPIV system developedfor applicationgn air flows, consistsof a four-
pulselasersystemdelivering orthogonallypolarisedlight, two pairsof high resolutionpro-
gressve scanCCD camerasn anangularimagingconfigurationwith Scheimpflugcorrection,
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two high reflectvity mirrorsanda pair of polarisingbeam-splitteicubes,eachconsistingof
two cementedight-angleprismswith an appropriateinterferencecoatingin between,see
figure4.1

A

iy
5

——  s-polarized light
p-polarized light

FIGURE 4.1: Schematicsetupof therecordingsystem.1-4 digital cameras5 lens,6 mirror, 7 polaris-
ing beam-splittecubewith dielectriccoatingbetweerthetwo right-angleprisms,8 absorbingnaterial,
a openingangle.

After theillumination of thetracerparticleswith orthogonallylinearly polarisedight, the
polarisingbeam-splittecube(7) separatetheincidentwave-frontscatteredrom theparticles
into two parts. The light which passestraightthroughthe cubeemepeslinearly polarised
with the planeof the electricfield vector parallel to the planeof incidencedefinedfor the
multi-layer film (p-polarised).The light emeging from the cubeat right-anglesto the inci-
dentwave front (having beenreflectedinside the cubeat the dielectric multi-layer film) is
orientedorthogonallyto the planeof incidence(s-polarised).The separatiorbasedon polar
isationworks perfectly aslong asthe radiusof the sphericalparticlesis comparableo the
wavelengthof the laserlight andthe obsenationdirectionis properlyalignedto the direction
of the polarisationvector[8]. In orderto avoid contrastreductionin the imageplanedue
to backgroundight emeging from the oppositebeam-splitteicamerasystem onesurfaceof
eachcubeis coveredwith anabsorbingmaterial(8).

Before enteringthe lens the s-polarisedight coming from the polarising beam-splitter
cubeis reflectedto achieve identical orientationof the imageplanefor all cameras. This
simplifies the matchingof the four obsenation areasand saves computingtime during the
evaluationof theimages.The polarisationcharacteristicef thesemirrorsis notimportantas
only the intensity of the scatteredight is neededafter the polarisingbeam-splitteicubehas
beenpassed.

The orthogonallylinearly polarisedight emeging from the polarisingbeam-splittecube
is finally recordedby meansof high resolutionprogressie scanCCD camerasn anangular
imaging configuration. Due to the oblique viewing directionandthe limited depthof focus
of the lens, the imageplane,the main planeof the lensandthe objectplaneneedto inter-
sectin a commonline (Scheimpflugcondition)accordingto section3.1.2,in orderto obtain
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4.2 Four-pulse-laseGystem

focusedparticleseverywherewithin the imageplane. Therefore,eachcameralensmustbe
connectedo a speciallydesignedne-axidilt-adaptern(Scheimpflug-adapterlhe axisof ro-
tationshouldcoincidewith the centrelineof the CCD sensoto ensurehatall particleimages
alongthisaxisremainin focusunderrotation. This simplifiestheinstallationof thesystemand
thefocusingprocessincetheimagelocationof thecentrelinen objectspaceandthe opening
anglebetweencorrespondingcamerapairs remainconstantunder Scheimpflugadjustment.
For magnificationand field of view adjustmentgnecessaryor maximisingthe amountof
stereoinformation)all Scheimpflug-adaptershouldbe mountedon a two-axislinear trans-
lation stagewhich allows high precisiontranslationsdy thumbscrevs. In orderto simplify
the adjustmentprocedurewithout restrictingthe flexibility of the systemthe left and right
recordingsystemsanbe connectedo differentbase-platewith individual rotationstage.

4.2 Four-pulse-laser System

For the illumination of the tracer particlesthe beamsof four independentaseroscillators
needto be combinedin sucha way thatthe linearly polarisedight-sheetscanbe positioned
independentlywith respecto eachother This canbe easilyandpreciselydoneby the four-
pulsesystemshown in figure4.2 The lasersconsistof a Neodymium-Yttrium-Aluminium-
Granatrod embeddedn anunstableresonatomwith a variablereflectivity outputmirror (the
transmissiordecreasefom the centreto the edgein orderto eliminatethe intensitymaxima
of higherordersintroducedby the unstableresonator)and a white light flash-lampfor the
excitationof thecrystal-atom$60]. Themonochromatiainpolarisedadiationspontaneously
emittedby thelasermaterial(1) immediatelyafterthe excitationof theatomswill belinearly
polarisedvhenit emepgesfrom thedielectricGlan-Lasepolariser(6) andcircularly polarised
behindthe retardationplate (5) which consistsof a plane-paralleklice cut out of a uniaxial
crystal suchthat the cut-planeis parallelto the crystallineoptic axis. The thicknessof the
plateis suchthatthe phasedifference(retardationof the slow ray in comparisorto the fast
ray at emegence)is \/4 for normalincidentanda given wavelength(here A\ = 1064 nm).
The direction of propagatiornof the circularly polarisedbeamis reversedby reflectionin a
mirror (2) andthusthe senseof the circular polarisationaswell (dueto the 180° phaseshift
inducedby themirror) beforethe secondransformationnto linearly polarisedight. Thus,the
linearly polarisedvave of thereflectedoeam asit finally emegesfrom its secondgaththrough
the retarder(5), is orthogonalto the incidentlinearly polarisedwave andcanbe rejectedby
meansof the dielectric polariser(6) constructedrom an air-spacedright-angleprism pair
with paralleloptical axis. In this configurationthe polariserquarterwave plate combination
actsasanisolator (or closedswitch) whenthe anglebetweenthe planeof linear polarisation
andthecrystallineopticalaxisequalsexactly either+45° (for otherangleshetransformation
is from linear to elliptical polarisationdue to the differentamplitudesof the ordinary and
extraordinarybeambehindtheretardatiorplate). For the stimulatedemissionof radiationthe
electro-opticablock (4) canbe madeequivalentto a quarterwave plateby appropriatechoice
of block length, biasvoltageand suitableorientationwith respecto the quarterwave plate
suchthatthe beamcanpassthe Glan-Lasermolariserwhenthe populationinversionreaches
its maximum. Using this optical arrangementhe laserpower canbe increasedy reducing
the pulsedurationandthe outputenegy of thelaseris adjustabldoy changingthe time delay
betweentheflash-lampandthe Poclels cell biasvoltage.

In figure4.2thelinearly orthogonallypolarisednfra-redbeamgseleasedy theresonator
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4 Multiplane StereoParticle ImageVelocimetry

pair are combinedusing a dielectric polariserat the Brewster angle (8a) which reflectsthe
p-polarisedlight partially at every dielectric interface within the multi-layer coatingwhile

transmittingthe s-polarisedight with almostno reflection. A retardationplate behindthe
Brewsterwindow (5) transformsboth linearly polarisedbeamsnto circularly polarisedight

beforethey entera properlycutandtemperaturatabilisedhighly dopedKD*P (Kaliumdihy-

drogenphosphatyrystal(10)for polarisatiorselectiorandgeneratiorof the seconcharmonic
(532 nm) from the fundamentaivavelength(1064nm), see[70] for details. To separatehe
two wavelengthsa highenegy harmonicseparato(9) is usedconsistingof aspeciallycoated
substratewhich reflectsthe harmonic( Rmax at 532 nm) andtransmitsthe fundamental7},ax

at1064nm)wave. As thelinearly polarisedight emeging from the frequeng doublerspos-
sesseghe samestateof polarisationa A\ /2 retardatiorplate(11) hasto beinsertedbeforethe
superpositiorof the four beamsby meansof anotherdielectricpolariser(8c) cantake place.
As the orientationof the frequeng doubler(10) affectsthe efficiengy of the seconcharmonic
generationand may changethe angle betweenthe incoming and outgoingbeam,problems
suchasdifferentoutputenegy may occurwhenusing a systemwheretwo beamspassthe
samefrequeng doublercrystal.
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FIGURE 4.2: Fourpulsefour frequeng dopplerlasersystem.1 Pumpcavity, 2 Full reflective mirror,
3 Partially transmittingmirror, 4 Poclelscell, 5 \/4 retardatiorplate,6 Glan-Lasepolariser 7 Mirror,
8 Dielectricpolariser9 Dichroic mirror, 10 Frequenyg doublercrystalwith phaseangleadjustmentl1
A/2 retardatiorplate,12 Beamdump.

An alternatve systemwhich hasbeentestedaswell is shovn in figure4.3. Therecombi-
nationtakesplacebehindthe frequeng doublerin the visible wavelengthrangesothateach
beamenegy canbeoptimisedindependentlpy appropriaterientationof thefrequeng dou-
bler crystal. The superpositiorcan be adjustedagainusing the dielectric polariser8c. As
the light from eachlaserpair is linearly orthogonallypolarisedthe Q-switchesof the outer
oscillatorpairin figure4.3areconnectedvith a Poclelscell (4) in thefour beamcombination
optics. Whentheseoscillatorsdeliver the light, the correspondingPoclels cell is switched
simultaneouslyandturnsthe stateof polarisationof theincidentbeamby anangleof 90°. The
adwantageof the lasersystemshaown in figure4.3liesin its ability to maximisethe outputen-
engy for eachlaserindependentlyThepriceis two extrafrequeng doublersandPoclelscells
andslightly more complicatedcombinationoptics. In additionasthe beamstake the same
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4.2 Four-pulse-laseGystem

pathbehindthefirst dielectricpolarisen(8a,b),but needdifferentPoclels cell voltagefor exit,
the cavities of eachlaserpair cannotbefired simultaneouslyThis is usuallynot arestriction,
asonly orthogonallypolarisedlight needsto be deliveredsimultaneouslyfor multiple plane
sterearecording.

\||=|{E]|\7| 12

2 56 3| 10 118 AN 12

(e e\

8c
S 4 e

\|-|=-|][@|\|

o 7 -/7b|12
\|-|=-|}[@ o

FIGURE 4.3: Fourpulselasersystem.1 Pumpcavity, 2 Full reflective mirror, 3 Partially transmitting
mirror, 4 Poclelscell, 5 A\ /4 retardatiorplate,6 Glan-Laselpolariser 7 Mirror, 8 Dielectricpolariser
9 Dichroic mirror, 10 Frequeng doublercrystalwith phaseangleadjustment11 ) /2 retardatiorplate,
12 Beamdump.

4.2.1 Performance of spatial light-sheet separation

The appropriatemethodof adjustingthe displacemenbetweenthe orthogonallypolarised
light-sheetsdependson the desireddistance. Small separationdetweenthe orthogonally
polarisedight-sheetpairs (up to a few millimetres)canbe generatedy a simplerotationof
mirror 8cin there-combinatioropticsaroundthe axis perpendiculato the laserbeamplane.
This is possibleasthe divergencebetweenthe s- and p-polarisedbeamsis negligible when
the separations smallwith respecto the distancefrom the measurememnpositionto mirror
8c. A translationof mirror 8c on the otherhandcannotbe appliedin orderto separatehe
orthogonapolarisedbeamsasthefocallensin thelight-sheeopticswill superimposgarallel
raysatthefocal point. Therelative separatiorbetweerthe beamscanbe easilycontrolledby
meansf atargetlocatedat the measurememntositionwhich is slightly tilted with respecto
thelight-sheetsn orderto increaseheresolution.

For awider rangeof light-sheetspacinggup to afew cm) andindependenpositioningof
both beam-pairsit is usefulto remove mirror 7b alongwith the beamdump (12) suchthat
two spatiallyseparatedaserbeamswith orthogonallypolarisedradiationemege. Using two
separatdight-sheet-opticgonefor eachpolarisation)eachwith a 45° mirror behindthe last
lens,all positionsarepossibleby moving the mirrors. Oncecalibrated the actualpositionof
eachpair of light-sheetss given by a micrometerscale. For the conseration of the polari-
sationthe mirror needsa dielectricbroad-bandctoatingoptimisedfor 532 nm and45° angle
of incidenceto provide a 99 % reflectancen both s- andp-planesalsowhenthe angleis not
exactly 45°. In addition,a high damagethreshold(> 10 J/cn¥ for 15 ns pulseduration)is
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4 Multiplane SteredParticle ImageVelocimetry

necessaryo minimisethe probability of laserinduceddamageDueto thethermalsensitvity
of thelasermaterialandthe unstableesonatarthe previously mentionedadjustmentshould
be performedunderthermalequilibriumconditions.

4.2.2 Generation and contr olling of the timing sequence

In orderto triggerall necessargomponentgjuickly andeasilya 16 channekequenceboard
with anoutputfrequeny betweer0.01Hz and1 MHz hasbeenused.Thewidth of eachpulse
is freely adjustableaccordingto the specificationsof the usedequipment. The delay of all

outputtrigger pulseswith respecto theinputtriggercanbe selectedn the rangefrom 50 ns
up to 140s with aresolutionof 50 ns (12.5nsjitter). Figure4.4 shows the userinterfacefor

thegeneratiorandoperationof the appropriatdiming-sequence.
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FIGURE 4.4: Window-interfaceto selectandcontrolthelaser andcamera-timing

The first two sliderslocatedat the top of the window control the pulse separatiorfor
both laser pairs separatelywhereasthe third one determineghe time-intenal betweenthe
first pulsesof eachlaserpair. Thus,all pulsecombinationsdescribedn section4.3and4.4
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4.3 Modesof Operationl — In-planeflows

for multiple-planerecordingcanbe easily generated.Slider 4 to 7 from the top specifythe
delay betweenthe flash-lampsandthe Poclels-cellsin orderto adjustthe outputenegy of
eachlaserindividually andwith slider 8 the time for the read-outof the first cameramages
can be adjustedwith respectto the first laserpulse. In the centremenuin the lower half
of figure 4.4 the specification®f the lasersystem(Quantel,BMI) canbe chosenaswell as
the modeof operation(high or low enegy, flash-lampsnly to keepthe lasermaterialat the
appropriateaemperaturelaseroff). All otherpossibilitieslik e cameasonly (for field of view
adjustmentspr cameas togetherwith only one oscillator (for checkingthe separationoy
meanf the polarisation)canbeselectedn thelower left menuby amouseclick ontheright
bottom. After selectingthe appropriatesetof parametershe sequencdiasto be sentto the
electronichoardandcanbeactivatedusingthe startbottomatthelowerright of figure4.4and
afterwardsterminatedwith the neighbouringstopbottom. This userfriendly interfaceenables
theuserto performall alignmentsandcalibrationswithin reasonabléme.

4.3 Modes of Operation | — In-plane flows

Onceinstalledthe multiplanestereosystemis well suitedto determinedifferentfluid-mech-
anicalquantitiessimply by changingthe time sequencer light-sheetposition. For constant
pulseseparatioAt = t, — t; = t3 — ty = t4 — t3) andoverlappinglight-sheetsa time
sequenc®f threevelocity fields canbe measuredat any repetitionrate by cross-correlating
the first acquiredgrey-level distribution with the secondthe secondwith the third andthe
third with the grey-level distribution from thelastillumination, seefigure4.5. By increasing
thetime delaybetweerthe secondandthird illumination (At = t, — t; =ty — t3 < t3 — t3)
thefirst orderestimationof the acceleratiorfield in its Lagrangiarand Eulerianform canbe
calculatedn orderto studythe dynamicbehaiour andthe interactionprocesse®f moving
flow structure436]. The Lagrangiaracceleratiorof a moving fluid-elements definedasthe
temporalderivative of the velocity andcanbe simply implementedasa differencequotient

_ Ui (t") = Ui (¥)
a;;(t) = T

wherebyt’ andt” aredefinedasthe meanbetweerthe correspondinglluminationse.g.t =
(ta+t1)/2 andt” = (t4+t3)/2 respectiely andu; ; denotethevelocity of afluid volumeatary
time ¢ (theindicesi, j denotethe discretelocationin the measuremerlane).Equation(4.1)
statesthatin casethatw; ;(¢) is continuousin t' < ¢ < ¢” anddifferentiablein ¢ < ¢ < ¢”
thereexistsat in the specifiedime-intenal for which the accelerations givenby expression
4.1. Theexacttimet is unknavn exceptfor the caseof alinearvariationof thevelocity during
thetime interval. In caseof the Eulerianacceleration

(4.1)

a(z,t) = agéf’ ) +U(z,t) - VU(x,1t) (4.2)

thefirst termontheright handsidecanbe approximatedy

oU(z,t) Uz, t") —Ulz,t)

ot "=t

with thefluid velocitiesU (z, t') andU (z, t") measure@tz andattimest’ andt” respectiely.
Thenonlineartermon theright handsideof equatiord4.2 canbe approximatedo:
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Intensity

FIGURE 4.5: Timing diagram
for the temporally separatedie-
terminationof all three velocity
components. Different shading
of thelight-sheeprofileindicates
differentstatesof polarisation. Z
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wheree; with (i = 1, 2, 3) indicatesthe threeunit vectors.By fitting eachcomponenbf the
spatialvelocity gradientat a given point to its two adjacentwelocity vectorsalongthe axis of
the given componenthe partial velocity gradientscanbe determinedrom a pair of velocity
fields. Thetwo productscontainingthe partialvelocity gradientsaredeterminedrom eachof
thevelocity fieldsandareaveragedogetherfor detailssee[36].

Besidesof measuringhe acceleratiorthe temporalbehaiour of the moving flow struc-
turescanbeestimatedaswell whichyieldsinformationabouttheformationanddecayof flow
structuresFurthermorethreedimensionakpace-timeorrelationscanbemeasuregimply by
increasinghetime delaybetweera pair of imagesbeingacquiredAt =t —t1 = t4 — 13 K
ty — to) With U;(z, y) = Xiw, Uiz, y, t) /n.

> > [ui U] [U; - T
Ry (Az, Ay, At) = = Z_n = — - (4.3)
\/_z S [Ui-T' S 5 [v.-T
1=1j=1 1=145=1

When the light-sheetpairs with equal polarisationare spatially separatecas indicatedin

figure4.6 furtherimportantinformationaboutthe flow field canbe achiezed. For small sep-
arationg(or partially overlappinglight-sheets}he multiplanestereoPIV techniqueallows the
determinatiorof all threecomponent®f thevorticity vector— PIV andStereo-PIVoffer only
onecomponent-or thedivergenceof thevelocity field, accordingto equationgt.4and4.5.

ow oV ou ow ov  oU
dvU=V-U= a_U ov. oW (4.5)

ox + oy + 0z
This requiresthatthe differently polarisedight-pulsesarefired simultaneouslyt; = ¢;3 and
to = t4) asshownin figure4.6.

Thesamedatacanbe analysedn termsof critical pointtheorywhich displaysmathemat-
ically theimportantfeaturesof a givensetof first orderdifferentialequationswithout having
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FIGURE 4.6: Timing diagram
for the simultaneousdetermina-
tion of all three velocity com-
ponents in spatially separated
planes

theexactsolutions.Thisanalysiswhich allowsvortex identificationto bemademorereliable,
involveslocatingcertaincritical points,linearisingthe equationin its vicinity andexamining
thetopologicalfeaturesof the solutiontrajectories.This leadsto the classificatiorof possible
critical pointswhich maybedisplayedn a (P,Q,R)-diagrani82].

For calculatinggradientsnormalto the light-sheets(i.e. oU;/0z with i = 1,2,3) it is
obvious that either the forward- or backward-differenceschemehasto be appliedas other
extrapolationtechniquegequirethreeor moregrid pointsin eachspatialdirection. This is
not a disadantage(especiallyin termsof spatialresolution)aslong asthe spacingbetween
the light-sheetds sufficiently large so thatthe dataenteringin the formulais not correlated.
For the in-planederivatives (e.g. 0U;/dx and dU;/dy with i = 1,2, 3) the threeor even
five point differenceschemeis more suitedespeciallyfor 50 percentinterrogationwindow
overlapanalysign orderto reducethetruncationor randomerrorsin thevaluesof thevelocity
function[109].

By increasingthe spacingAz betweenthe light-sheetpairs and varying the time delay
betweenthe secondand third illumination, all componentf the four dimensionalspatio-
temporalcorrelationtensork,,,; canbe measureaccordingo

¥ 3 (Ui~ [U; - 7]
Ry (Az, Ay, Az, At) = — Z—n“—l —— . (4.6)
\/z S [Ui-T' S 3 [vi - T
i=1j=1 i=17=1

Furthermorehedirectionof avortex which crossesheseplanescanbedeterminedor Az # 0
andAt = 0 (thisis especiallywaluablefor aircraftwake vortex investigationspndmary other
guantitiesnot mentionedherewhich are helpful for the understandingf fluid-mechanical
problemsseg[46, 49].

4.4 Modes of Operation Il — Out-of-plane flows
Threedimensionaflows with a wide rangeof differenttime andlengthscalesalwayscause
problemsbecausehetime delaybetweerthe two illuminationshasto bereducedn orderto
keeptheout-of-plandoss-of-pairatanacceptabléevel. As thisresultsn ashortin-planedis-

placemenbetweercorrespondingarticleimagepairs(oftenlessthanonepixel) accompanied
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by avanishing(or notresohable)displacementariation,peak-lookingeffects(introducedoy
theundersampledparticleimagesandamplifieddueto the peak-fitfor sub-pixel accurag in
thecorrelationplane[105]) becomeadominantandmayleadto misinterpretatiomf thedata.ln
orderto avoid ary artificial softwarebasedsolutionswhichrequireapriory knowledgeandare
not basedon physicalgroundsthe magnificationof theimagingsystemneedgo be changed
suchthat small variationsin the objectplaneyield resohablevariationsin the imageplane.
Usingthemultiplanetechniquethis problemcanbe solvedwithout reducingthefield of view
by rearranginghelinearly orthogonallypolarisedight-sheetsn anappropriatevay asshavn
in figure4.7. In the caseof a stronglyvarying out-of-planecomponenin only onedirection
(mainflow perpendiculato thelight-sheetalongz), all four light-sheetshouldbe separated
(notnecessarilyquallyspacedpsshovnin figure4.7. This canbeeasilyperformedoy rotat-
ing mirrors8aand8bin figure 4.2 or 4.3 slightly in oppositedirectionsandmirror 8cin one
direction.
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Theadwantageof this light-sheetpositioninglies in the ability to determinethreedifferent
time scalesor threedifferentlength scalesnearly independentlyfor a given time delay or
pulsesequenceTheresultis a setof threedifferentdisplacementields — by correlatingthe
first acquiredgrey-level distribution of a sequencavith eachof the following singleexposed
fields — from which one optimiseddisplacemenfield can be calculatedby comparingthe
correlationcoeficientsfor eachlocation(z, y) in all threedisplacementields. Thistechnique
canbeseemasanextensionof thewell known multi-passnterrogationtechniquanto thethird
dimension.For examplelet all particlesselectedluringthefirst exposureatt; movein positive
z-directionduringthetimeintenval t; — ¢; (i=2,3,4).Whent, = t3 ~ t4 (t3 = t4 isimpossible
asbothlight-sheetpossesthe samestateof polarisation)a correlationbetweerthegrey level
distributionfrom the 1stexposurewith theothersgivesahigh correlationcoeficientin regions
wherethe particledisplacemenmatcheghe light-sheetdisplacementln the caseof ¢; = ¢
andt, = t4, ontheotherhand,the accurag of vorticity andacceleratiormeasurementsan
be significantlyincreasedor out-of-planeflows andthe caset; < t, < t3 < t, may help
to reducethe previously mentionedpeak-lockingeffect. Time correlationscanbe performed
with the samelight-sheetconfigurationor alternatvely using the arrangemenin figure 4.5
alongwith the Taylor hypothesis.
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4.5 Simplified recor ding system

For someexperimentdt might be sufficient to replacethe complex recordingunit outlinedin
figure 4.1 by a simple stereoscopi®IV system.Whenthe first two illuminationsare stored
onto the first fields of the progressie scanCCD camerapair in stereoscopi@rrangement
andthe secondwo illuminationsontothe lastfield of bothcameraseachof the four double
exposedmagescanbe analysedisingthe corventionalevaluationmethodbasedon the auto-
correlationtechniqug109]. By combiningthe correspondinglisplacementields, two inde-
pendenthree-componendisplacementields canbe obtained. The time separatiorbetween
thesedisplacementields canbe choserarbitrarily dependingon the quantityin question(ac-
celeration space-timesorrelationor properorthogonaldecompositiorarerelevantvaluesfor
example). For constantpulse separatiorand overlappinglight-sheetsa third displacement
field canbe calculatedaswell by cross-correlatinghe two doubleexposedmagesfrom each
camera. For overlappinglight-sheetarrangementshere are almostno dravbackswith re-
spectto the polarisingbeam-splittebasedsystemexceptthereducedspatialresolutiondueto
the evaluationtechniqueandthe directionambiguity[51]. In the caseof spatially separated
light-sheetpairstherearetwo dravbacks. Firstly, the simultaneousneasuremenn time is
excluded,sothevorticity andthe velocity gradienttensorbasedvaluescannotbe determined.
Secondlythespatialseparatiometweerthelight-sheetss limited by thedepth-of-focu®f the
imagingsystemasthe samdenshasto beusedfor themeasuremenh bothplanes.Thelatter
restrictioncanbeinfluencedoy theapertureandfocal lengthof theimagingsystem.Although
the power of this four-pulsetechniques limited with respecto the previously describedar
rangementit providesthe userwith muchmorefluid-mechanicalnformationcomparedo a
cornventionaltwo pulsestereoscopi®IV system.

4.6 Polarisation effects

Whenthe Multiplane StereoPIV techniques appliedit is importantto keepvariousoptical
effectsinto accountn orderto maximisethe performancef themeasuremertechnique.The
first two undesireceffectsthe experimentalishasto dealwith resultsfrom themultiple reflec-
tionsbetweeropticalcomponentshecausé¢hey reducethe contrasin the capturedmageand
the light scatteredn the objectdirectionis lost. To avoid theseeffects,the optical elements
arecoatedwith athin layer of materialthatreflectionsfrom the outersurfaceof the film and
theoutersurfaceof thesubstrateanceleachotherby destructve interferenceor interferecon-
structiely in orderto producea highly efficientreflector Therequirements$o createanexact
cancellatiorof the reflectedbeamswith a singlelayer coatingarethatthe pathdifferenceof
thereflectionss exactly anintegral numberof half wavelength(180° out of phase)andof the
sameintensity The first requiremenis automaticallyfulfilled asduring externalreflection
the light wavesundego a 180° phaseshift (no suchphaseshift occursfor internalreflection
exceptin the caseof total internalreflection).To fulfil thelastrequirementthe coatingmate-
rial mustbe chosenn suchaway thattherefractve index n,; andng, areequalfor a given
Wa\/elengthnair/nﬁlm = nfilm/nsubstrate For nyr = 1 follows ngym = \/Me Assumingthe
last conditioncannotbe fulfilled by any known materialor the reflectancéy a singlelayer
is not sufficient enoughfor the application,a multi-layer coatingis necessaryV-coatingsare
alternatehigh andlow refractive index films, eachone having an optical thicknessof 1/4 of
awave (at the designwavelength),which reducethe reflectionof a componento nearzero.
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The disadwantageof thesefilms is their extremesensitvity to both wavelengthand angleof
incidence(the effect of increasingthe angleof incidenceequalsto a shift to slightly shorter
wavelengthandanincreaseof the long wavelengthreflectance) Sincemultiple-planestereo
PIV applicationsnvolve otherthannormalanglesof incidenceandhigh numericalaperture
(low f-number)optics,it is betterto usea broadbandnti-reflectioncoating. Thesearemulti-
layer films, comprisingalternatelayersof variousindex materials,which reducethe overall
reflectanceo anextremelylow level for the broadspectrakrangecovered.
Polarisationeffects are normally not consideredor anti-reflectioncoatingsastheseare
nearly always usedat normalincidencewherethe two polarisationcomponentsre equva-
lent. High reflectanceor partially reflectingcoatings,which work on the sameprinciplesas
dielectricanti-reflectioncoatings,are frequentlyusedaway from normalincidence particu-
larly at 45° for mirroring or beam-splittingpurposesandthe polarisationplaneis arbitrarily
orientatedwith respectto the planeof incidence. Undertheseconditionsthe maximums-
polarisationreflectancas alwaysgreaterthanthe maximump-polarisatiorreflectancedueto
the differencein effective refractve index of the coatingfor the s- and p-componentsf the
incidentbeamas can be seenfrom Fresnelequationsor figure4.8. Thus, the reflected(or
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FIGURE 4.8: Reflectanceandtransmissiorof a planemonochromatiovave with A = 532nm at a
planarglassinterfaceasa functionof the angleof incidencex andstateof polarisation.

transmittedpeamis still linearly polarised put the oscillationplaneof theelectricfield vector
hasrotatedrelative to the planeof incidenceasthe magnitudeof both reflectedcomponents
is different. By observingtheilluminatedflow undera certainangleof incidencethroughthe
polarisingbeam-splitteicube, the intensity variation over the field of view (increasingfrom
the centreto the edge)canbe easily obsened for appropriatechoiceof polarisedlight and
beam-splitterorientation. Theseeffects have to be taken into accountbeforearrangingthe
multiple-planestereoP1V, especiallyfor thelargefield of view applications.

Sincethe polarisationof the scatteredight, asa functionof the obsenationangle,mainly
dependsn the diameterof the particles(for spheresof finite conductvity andfinite dielec-
tric constant) the separatiorof the light usinga polarisingbeam-splitteicubemight not be
accurateenoughwhenthe varianceof the particlediameteris large, andthe spacingbetween
the light-sheetss of the order of the depth-of-focudfor larger distanceghe weakly depo-
larisedparticlesareout of focusandthusfar below the digital registrationthreshold) Weakly
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4.7 Monochromatiaberrations

reflectedghostimagessuperimposedn the desiredmageresultin areducedsignal-to-noise
ratio accompaniedby a lower correlationcoeficient. To solve this problem,the time sepa-
rationmethodcanbe appliedaslong asthe separatiorbetweerthefirst orthogonalpolarised
light pulsepairis negligible, e.g.thepositionof theparticleimageremainsconstantn termsof
digital registration. In this casewhich holdsfor a wide rangeof flow velocities,a difference
betweeninstantaneousndtime separateaneasurementsannotbe obsened. Technologi-
cally, this canbe doneby transferringthefirst imageright behindthefirst illumination.

4.7 Monoc hromatic aberrations

Beforethe light scatteredy the particlescan be recordedit interactspartially with optical
elementdik e glass-wind@v, mirror, beam-splitteandvariouslensesn orderto alterthe ori-
entationof the field, to separateéhe incominglight accordingto the stateof polarisationand
to generateanimageof the tracerparticles.Besidea possiblelossof light dueto absorption
or reflection,thesecomponentsntroduceaberrationf differenttype, directionand magni-
tudewhich may limit the measuremenrdiccurag [8]. Althoughit is impossibleto eliminate
all aberrationcompletelyin ary real systemof finite aperture a basicunderstandin@f their
origin anddependenc&om optical parameterss the key to reducetheseundesirablesffects
underthe resolutionof the recordingmediumor to eliminatecertainaberrationssompletely
by acceptingaberration®f othertypeswhich areof no harmin PIV. Thelastpointis of pri-
mary importancebecauséiigherorderaberrationdik e distortion* and curvatureof the field
justinfluencethe positionandform of theimagebut do notlowertheresolution.They canbe
completelyeliminatedby calculationsaccordingto section2.4 anddo not needto be consid-
eredhere.Primaryaberration®ntheotherhandlik e sphericabberrationcomaandespecially
astigmatisndeteriorateéhe imageandalterthe shapan acharacteristiovay. Thisleadsto an
increaseaneasuremerdrrorastheperformancef the peak-fitfor sub-pixel accurag strongly
decreasefor particleimagediametemotequal2-3 pixel. Beforetheopticalaberrationganbe
reducedor eliminated they have to beidentifiedfirst. Usingthe PIV equipmenthisis easily
possibleashigherorderaberrationdecomeclearlyvisible by analysingheimageof aregular
grid, accordingto section3.2, whereaghe main primary aberrationganbe easilyobsened
by examinationthe image-symmetryof small particleswithin a thin light-sheet. For three
differentfield-coordinatedigure 4.9 shows the imagesof olive-oil droplets,with d, = 1um,
througha tilted BK7 glass-plateof constanthicknesg10mm). The moststriking featureis
thevariationof the magnitudeanddirectionof thedominantaberratiorby probingcontinually
throughfocusandacrosghefield of view.

Whenthe optical systemis perfectlyalignedandthe aberrationsare below digital regis-
tration,thediffractionlimited imageof a particleappearssa bright circularcoresurrounded
by several rings of rapidly diminishing brightness. This is shavn in the centralcolumn of
figure 4.9 but the smallvariationsof theintensitydistribution aresmearedut by thelow res-
olution of the usedCCD sensor As the objectmovesfurther off-axis, the diffractionlimited
particleimagepatternaltersfrom a bright centralareasurroundedy darkandbrightringsto
adarkcentralareasurroundedy brightanddarkringsasshawn in thelowerimage.On the
otherhand,particles |ocatedanappreciablalistanceapartfrom theopticalaxisdeforminto a
line of certainorientationdueto thetilted glass-windav, seeouterimagepair of top row. By

Distortion occurswhenoff-axis pointsarenot formedat the locationpredictedoy the paraxialequations.
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4 Multiplane StereoParticle ImageVelocimetry

FIGURE 4.9: Imagesof tracerparticles(d, = 1um) obsered througha tilted glass-platgBK7) of

constantthickness10 mm for threefield locationsasa function of the focus. The lines of constant
intensity (isophote)arecircular nearthe centreof thefield but have a morecomplex form in the outer
partof theimage.The sizeof eachsampleis 128 pixel’.

changingthefocusthis line becomeslliptical andout-of-focuseffectsstartto occurlik e the
decreasetrightnessandthe intensitygapin the centreof the particle-imagecompareouter
imagepairsof figure4.9.

The mentioneddeformationis the main aberrationthe experimentalisthasto deal with
in praxis. It appearsalreadywhenanon-collimatedight-front entersor passeplanaroptical
element®f differentindex of refraction,suchasglasswindowswhich separat¢hetest-section
from the laboratory andit becomesven more pronouncedor curved interfaceslike lenses
[6]. Although a detailedanalysisof aberrationgequiresthe theoryof diffractionin orderto
accounfor theintensitydistribution,the mainfeaturedbecomeavidentby usingtheprinciples
of geometricabpticswhich identify theimageby the pointsof intersectiorof thegeometrical
rayswith the imageplane. Usingthis approximationthe startingpoint of this consideration
is thelaw of refractionn; sin §; = n, sin f; which describeghe directionof a light ray after
diffraction at the planarinterface betweentwo homogeneousisotropic mediaof differing
index of refraction. To obtainthe imageposition z of an objectlocatedon the optical axis
at Z, this law hasto be appliedfor eachray emeging from this point. Using the relations
0 = —aq and#, = —a, accordingo figure4.10, thefollowing formulacanbederived.

7 2
z = L\/I — (E sin al) 4.7)
1 COS (1 N9

Thisequationmpliestheappearancef aberratiorasthegeometricapictureof anobject-
pointdoesnot possess uniqueimagepoint. For eachaperture-angle; thereexistsacertain
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4.7 Monochromatiaberrations

nq .
L >\ FIGURE 4.10: Imagingdueto refrac-
0 0 tion at a planesurfaceat finite aper
2 2 tureafter[6].

intersection-widthz whoseexact location dependson the object-distanceZ andthe index
of refractionof the two media. In addition,the magnitudeof the aberrationss proportional
to the angleof incidence,becausehe variation of the intersectionwidth Az increaseswith
increasingapertureangle. Thelimit Z — oo is importantasall raysintersectin only one
pointlocatedat infinity andno aberration®ccuratall. This situationcanbe generateckither
by using an optical collimator which forms parallelrays or by stoppingthe lensin a way
that all rays are nearly parallel beforethey enterthe planarinterface. The last possibility
is frequentlyusedin PIV but its applicability mainly dependson the output enegy of the
laser on the cross-sectiomf the light-sheet,on the scatteringoehaiour of the particlesand
finally on the sensitvity of the CCD camera.lt shouldbe emphasisedhatin contrastto the
refraction,reflectionsat a planarinterfaceare aberrationfree, becausall light raysfrom an
objectperfectlyintersectin onevirtual imagepointindependenof the angleof incidenceon
themirror. Thisis differentfor nonplanarsurfaceswherecausticscanbeobsened.

Primary Secondary

Principle ! ;
image image

axis

p Optical
system

FIGURE 4.11: Schematigepresentationf theimagesizeandorientationfor a non-axialobjectpoint
asafunctionof thelateralpositionafter[6].

Whenthe situationis consideredvherean objectpoint lies a considerablalistanceaway
from the optical axis, asindicatedin figure4.11, the incident cone of rayswill strike the
lensin an asymmetricalway. As a result, the focal lengthin this planewill be different
aswell dueto the differentoptical path. In effect the meridionalraysare tilted more with

63



4 Multiplane StereoParticle ImageVelocimetry

regardto the lensthanthe sagittalraysandthey have a shorterfocal length. This resultsin a
significantchangan symmetryasafunctionof theimagedistance Theinitially circularcross
sectionof the beam,emeging from the lens,becomeslliptically with the major axisin the
sagittalplaneanddegeneratesto aline (primaryimage)atthetangentiabr meridionalfocus.
Beyond this point the beamcross-sectiomapidly expandsuntil it is againcircular (circle of
leastconfusion). Moving further away from the lensthe beamcross-sectioragaindeforms
into aline (secondarymage)while the orientationof this line is rotatedby 90° relative to the
primaryimage. This behaiour is similar to thatshown in figure 4.9 andcanbe studiedbest
by probingthroughouthefocuswhile observingnon-axialparticleimages.
Aberrationsintroducedby meansof the optical componentsithin the laser asthe fre-
gueng doublercrystalor for the generatiorof the light-sheet,are more difficult to obsenre
but of similarimportancefor PIV. Both systemdave to be carefullyalignedin orderto obtain
the bestpossiblesignalin the image-planeasinformationlossin this stagecannotbe recon-
structed especiallynot by softwaresolutions. Thefirst testingprocedureon ary lens,afterit

FIGURE 4.12: Toprow: Intensitydistribution of a Nd:YAG beambehinda tilted corverging lensfor
threedifferentanglesof rotation. Bottomrow: dependencef thelight-sheetprofile on the magnitude
anddirectionof theaberration.

hasbeensetup in thelight-sheet-opticsis to rotatethe optical elementsabouttheir own axis
while examiningtheimage.If thereshouldbe ary de-centreingr tilt, lateralasymmetriesn

thepointimagewill appeato rotatewith thelens.Thisis shavn in thetop row of figure4.12
for threedifferentanglesof rotation. The bottomrow of the samefigure revealsthe same
operation,but a fixed cylindrical lenswas placedbehindthe rotatinglensin orderto high-
light the directdependencef the light-sheetprofile from the magnitudeanddirectionof the
aberration.Generatingan extremelythin light-sheet,which is necessaryor high resolution
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4.8 Feasibilitystudy

experimentsn turbulentboundarylayersfor instance requiresthat eitherno aberrationsare
presenbr the majoraxisof theaberratiorcoincideswith therespectre axisof thecylindrical
lens. Otherwisethe performancef thelight-sheetis biasedby theaberration.

4.8 Feasibility study

To studytheaccurayg of thelight separatiorandthereliability of themultiplanesterecsystem
describedn the previous sectionsthe acousticreceptvity of alaminarboundarylayeralong
a flat platewith zero pressurggradientwas examined. The measuremenias performedin
the opencircuit low turbulencewind tunnelat DLR, which possessea contractionratio of
15:1 anda crosssectionof 0.3 x 1.5 m?, seefigure4.13 To obtainreproducibleconditions
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FIGURE 4.13: Low turbulencewind-tunnelat DLR Gottingen(TUG). Top: Sideview. Bottom Top
view. 1 engine2fan,3 hongicombandscreens4 settlingchamber5 sidewindow, 6 seedingyeneratar
7 recordingsystem.

for the generatiorand developmentof small disturbancesan acousticexcitation device was
appliedin theform of aspan-wiseslot pair, 400 mmin lengthand0.3 mmin width, whichwas
connectedo anamplifierloudspeakr systemin suchaway thatspan-wiseandobliguewaves
could be generategimultaneouslyfor detailssee[107]. By changingthe amplitudeof the
disturbancedlifferentstagesof A-vorticescouldbe generatedor a givenfree-streanvelocity
(12m/s)andfrequeny of the acousticexcitation (150Hz), seefigure4.14 The slot pair was
located200mm behindtheelliptically shapedeadingedgeof thesmoothplateandembedded
with high accurag to minimiseuncontrollabladisturbancesf theflow. Thedimensionof the
platein stream-wiseand span-wisedirectionare 1175 mm x 1500 mm to avoid side effects
introducedby thewalls of thewind tunneltest-section.

To generatea homogeneouseedingandto avoid artificial flow disturbanceslueto the
injection of the tracerparticles,the whole laboratorywas seededeforestartingthe experi-
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FIGURE 4.14:  Development of A-vortices ' S z
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field of view. X

ment. For theillumination of the 1 um olive oil droplets,generatedby meansof multi-hole
nozzlesdescribedn section2.2,afour pulseNd:YAG lasersystem(QuanteBrillant B) in the
configurationshown in figure 4.2 with an outputenegy of 320mJ per pulseat A = 532nm
was used. Due to the small boundarylayer thicknessat the beginning of the measurement
position(d = 5 mm) acombinationof four lensegfocallengthin mm: -150(bi-concae), 200
(bi-corvex), 60 and100 (both planarconvex)) wasnecessaryo form a sufficiently thin light-
sheet(0.5 mm) nearlyconstanin thicknessfor over morethan1 m. For therecordingof the
particleimagedour PeltiercooledPCOcamerasvereusedwith 1280 x 1024 pixel resolution
and12Bit dynamicrangeat12.5MHz readoufrequeng. Theread-ounoiseof thePClinter-
faceboardis lessthan8 electrons.The pixel sizeis 6.7 um? andthe dimensionof the chipis
2/3". For magnificationandfield of view adjustmentgnecessaryor maximisingtheamount
of stereanformation)all Scheimpflug-adaptexgeremountedon atwo-axislineartranslation
stagewhich allows high precisiontranslationgy thumbscrevs. The openinganglebetween
thecamerawvasa = 40° andthe magnificationfactoron the opticalaxisM=0.1 for all cam-
eras.For theimagingfour 60mm macroplanarenseqCarl Zeiss)wereusedwith anaperture
of 8 to avoid optical aberrationgntroducedby the optical componentsn a non-collimated
beamaccordingto section4.7. After the beam-splitteandthe A/2 plateshadbeenproperly
aligned,polarisationchangegluring the scatteringprocesgat very large particlesor particle
clusters)or the diffraction at the test-sectiorwindow asoutlinedin section4.6 could not be
obsened undertheseconditions. Usually the intensity of ghost-imageslueto polarisation
changegsluring the scatteringprocesss far belonv the minimum sensitvity level of the CCD
sensoi(for smallparticles).However, whenpolarisationeffectsoccurtime separatiorcanbe
appliedaswell, aslong asthe separatiorbetweerthe first orthogonallypolarisedight pulse
pairis neggligible, e.g. the positionof the particleimageremainsconstanin termsof digital
registration. In this case,which holdsfor a wide rangeof flow velocities,a differencebe-
tweeninstantaneouandtime separateaneasurementsannotbe obsened. Technologically
this canbedoneby transferringhefirst acquiredmagesright behindthefirst illumination so
thatthe secondllumination with differently polarisedlight cannotbe recordedoy meansof
the previoussystem.

Totriggerall necessargomponentsgjuickly andeasily a 16 channekequenceboardwith
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FIGURE 4.15: Instantaneouselocity vectorfield (left) andvorticity (right) with A-vorticesrecorded
simultaneouslyn two planesparallelto the wall but at differentheights(lower field closerto wall).
Theflow directionis from left to right.

anoutputfrequeng betweer0.01Hz and1 MHz wasused.The width of eachpulseis freely
adjustableaccordingto the specificationsof the equipmentused. The delay of all output
trigger pulseswith respecto the input trigger canbe selectedn the rangefrom 50 nsup to
140s with aresolutionof 50 ns(jitter 12.5ns).

The meandisplacemenbf correspondingarticle-imagesvas8 pixel for At = 80 us and
the heightof thecorrelationcoeficientwas0.6for 32 x 32 pixeP interrogatiorwindows. The
evaluationtechniqueof thestereoscopionagess basednthesecondrderwarpingto ensure
thattheinterrogationspotsfrom eachof a pair of stereoscopianagescorrespondo thesame
region of flow andthe magnificationis constanfor all imagepositions[108]. For the evalu-
ation of the datathe FFT-basedree shapecross-correlationvasemployed, which combines
the advantagef the direct correlation(free-sizedandfree-shapedavindows, high accurag)
andthe simpleFFT-basedcorrelation(high speedevaluation),seesection2.4 for details. For
sub-pixel accurag the two dimensionalGaussiarit usingthe Levenbeg-Marquardimethod
hasbeenappliedto find the position of the correlationpeakand the Fishertransformation
to determinethe weightfor eachvalue, seesection2.4.2for details. Figure4.15 shaws the
in-planevelocity (left) and out-of-planevorticity distribution (right) for two distancedrom
the wall measuredsimultaneously The flow directionis from left to right and a constant
cornvectionvelocity of 5.75 m/s hasbeensubtractedrom both vectorfieldsin orderto shov
the distribution of the velocity structuresmoreclearly. The obsenationareastarted265mm
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FIGURE 4.16: Instantaneouselocity (left) andvorticity (right) field with A-vorticesrecordedn two
planesparallelto thewall but at differentheights(lower field closerto wall) andseparatedh time.

behindthe span-wiseslot andthe distancebetweerthe orthogonallypolarisedight-sheetds

0.5 mm. The measuremermpositionof the lower picturewasat a heightof 0.8 mm from the
wall (the velocity fluctuationsreachtheir maximumat this position)andthe upperfield was
recordedl.3 mmabovethewall. Thisinvestigations well suitedto determineaxperimentally
the orientationof the counterrotatingvortex pair axis andits variationwithin the lifetime of

the structureandthe intensity of the acousticexcitation. As similar structuresplaysa domi-

nantrole in turbulentboundarylayersaccordingto chapterl, the resultsarealsoinstructve

from this point of view, see[44] for example.Figure4.16 shavs velocity andvorticity fields

in the samerepresentatioasfigure 4.15but thelower field wasrecorded).0013s earlierand
theintensityof theacousticexcitationwasslightly increased.

This experimentdemonstrateslearly the reliability and robustnesf the measurement
technigueandnumericalprocedureshat were developedto overcomethe basicproblemsof
existing PIV methodsfor the investigationof turbulentflows. In the following chapterghe
mainturbulentboundarylayerresultsmeasuredvith this techniquewill be outlinedin detail.
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5.1 The statistical description of turb ulence

Themoststriking characteristicsf all turbulentflowsis thecomplex spatio-temporalariation
of the fluid mechanicalariables. Even understationaryboundaryconditionsthey fluctuate
without ary apparentregularity with differentamplitude,wavelengthand orientation[76].
From the presentpoint of view the detailsof turbulent flows seemto be neitherpredictable
nor reproduciblebecausehe finestdetailsof the flow dependvery muchon the initial and
boundaryconditionswhichareneverknown exactly, andin additionthey arestronglyaffected
by instabilitiesdueto smalldisturbancesHowever, asthefinestdetailsof theturbulentmotion
areonly of academidnterest becaus@o seriouspracticalapplicationis concevablewhereall
detailsof the flow arerequired,the majority of informationbeingpresenin a turbulentflow
field canbereducedo atreatabldorm by applyingtheformalismof statisticalmechanic$23,
64,65]. Thestrengthof thisapproachs well establishedby thekinetic theoryof gaseswhere
theeffect of themoleculamotionon the macroscopidluid canbedescribedy the kinematic
viscosity v, provided the intermoleculardistancel,,, given by the meanfree pathlength of
the moleculargas,is muchsmallerthanthe Kolmogoros micro-scalesy which representhe
wavelengthof thesmallesimacroscopieddieswhosesizedepend®nly onthetotalenegy e

andtheviscosity
3 1/4
Im<< k= " (5.1)

In this approximation the macroscopidluid motion, representedby a fluid elementis con-
sideredasa large scaleperturbationof the molecularchaoswhich becomewisible whenthe
moleculamotionis approximatedby acontinuousrelocityfield. In principle,thiscanbedone
by averagingthevelocitiesof all moleculesn theneighbourhooaf a particularposition. The
basicfeatureof thestatisticalapproacho turbulenceis thetransitionfrom theconsideratiorof
asingleturbulentflow to theconsideratiorf thestatisticalensemblef all similarflows. Each
flow suppliesa uniquerealizationof the randomvariables(velocity U, pressurep, densityp
andtemperaturd’) andeachparticularresultrepresentsneof NV possibleresultsvhichmight
have occurred For thecharacterisationf the physicalphenomenorthestatisticatheorysup-
plies basicallyfour quantities,namelythe meanvalue, the variance,the probability density
functionandtheauto-corelationfunctionof therandomvariable. The meanvalue,definedin
equation(5.2), canbe seenasa staticmeasuref the intensityof the signalandthe variance,
definedin equation(5.3), possessemformationconcerninghe dynamicsof the randomsig-
nal underinvestigation.The probability densityfunction, definedin equation(5.4), furnishes
informationaboutthe propertieof thedatain theamplitudedomainandthe auto-correlation,
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definedin equation(5.5),yieldscomparablenformationin thefrequeng domain.

W) = 5 3 Ualrt) 52)
N L 2
() = FLuw) =5 X0 -UEof 63
PDRu) = Alqigo P{u < un(z,Ati < u+ Au} (5.4)
Ryu(r,Ar,t,At) = g: Un(r,t) un (r + Ar, t + At) (5.5)

Whentherelationbetweenwo randomvariablesis considerediwo additionalfunctionsbe-
comeimportantnamelythe joint probability densityfunction definedin equation(5.6), and
the normalisedcross-corelation function seeequation(5.7). The joint probability density
functiondescribeghe probability thattwo randomvariableswill assumevalueswithin a cer
tain rangesimultaneoushandthe cross-correlatiofunction describeshe dependencef one
variableof a randomprocesso the other process. This is importantfor the detectionand
recovery of deterministicdata,which might beembeddedn arandombackgroundor for the
determinatiorof time delaysor spatialshiftsbetweenwo correlatedandomsignals.

Plu<u,<u+Au N v<v, <v+ Av}

PDHu,v) = AulylAril_m Auls (5.6)
N

Ryy(r, Ar,t, At) = D un(r, t) v, (r + Ar, ¢ + At) (5.7)
n=1

The power of the statisticalapproactbecomesvidentwhenthe basicconserationequations
of mass,momentunand enegy arereformulatedoy usingthe statisticalfunctions. This ap-
proach,which allows the phenomenaf turbulenceto be viewed from differentperspeciies
asonly smoothlyvarying averagequantitiesareconsideredprovidesimportantrelationslik e
the well known law-of-the-wallthe log-law or the five-third law, see[76, 89] for details. In
caseof a steadytwo-dimensionaflow alonga flat platefor example,the propagatiorof the
meanmotion of anincompressibldluid of densityp andkinematicviscosityv is described
by the Reynoldsequationin boundarylayer approximation(5.8). It shouldbe notedthatin
equation(5.8) the ensembleaveragedvaluesare replacedby the time averagedoncefor a
betterreading. This is always possiblefor stationaryflows accordingto the ergodic theo-
rem U = U — v andV = V — v arethe meanvelocity componentsn stream-wisgz) and
wall-normal(y) directionandu andv arethe correspondingelocity fluctuations.

—_oU _oU dUy, 0 ( 0U __ 0

U%—Fva—y—Uoo%—i-a—y(l/a—y—uv) (
This equationimplies that for boundarylayer flows only three componentf the general
Reynoldsstresstensor—pu;u; areimportantfor the turbulent mixing, namely pu?, pv? and
—puv. For attachedlows without separatiorthe stream-wiseyradientof the normalstresses
pu? and pv? in the secondorderterm canbe neglectedaswell relative to the shearingstress
component-puv becausef the strongvariationof the fluid mechanicafuantitiesin wall-
normaldirection[89]. For the analysisof the turbulent mixing in wall boundedflows it is
usefulto differentiatebetweerthe following quantitiesaswill beseenin thelater.

u? —12) (5.8)
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u>0 and v >0 Q1 or Outwad interaction (5.9)
u<0 and v >0 Q2 or Ejection (5.10)
u<0 and v<0 Q3or Inward interaction (5.11)
u>0 and v<0 Q4 or Sweep (5.12)

The compleity of equation(5.8) canbe furtherreducedoy assuminghatthe productionof
turbulence,due to the corversionof the kinetic enegy of the meanmotion into turbulent
fluctuationsjs in equilibriumwith thedissipationdueto themolecularstresses:

oU Tw

0 8( aU—pW) or V—— —uv = — (5.13)

=— |45
dy \\ Oy oy p
As the turbulent shearingstresscomponent—puoz becomeszero at the wall the following
expression
: oU
il_I)I(l) 1 8—y = Tw (5.14)
canbe usedto determinethe integration constantr,. With the friction velocity definedby

u, = y/Tw/p andtheassumptionthat—puv = 0 holds,thefollowing relationcanbe deduced
from equation(5.13)

U_yuT

Uy v

In theliteraturethis so calledlaw-of-the-wallis usuallywritten in nondimensionaivall-units
U™ andy™* definedby

(5.15)

— U
U == and yt = Yir
Uy v

(5.16)

It is clearthatthelaw-of-the-wall is only approximatelyalid in thevicinity of thewall (y* <

5) where—puw is smallrelative to the molecularstressesThis flow domainis usuallycalled
viscoussub-layerof theboundarylayer[90]. Anotherimportantrelationcanbededucedrom

equation(5.13)by assuminghatthemolecularstressearesmallrelativeto theturbulentones.
In this caseu? ~ —uv holdsandthe velocity profile becomesndependenbf the Reynolds
numberprovidedthevelocitiesandspatialdimensionsarenormalisedwith u, andv /u.,. This
is clearfrom the analysisof the dimensionsbecauseil /dy canonly dependon u, andy.

Thusit follows from dU /dy ~ u., /y with thevonKarman constant

— 1
U'=ZInyt +c (5.17)
K
Thissocalledlog-lawis valid for y™ > 30 until the effect of intermittencybecomesmportant
(y/6 > 0.2). Theregionbetweeny™ ~ 5 andy™* = 30 ontheotherhand,wherethemolecular
andturbulentstressesreof equalorder is calledbuffer-layer.
For adeepemunderstandingf theturbulentmotiontwo moreequationsieedto beconsid-

ered. The corversionof the kinetic enegy of the meanmotion givenby equation(5.15)and
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(5.17),into turbulentfluctuationsis describedy the following equationwhich follows from
equation(5.8) afterthe multiplicationwith U,

1 ou”  _oU dU? . —\ oU oU
—TU=—4 V" —Uyp—=2| — (12 —02) — —uv—
2 oz + Oy dx \(u Y ) oz 8y,+
) lossof kinetic eneg;Of themeanmotion productionof turbulence
O (=1 1. 0 [ v 820" v\
Z T (w2 = 2 — (Uww) = = — ] =0 5.18
b 0@ =7+ 5 (0m) - 550+ 0 () 5.9
transferof la;]etic enegy directdissipation

andthegenerationfransportanddecayof wo canbederivedfrom the NavierStolesequation
whenthe equationfor thew components multiplied by v andaddedo the equationfor thev
componenmultiplied by « beforeaveraging.

_ow _ow 1 (6u o0\ —oU
Vo TVay T oP\eytar) Ty 5.19
Oz dy pp<6y 8:5) Yy (5.19)

) o g h ~ e

convection redistrilution production

a 9 TTe—t —_—
- 8_y (“7}2 + u_p/p) +\V (szuv-i— UVQU),
diffusion dissipation

Unfortunately theremainingmathematicadlifficulty, associateavith the statisticalapproach,
isthatthedynamicalequationsareunderdeterminealueto thenon-linearityin themomentum
equations. In caseof equation(5.8), for example, a relation betweenthe meanmotion U
andall dominantcomponent®f the generalReynolds-stesstensorz;z; have to be assumed
beforea numericalintegration can be performed. From the presentpoint of view it seems
unlikely thatthis so calledclosure problemcanbe solved from first principles,becausenost
of the developedmathematicaapproximatiormethoddail for two reasonsFirstly, turbulent
shearflowsappeaasanon-homogeneouspn-isotropicmulti-scaleproblemwithoutary real
scalingsimilarity rankingfrom thelargestto the smallestscales.Secondlyturbulentflows are
generallyglobalandnot local, which meanghatthelocal propertiesarenot governedby the
meanmotion. For thesereasonsit is evidentthat the functionaldependencand statistical
structureof u;w; must be determinedexperimentally This will be the prime issuein the
following.

5.2 Experimental set-up

Theprincipleset-upof thedoublestereo-scopi®lV systemutilisedfor theinvestigationn the
wind-tunneldisplayedon page8, is shavn in figure 5.1 Becausef thesizeof thelarge-scale
structuresn stream-wisalirectionandtherelatively smallvelocity variationswhich mustbe
properlyresohed, the systemis installedside by side. The actualobsenation anglesa and
distancesi, alongwith the exact coordinatesof eachcamerasensor relative to the centre
of the correspondingbsenation area,are displayedin table5.2. For the registrationand
storageof the particle imagesfour Peltier cooledhigh resolutionPCO cameraswith 1280
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FIGURE 5.1: Schematicet-upof the doublestereoscopicecordingsysteminstalled18 m behindthe
leadingedgeof theflat platefor theinvestigationin the stream-wisevall-normalplane(notin scale).
Fourdigital camerag1-4), mountedon Scheimpflug-adapterspsere the 2 um tracerparticleswhich
areilluminatedfrom below thetestsection(90° scatteringangle)by meanf four synchronisedasers
which deliver two intensegreenlight pulseswith A = 532 nm.

by 1024 pixel resolutionand 12 Bit dynamicrangehave beenemployed, eachconnected
with a Scheimpflug-adapten orderto adjustpreciselythe anglebetweertheimage-,object-
andmain-planeof the lensaccordingto section3.1.2. The imagingof the field of view was
performedoy meansf 180mm Carl Zeisslenseswith anapertureof 8 in orderto avoid depth
of focus effects and optical aberrationantroducedby the 10 mm glass-valls of the wind-

tunnel,seesection4.7. This allows to benefitfrom the high performanceof the correlation
algorithmsaccordingo section2.4,astheparticleimagesappeaiasbrightcircles,2-3pixelin

camera x [mm] z[mm] d,[mm] « [deg]

1 -1109 1459 1838 37.5
2 -1109 -1478 1848 36.9
3 -1051 1462 1801 35.7
4 -1038 -1473 1802 35.2

TABLE 5.1: Positionandobsenration distanceof the four cameraswith respecto the centreof each
field of view (intersectionpoint of optical axis) and obseration angles. Distancebetweencentreof
adjacenbbserationareas85 mm. Distancebetweercameraoneandthree: 156 mm.
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5 Investigationof the xy-plane

diameteysurroundedy a darkbackgroundThelossof light associatedvith this settingwas
compensatelly combiningtheoutputbeam=f four independeniNd: YAG lasercavities (BMI
model5013DNS 10), eachapproximately255mJoutputenegy perpulseat A = 532 nm(see
figure4.2 on page52) andby triggeringthe systemin sucha way thatalwaystwo differently
polarisedpulsesleave the laserheadssimultaneously It is clearthat alwaysa delay of the
orderof the pulselengthmustexist betweenthe two pulsesto avoid laserinduceddamage
of the frequeng doublercrystaldueto the high peakintensity which might occurwhenthe
two beamsnterfere. Usually, this is automaticallyrealizedbecauséhe time accurag of the
PIV triggeringsystemss not suitedto superimposexactly two 1.5 m long light pulses(5 ns
pulsedurationassumedjravelling with speedof 3 x 10®m/s The 0.6 mm light-sheetwas
formedby threeappropriatecylindrical andsphericalensesnountedin anopticalbenchand
directedinto the test-sectiorby usinga properly coatedmirror, seesection4.6. To ensure
thatthe measurementlaneis alignedwith respecto the stream-wisevall-normalplane,the
cylindrical lenswas rotateduntil the light-sheetreflectionat the ceiling was parallelwith a
markindicatingthe centrelineof thewind-tunnelandthe mirror wastilted in sucha way that
theweaklight-sheeteflectionscomingfrom theceiling-andfloor-window of thetest-section,
coincideon the mirror with thelight-sheetcomingfrom the optical system.

The tracerparticlesgeneratedor this experimentwere deliveredfrom a smole genera-
tor which producesigh concentration®f monodispersg@oly-ethylene-glycoparticleswith
a meandiameterof 2 um accordingto figure 2.4 on pagel8 or [47]. To obtainideal condi-
tions for accuratePlV measurementshe closedcircuit wind-tunnelwascompletelyseeded
and continuouslyoperateduntil no seedinginhomogeneitiegould be obsered at all. Dur-
ing this procedureall diffusewall reflections causedy theinteractionof the laserlight with
tracerparticlesstickedonthewall, wereremovedwith appropriatdiquids andpressuriseair
while the wind-tunnelwasrunningat a moderatespeed.The operationof the wind-tunnelis
essentialandshouldnever be stoppedeforethe experimentis finishedin orderto avoid ary
settlingof thetracerparticleswhich might deterioratehe performancenf the measurements.
As theseparticlesfollow theflow precisely no settlingof the particlesor otherdiffusereflec-
tions could be obsered on the acquireddatawhile the experimentwasrunning. Only atiny
brightline of thewall reflection(3 pixel wide) wasvisible dueto theglass/ air interface.After
the experiment,this line was detectedoy using correlationalgorithmsin orderto determine
the positionof thewall with sub-pixel accurag.

For the evaluationof the stereo-scopitmagesthe secondorderwarpingtechnique out-
linedin section3.2,wasappliedalongwith the calibrationvalidationprocedurdo ensurethat
theinterrogationspotsfrom eachof a pair of stereo-scopitmagescorresponadxactly to the
sameregion of the flow, seesection3.3. The interrogationof the datawas performedwith
the FFT-basedfree shapecross-correlatiorand for the peakdetectionwith sub-pixel accu-
ragy thetwo-dimensionalGaussiarfit wasapplied. This peakfinding methodis lesssensitve
to sub-piel displacementsomparedwith the threepoint Gaussiarpeakfit, seefigure 2.13
and?2.14. For the calculationof the velocity vectors32 x 32 pixel and64 x 16 pixel inter-
rogationwindows wereselected.Becausef theincreasedspatialresolutionof the stretched
windows in wall-normaldirectionspatialaveragingeffectscould be easilyestimatedrom the
performedevaluation. It shouldbe notedthat an aspectratio of 4 betweenthe stream-wise
andwall-normaldimension®f the measurementolumeis relatively moderateegardingthe
typicalvalueswhichareappliedin numericalflow simulations.Theevaluationof thedatawas
performedin parallelon an eight processohigh performancesGIl computer anda raid sys-
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5.3 Statisticalpropertiesof the flow

temwasavailablefor the storageof thedata. Thenumberof obviously incorrectvectorsis on

averagdessthan0.1%with thefollowing conditions(0.1 pixel < Az < 20 pixel; —4 pixel <

Ay < +4pixel, Azx; — Az; 1 < 5 pixel), the averageheightof the correlationcoeficientis

above 0.8 andthe bandwidthof particleimagesdisplacementsariesbetweereeroat thewall

and 18 pixel on averagefor a light pulsedelayof A7 = 300 us for the 3 m/s investigation
andAr = 110 usfor the 7 m/s case. The following table summariseshe basicinformation
neededor the characterisatioof the experiment.

Reg 7800 15000 [1]

Res 7.4 x 10* 16 x 10* [1]

Re, 3.6 x 108 8.4 x 106 [1]

Uso 3 7 [m/g

Uy 0.121 0.263 [m/g

0 0.37 0.34 [m]

ot 3000 5980 [1]

field of view 160 x 52 160 x 52 [ mmn?]
field of view 0.44 x 0.14 0.47 x 0.15 [6?]

field of view 1298 x 421 2812 x 914 [AztAyt]
spatialresolution 3.6 x0.9x0.6 1.8x1.8x 0.6 [mm?]
spatialresolution 28 x 7x5 31.8x31.8x10.5 [AzTAyTAzT]
pulseseparation 300 110 [p9
dynamicrange 1.156 < Az < 12.6 0.1 <Az <18 [pixel
vectorspersample 4592 4644

numberof samples 2450 2450

TABLE 5.2: Relevantparametefor the characterisationf the experimentperformedl8 m behindthe
leadingedgeof theflat platein the zy-planeof theturbulentboundaryayerflow.

5.3 Statistical properties of the flow

5.3.1 Single point statistics

To validatethe flow characteristicandthe performanceandaccurag of the doublestereo-
scopicPIV systemthe mainstatisticalpropertiesof the turbulentboundary-layeflow, mea-
sured18 m behindthe leadingedgeof theflat platein the flow facility displayedon pages8,
were calculatedfrom the velocity dataand comparedwith the theoreticalresultspresented
in section5.1 and the hot-wire anemometryneasurements [11, 21]. The hot-wire mea-
surementvasperformedby Bruns,DengelandFernholzin 1992in the large wind-tunnelat
the HermannFottingerInstitute (HFI) in Berlin at a similar Reynoldsnumberbut differentz
andU,,. Themeasuremerpositionwas6.7 m behinda V-dymotapetripping device andthe
thicknessof theboundarylayeratthe measuremeribcationwasd ~ 0.174 m and0.153 m at
freestreanvelocitiesof U,, ~ 11 m/sand30 m/s Thecorrespondindreynoldsnumberbased
on the momentumthickness) wascomparablevith the PIV experimentdistedin table5.2,
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5 Investigationof the xy-plane

namelyRey ~ 7140 and16080. Thefriction velocity u, = U, 1/cr/2 wasdeterminedrom

the parameteg/c;/2 in equation(5.20)to 0.42967 m/sand1.08187 m/s
Y ou /%

Uooy Cf] Ct
Us 2 [ v V 2 9 2

Figure5.2revealsthe meanvelocity profile of theturbulentboundarylayerflow in outer and
innerlaw scaling. The agreemenbetweenthe stereoscopidIV resultswith the analytical
law-of-the-wallandthe log-law, derived on page71, is excellentandalsothe hot-wire mea-
surementsnatchnicely. Only for ™ > 800 a progressinglepartureof the HWA resultsfrom
the presentPIV investigationcan be obsered in the semilogarithmicrepresentation.This
effectis causedy thefactthatthe boundarylayersthicknessat HFI is only half of thethick-
nessobtainedatLML. However, thisis notrelevantfor the presentnvestigationpecausdere
only the nearwall phenomendelon y/§ < 0.15 will be consideredand not the outerflow
effectscausedy intermitteny. Remarkables the averagedynamicwhich couldbereached
with the PIV-systemandthe spatialresolutionin wall-normaldirection. The locationof the
first measuremenpoint, locatedat y* ~ 2.3, is comparablewith the nearestwvall location

(5.20)
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FIGURE 5.2: Comparisorof the measuredaneanvelocity profilesin outer (left) andinnerlaw scaling
(right) with the hot-wireresultsby Brunsetal [11, 21] for two Reynoldsnumbers.
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5.3 Statisticalpropertiesof the flow

for the stream-wisevelocity in [55] but herethe velocity could be determineddirectly with-
out a sophisticatectalibrationprocedureasrequiredin caseof the hot-wire investigationto
compensatéhe additionalheat-lossnducedby the solid wall. Whenthewall-normalvelocity
components consideredthe first measuremerpoint obtainedwith the hot-wiretechniques
fartheraway from the wall by oneorderof magnitudecomparedwith the presenPlV inves-
tigation,dueto the orientationandsize of the sensomppliedin [55]. Thedomaincoveredby
the PIV investigationis nearlyconstantvhenconsideredn outervariables(0 < y/§ < 0.15)
becausef the weakdependencef the boundary-layethickness) on the Reynoldsnumber
However, whenconsideredn innervariableson the otherhand,it canbe seenthattheinves-
tigationat Rey = 7800 roughly coversthedomainfrom 3 < y* < 400 andat Rey = 15000
therange30 < y™ < 900, becausehe log-law region increasesn thicknesswith increas-
ing Reynolds numberwhen consideredn wall-units. This allows to examinethe nearwall
structureat Rey = 7800, Reynolds numbereffects within the logarithmic region between
30 < y* < 400 andlarge-scaldlow structuresat Re, = 15000. Thesizeof theregion, where

37 R ‘ Il 0.8 :
_ i 11| Reg=7800 (PIV) | | * Re,=7800 (PIV)
3 [ o Re,=7140 (HWA)| 1 | © Rey,=7140 (HWA)
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FIGURE 5.3: Left Non-dimensionarms-profilesof the threevelocity fluctuationsfor Rey ~ 7800
(top) and Rey ~ 15000 (botton). Right Dependencef the anisotroy parametel(v?/u?)l/2 onthe
wall coordinaten innerlaw scalingfor both Reynoldsnumbers.
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5 Investigationof the xy-plane

thelog-law holds,is quite large for both casesso thata directinteractionbetweernthe near
wall flow structurewith the intermittentflow region cannot take place. Thusthe turbulent
flow statecanbe consideredasfully developed.Fully developedflows are characterisedby
a Kolmogoror cascadencludinganinertial rangeover at leastoneorderof magnituden the
wavenumbespacg78]. Thisconditionimpliesunsteadinessotational three-dimensionality
non-deterministicdiffusion and dissipation,e.g. attributeswhich are generallyreferredto
characteriseéurbulentflows. The dynamicof the velocity signalasa function of thewall dis-
tancecan be estimatedrom figure 5.3 which shovs the normalisedrms valuesof the three
velocity fluctuationsfor both flow cases.It canbe seenthat the maximumcan be properly
resohedwith state-of-the-arP1V systemsprovidedthe magnificationof theimagingsystem
is well adjustedelative to theflow structuresandthe problemsassociateavith the strongwall
reflectionsaresolved. Thelow Reynoldsnumberresultsagreequite well with the HWA mea-
surement&indly providedby Prof. Dr. Fernholz.Only thefirst two measuremergointsnear
thewall areoverestimatedThis is naturaldueto thefinite size of the measurementolume.
WhenthehighReynoldsnumberresultsareconsideredhedeviationincreasesuttheincrease
of the secondpeakwith increasingreynoldsnumberis clearlyvisible andin agreemenivith
the literature[21]. To validatethe degreeof anisotroy betweendifferentvelocity compo-
nentsin turbulentshearflows, the ratio betweenorthogonalvelocity fluctuationsis shovn in
theright graphsf thesamefigure. As theenegy from themeanmotionis first transferrednto
thestream-wisevelocity fluctuationbeforethetransferinto thev andw componentakesplace
by meansof pressurdluctuationsthe valueof the anisotroly parameters usuallyaround0.6
for large wall distances.In addition, it canbe seenthat (v2/u2)'/? increasegraduallywith
the wall distance.Figure5.4 shaws the turbulence-leel definedas (u2)'/2/U for both flow
cases.The agreementvith the hot-wire measurementgerformedat Re, = 7140 and16080
is excellent.Only thefirst PIV measuremergointin theleft graphis far away from the HWA
result,which is aroundTv = 0.4 for y* < 5. However, this is associatedvith the increas-
ing measuremergrrorwhenthedisplacementf the particleimagesbecomewery small,see
chapter? for details.

0.8

* Re,=7800 (PIV) |
o Re,=7140 (HWA) |

¢ Re,=15000 (PIV)
o Re,=16080 (HWA)

FIGURE 5.4: Turbulence-leel Tu = Vu2/U measuredttwo Reynoldsnumbers.
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5.3 Statisticalpropertiesof the flow

5.3.2 Spatial auto- and cross-correlation functions

It is obvious that the single point statistics,presentedn the previous section,do not cover
ary aspectsassociatedvith the organisedflow motion outlinedin chapterl. However, it is
shown in section5.1 thatfor theturbulentmixing in wall-boundedlows this coherenmaotion
mustbe of primaryimportance. This canbe deducedrom the presencef the single point
correlationsterms 2, v2 and especially—w in equation(5.8). For this reasonthe spatial
correlationsof the velocity fluctuations,ntroducedn section5.1, will beinvestigatedn this
section. The investigationof the spatial correlationsof the velocity fluctuationsfurnishes
guantitatve information aboutthe averagedimensionsof the turbulent flow structuresand
allowsto deducesererallengthandtime scaleswith physicalmeaningsuchasthedissipation
or the integral length scales,which play a dominantrole in the transportequationsderived
in [90]. However, dueto the anisotropimnatureof wall-boundedlows accordingto figure 5.3,
the lengthscalesarenot uniquelydefinedasin the caseof isotropicturbulence. In addition,
it shouldbe keptin mind that the generalinvestigationof the correlationfunction might be
quite comple in sheafflows becausehis functiondepend®n the flow variablesconsidered,
aswell astheir mutuallocation,separatiorandtime delay For simplicity, only the primary
spatialcorrelationsk,,,, R,, and R,,,, of the velocity fluctuationwill be consideredn the
following, alongwith somedoubleandtriple correlationsvhich areimportantfor theturbulent
mixing accordingo equation(5.20). Thedependencef theprimarycorrelationsn aturbulent
boundarylayeralongthe threecoordinatesvasextensvely investigatedy Grantin 1958by
usinga pair of hot-wire probes2 m behinda trip fenceat U,, = 6.25m/sandé = 55 mm.
Althoughhe could confirmthe high degreeof orderpresenin theflow field by analysingthe
large-scaledependencef variouscorrelationsalongthe principle coordinateshe wasforced
to concludethat the various correlationsare incompatiblewith the idea of enegetic eddy
structurescorvecting downstream. Sinceit is impossibleto predicta uniquesetof vortical
structuredrom the correlationsthe motivationfor this conclusiorwasbasedon the different
size of the primary correlationsin stream-wisealirectionandthe small extendof R,,, along
the span-wiseone. However, dueto the small thicknessy of the boundarylayer; it is not
yetevidentif this strongdifferencein thevariouscorrelationss areal sheafflow propertyor
maybecausedy theentrainingmotions,whichdonotbelongto themainturbulencestructure.
For this reasorthe presentinvestigationfocuseson the functionaldependencef the spatial
correlationsn thenearwall regionandtheirvariationwith theReynoldsnumber Of particular
interestis the correlationin the vicinity of the maximum,asthis informationis difficult to
achieve by usingintrusive measuremertechniguedecausehe signalfrom a single probeis
affectedby approachinghe secondorobeandthe valuesalongthe stream-wiseaxisis biased
becausd¢he measurementaluesof the down-streamprobeare affectedby the wake of the
upstreanprobeaspointedoutin [24, 100.

In the following the sizeandshapeof the primary correlationfunctionswill be analysed
becauséhesevaluesfurnishtheinformationaboutthe averagedimensionsf themoving flow
structurestheir degreeof organisationandtheir propagationdirection relative to the mean
motion. This become®hviouswhenfigure5.5andfigure 5.6 areconsideredvhich revealthe
primary correlationof the stream-wisevelocity fluctuationsfor variouswall distancef the
fixed point (compardocationof the maximumor they™ valuein the legend)at Rey = 7800
and15000.Thecontoursof thefollowing plotsarespacedn intervalsof 0.05for the primary
correlation(excluding 0.05and 1) andthe positionandamplitudeof the minimumandmax-
imum are includedfor comparison. Continuouslines indicate positive correlation. Clearly
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FIGURE 5.5: Ry, (Azt,y™,yT + Ay™) for variousy*-locationsof thefixed point (seelegend)mea-
suredat Rey = 7800.
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visible is the elliptical shapeof all correlatedarea,with the principal axis slightly inclined
with respecto the z-axis, andthe variationof the correlationsizefrom the exactlocationof
the fixed point. The elliptical shapeof the structuresandtheir inclination canbe explained
by the stronggradientsin wall-normaldirection,which tendto elongatethe flow pattern(a
circularcloudembeddedn a shearflow for instancewvould appeatelliptical andtilted aftera
shorttime). Reynoldsnumbereffectscanbe investigatedby comparingthe right columnof
figure 5.5 with the left columnof figure 5.6 asthe wall locationsof the fixed point is iden-
tical in viscousunits (y* =100, 200, 300, 400). Qualitatvely, the agreements quite good
whenthe scalein the legendis consideredFigure5.7 andfigure 5.8 shav thefunctionalde-
pendenceof the R, correlationon the Reynolds numberand on the location of the fixed
point. The two-dimensionaktructureof this correlationfunction revealssurprisingfeatures
which were not known previously. Especiallythe differentdependencef the correlationin
up-streamanddown-streandirectionon the fixed-pointshouldbe notedaswell astheincli-

0 .
0 100 200 300 400 0 100 200 300 400

+

AX y +Ay"

FIGURE 5.9: Ry (Az T,y 4T + Ay™), Ry (AzT,y T, yT + Ayt) and Ry (Azt,y T,y + Ay™)
measuret Rey = 7800.
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5.3 Statisticalpropertiesof the flow

nationof the structurearoundthe maximumof correlationandfurther away from this point.
As this correlationappearscrestallen, two differentanglesof attackcanbe estimatedvhen
moving on the correlationridge in up-streamand down-streamdirection,andit canbe seen
thatthe latter oneis larger with respecto the otheronefor all locationsof the fixed point.
The similarity betweenthe size of R,, and R, in stream-wisalirectionandthe elliptical
shapearoundthe maximum,accompaniedby the generalvariationof the anglewith increas-
ing wall distanceof the fixed point, implies a relationbetweerboth fluctuations. This might
be a resultof a comple velocity structure(not necessarilya vortex structure)moving with
the fluid, but the exact relation cannotbe seriouslydeducedrom the correlationfunctions.
However, whenthe one-dimensionatepresentationalong the two coordinateghroughthe
maximumof correlationin figure5.9 andfigure5.10 are comparedthis similarity vanishes
asthe orientationof the principal axis of the ellipsearoundthe span-wisecoordinatediffers
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5.3 Statisticalpropertiesof the flow

to alarge extent. This illustratesclearly the difficulty associatedavith theinterpretatiorof the
one-dimensionatorrelations.Neverthelessthis representatioallows a corvenientcompari-
sonof thevariouscorrelationsandtheir dependencen thelocationof thefixed pointrelative
to the wall. Especiallythe differentsize of the structuresalong the coordinateds clearly
visible (notedifferentscale).Figure5.11revealsthe two-dimensionatorrelationfunction of
the wall-normalvelocity fluctuationsR,, andthe correlationfunction of the span-wisevor-
ticity componentR,,,,. for differentlocationsof the fixed point. It canbe clearly seenthat
the R,, correlationsarerelatively small with respecto R,, andalsostronglydeformedfor
wall locationsbelowv y* = 100. For y* > 100, this deformationvanishesas canbe seen
from the line representations figure 5.9 andfigure 5.10. Remarkablés the extensionof
the overhangregion which goesin stream-wisedirection whenthe fixed point is belov 40
wall-unitsandin up-streandirectionfor largerwall-distancesThevorticity structureshovn
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5 Investigationof the xy-plane

in theright columnof figure 5.11 arestronglyelongateccloseto thewall andit canbe seen
thata remarkableegion of negative correlation(dashedine) exists above the region of pos-
itive correlation(solid line). For larger wall distancessucha region of negative correlation
canbe obsened below the main structurebut with reducedintensity In additionit canbe
seenthatthe mainstructures slightly inclinedrelative to the stream-wiseoordinateandthat
theinclinationangleincreasesn stream-wisalirection. Figure5.12 shavs a comparisorbe-
tweentheinvestigationgperformedat Rey = 7800 (solid symbols)and Rey = 15000 (opaque
symbols). The left columnrevealsthe stream-wisedependencef the primary correlations
measuredat y = 100, 200, 300, 400 andthe right columnthe correspondinglependence
on the location of the fixed point from the wall. Although the generaldependencef the
correlationsagreedairly well whencomparedn wall-units, the correlationvalueof the high
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5.3 Statisticalpropertiesof the flow

Reynoldsnumberinvestigationis sometimesip to 10% above the valuesof the low Reynolds
numbermeasurementsFurthermoreit shouldbe notedthat the largestdifferenceappears
for the R, correlation. However, no uniquestatementan be given whetherthis is a real
Reynoldsnumbereffect or a resultof thetilted natureof the correlationspecausen caseof
non-isotropicturbulenceit is not well definedhow the correlationsmustbe comparedvhen
the Reynoldsnumbervaries(it is concevablethatonly the mainaxisof theellipsecollapses).
Figure5.13 and figure5.14 finally display a line representatiorof the variousdouble-and
triple-correlationsyhich areassociatedvith the productionof turbulenceaccordingto equa-
tion (518) and (520)’ namelyR(uu)(uu)i R(vv)(vv)’ qua —Ryy, — Ry, R(uv)(uv)a R(uuv)(uuv)a
Ruvv)yuww) @NA Ry www) Measuredit Rey = 7800. It canbe clearly seenthat the width
of the correlationsat a particularvalue decrease generalwith increasingcomplexity of
the correlationsR,, > Ruu)wu) > Ruuv)(wuv)- ThisSimpliesa decreasingmportanceof the
higherordercorrelationsandestablishethe simplificationsusuallyappliedin theformulation
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5 Investigationof the xy-plane

of conserationequationgor the Reynoldsstresse§37, 89]. Of primaryinterestarethe — R,,,,

and- R,, correlationsandtheir dependencenthewall distancepecaus¢hesefunctionsare
mainly responsibldor the turbulentmixing in wall-boundedlows accordingtio the Reynolds
eqguationin the boundarylayer approximationon page70. For the interpretationit is impor-

tantto keepin mind thatthefirst subscripindicatesthe velocity componenat thefixed point
while the secondoneindicatesthe componentwhich is spatially shifted for the calculation
of the cross-correlationTherearetwo surprisingresults,namelythe differentheightof the
correlationin the vicinity of the wall andthe shift of the maximumtowardsthe wall (when
thestream-wiserelocity components fixed) or away from thesolid boundarywhenthewall-

normalvelocity components fixed). This resultwill befurtherexaminedin chapter6.

5.4 Properties of coherent velocity structures

The multi-point correlationspresentedn the previous sectionfurnish informationaboutthe
averagesize,shapeandcoherencef the flow structuresbeingpresentn the flow field, and
they provide valuabledetailsrequiredfor the interpretationof nearwall turbulencein terms
of Reynoldsequationand multi-point correlationequations.However, asthe flow structures
have a history of developmentwhile they aretransportedlownstreamthe spatialcorrelation
functionsinclude realizationsof a large numberof structuresat variousstagesof their life
history. As the detailsaboutthe individual flow structuresareaveragedout by the statistical
approachtheorganisatiorof theindividual coherenflow structurestheir significanceor the
productionof turbulenceandtheir relation with respectto proposedvortex modelswill be
investigatedn the following. Unfortunately this is not a trivial taskbecausehe selectionof
typical structuress subjectve asthe outcomeof suchanapproachs alwaysstronglycoupled
with the specifiedcriteria. In otherwords, it is alwayspossibleto find structuresvhich nicely
matchwith themodelsproposedn thefirst chapteror structureswith otherdesiredoroperties.
In orderto minimise this well known problem, several techniqueshave beensuccessfully
exploited in the past, suchasthe variable interval time averaging (VITA) method,which
compareghe shorttermvarianceof a flow variablewith respecto a chosernthresholdevel,
or the variable interval spaceaveraging (VISA) method,which allows to detectstructures
with similar spatialstructure.However, thesemethodswhich were mainly developedfor the
analysisof time-resoled hot-wire measurementsre not well suitedfor the analysisof PIV
velocityfields. Thereforeflow structuresill beinvestigatedherewhichappeafrequentlyand
with sufficient strengthin the essentiaReynoldsstresscomponent.Thefirst criterion selects
structureswvhich are dominantwith regardto their occurrenceandthe secondoneidentifies
structureswvhich aredominantin termsof turbulentmixing andproductionof turbulence.

5.4.1 Shear-layer

The basiccoherentflow structurethat canbe easilyobsenedin the zy-planeof a turbulent
boundarylayer (stream-wisewall-normal) is the so called sheadayer. When moving with

the appropriatecorvectionvelocity, or aftersubtractinghe local meanvelocity, this structure
appearsas a slightly-inclinedlow-speedregion, often several thousandwall-units in length
andsomel00wall-unitsin height(their width is largely unknown). Theinclinationangleof

the sheaflayersrelative to the wall wasthe subjectof severalstudieq9, 28,50, 62,80]. The
generakonsensuss thatthis angledepend®n the distancerom thewall, asindicatedby the
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5.4 Propertieof coherenwelocity structures

basedon the analysisof space-timecorrelationmeasurementsary betweerd and7 degrees

in the viscoussub-layerand11 and 20 degreesin the buffer region [63]. This obsenationis
fully consistentvith the averageresultspresentedn section5.3.2.0Onthetop of theselayers,
vorticeswith a strongspan-wisesorticity componentanbe obseredfrequently[74, 38], but

resultsin figure 5.5 and5.6, but the exact valuesarestill a point of discussion.Theresults,
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Investigationof the xy-plane

5

spiralling Kelvin-Helmholtzvorticesin a mixing layer, or relatedto the headsof a family of

loop-shapedstructuresasassumedy mary authors.Figure5.15shaws a typical pair of in-

stantaneouselocity fieldsmeasuredgimultaneouslyvith thedouble-stereoscopkelV system
18 m behindtheleadingedgeof theflat platat Rey = 7800 (the measuremerdomainof the

asindicatedby the z-scale).The

streanof the upperone
meanflow directionis from left to right andthelocal meanvelocity is subtractedo displaythe

lower vectorfield is locateddown
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5.4 Propertieof coherenwelocity structures

turbulentvelocity fluctuationsu(z, y), v(z,y) andw(z,y). In this representatiorthe shear
layer appearsas slightly-inclined low-speedregions with the geometricaldimensionsgiven
above. Although the exact anglevariesstronglyin the instantaneouselocity fields, it can
be clearly seenthatthe anglebetweerthe wall andthe sheaslayerincreasesvith increasing
wall distance seealsofigure5.16 This canbe explainedby the differentshapeof the low
momentumnstructuresiueto the strongflow gradientsaandthe presencef thewall. While the
nearwall regionbelov y™ = 50 is dominatedby low-speedstreakswhich will beconsidered
in the next chapterin detail, the log-law region above y™ = 50 is dominatedby large-scale
sheadayerswithout any obvious structuralregularity in contrastto the streaks.Anotherre-
markableresultis the factthatthe low momentumstructuresbelon y* = 50 areusuallynot
aslong asthetotallengthof thelarge-scalesheaflayer. However, asthelow-speedstreaksare
only 30 wall-unitsin width andnot often perfectlyparallelto the mainflow direction,aswill
beseenlater, only a cutthroughthe streakcanbe obseredin the zy-planewhile thelengthof
the cut depend®n the orientationof the streakwith respecto the measuremerlaneandits
geometricapropertiesIn figure5.16for example,a cross-sectionf a streakcanbe obsened
from z* = 150 to 400,500t0 800 andanotherstartsatz™ = 1200. Thelower vectorfield of
the samefigure andthe upperoneof figure 5.15indicatethaton the top of thesesheatlayers
vorticescanbefrequentlyobsered. Thesignificanceof thesevorticesfor theturbulentmixing
will beinvestigatedn thefollowing.

5.4.2 Ejection

Sincethepioneeringnearwall flow visualisatiorexperimentdy Kline etal. (1967),Corino&

Brodkey (1969)andKim etal. (1971),it is well establishedhatthecoherenstructuresyhich
canbeidentifiedin the flow field, run throughquite complex cycles. The moststriking cycle
or processwhich could be obsered, wasthe movementof elongatedow velocity regions,
designate@slow-speedstreaksputin thebuffer region. This motionaway from thewall was
associateavith anoscillationof thelow-speedlow structureandaviolentbreak-upnto small
scaleturbulence. A schematiaepresentatiof this processalongwith the typical velocity
profilesis shavnin figure1.2onpage6. This nearwall processwhichwasobsenedto occur
suddenlyand abruptly wasdesignatedsejectionandit was speculatedhat a large part of

the turbulenceproductionwas associatedavith this obsenation. This becomesvident from

the productionterm shownn in the following equation.Due to the factthatthe meanvelocity
gradientdU /9y is quite large closeto the wall, accordingto figure 5.2, and the productof

thetwo orthogonalelocity fluctuationsy andwv is negative, becausehe stream-wisevelocity
fluctuationu is negative for low-speedstreaksandtheir wall-normalvelocity componenpos-
itive accordingto the obsenations,the total term becomegositve whenmultiplied with the
negative sign. This meanghatturbulenceis producedaccordingo equation(5.18).

—p mg—[y] = turbulenceproduction (5.21)

Basedontheseconsiderationguantitatve experimentsvereperformedo determineghefoot-
print of this ejectionprocessin detail. It was found that the typical velocity signal from
the processvasquite regular provided the scalesandintensitywere normalisedoroperly (an
exampleof the signalis shavn on pagel33). Figure5.17 revealstwo characteristioseloc-
ity fieldswith significantpeakintensitiesin the Reynolds shearstresscomponentiv /u2. In
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< 7.2 andfor the lower image

< 6.7. In both caseghe region wherethe productionof turbulencetakes

2
place(redcolour)is embeddedh thetypical low-speedegionscloseto thewall, andit should

T

2
T

Ju

Investigationof the xy-plane
attheendof the previoussection.It is evidentthatthesevorticespumplow-speedluid avay

be notedthaton top of the low-speedegion a vortex canbe obsened, asalreadymentioned

caseof the uppervectorfield the rangeis —20.0 < wv/u

—26.2 < wv
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5.4 Propertieof coherenwelocity structures

from thewall andthisis associatedavith the productionof turbulencebecause.v is negative.
In additionit becomegisible thatupstreanof the low-speedegion a well developedshear
layerappearsComparedo the previously discussedheaslayerangle heretheangleis large
in relationto thewall.

5.4.3 Sweep

In this sectionthe interactionbetweenthe sheaflayer andthe nearwall structureswith the
surroundinghigh momentumflow structurescomingfrom larger wall distancesundercon-
senation of theirmomentumwill beinvestigated.The extendedhigh momentunflow struc-
turesmoving towardsthe wall are called sweepsn the literature,seepage71. Figure5.18
shows two exampleswhich were selecteddueto the strongintensityin the Reynoldsshear
stressexomponentuv thatis approximately20 times larger thanthe averagevalue shavn
in figure 5.4. In caseof the top vector field, for example, the non-dimensionatangeis
—22.2 < wv/u? < 12.2 andfor the lower figure —23.6 < wwv/u? < 18.4. It shouldbe
mentionedthat nearlyno measuredrelocity field indicatesa highervaluewhich meansthat
the structureanbe considerecasdominantconcerninghe productionof turbulence.How-
ever, thesevelocity field representgeneralfeatureswhich canbe frequentlyobsered even
whenthe peakintensity of the Reynolds shearstressis lower. It canbe seenfrom both ve-
locity fieldsthat sweepsarerelatively simplelarge-scaleeddystructuresvhich transferhigh
momentumfluid towardsthe wall asassumedn the mixing-lengththeory by Prandtl. The
word eddyimplies a local flow region (or structure)over which the simultaneousrelocity
fluctuationsarecoherenbr correlated89, 100] andnotacirculatorymotion. As thevariation
of the stream-wisevelocity insidethe sweepis relatvely small, the significanceof this flow
structurewith regardto the productionto turbulenceis basicallydeterminedoy the velocity
fluctuationin wall-normaldirection. Thisbecomesmportantin caseof boundarylayercontrol
for example,because velocity disturbancen wall-normaldirectionis muchmore efficient
thanadisturbancen stream-wisealirection. However, asa large partof the sweepss located
fartheraway from the wall, the potentialartifical disturbancenustbe intenseenoughto reach
theflow structure.

Theresultspresentedn this chapterclearly indicatethe existenceof coherentstructures,
their geometricalbpropertiesandtheir significancefor the turbulentmixing in wall-bounded
flows. In thefollowing chaptergheinteractionof thesestructurewill befurtherexaminedin
orderto find out which structuresarefundamentahndwhich onesareonly secondarywhich
onesaredominantandwhich onesareirr elevant
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Investigationof the xy-plane
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6 Investigation of the xz-plane

Oneof the well establishecandwidely acceptedesultsof the turbulent boundarylayer re-
searchis thecharacteristieneanvelocity profile andthe maximumof the stream-wiseelocity
fluctuationin the buffer layeraty™ ~ 15, se€[21, 55]. Thisis showvn in thelower left graph
of figure6.1 measuredat Re, = 7800 with the stereoscopi®IV arrangementiescribedn
chapter5. However, whenthe stream-wisdluctuationsaresubdvidedaccordingto their sign
beforecalculatingthe rmsvalues,it turnsout thatthe negative fluctuationshave a maximum
aty™ ~ 20, while thosewith a positve componenteachthe maximumaty™ ~ 10, com-
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FIGURE 6.1: Resultsof high-resolutiorstereoscopi®IV boundarylayer measuremenfserformedat
Rey = 7800. Top: Linearandsemi-logarithmiaepresentationsf thenormalisedneanvelocity profile
(averageover 2500 velocity fields). Bottom: Root-mean-squarealuesof the stream-wisevelocity
fluctuationsu (left) andconditionalaveragedepresentatiofright).
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6 Investigationof thexz-plane

pare[111]. Thisis showvn in the lower right graph. It is not surprisingthat the maximado

not coincideasthe high momentumflow structureoriginatesstatisticallyfrom 3™ locations
whereU" ~ In y™ while low-momentumflow structureshave their origin in the nearwall

region on average,whereU+ ~ yT holds (seeupperright figure). However, the reason
thatthe maximumof V42, with u < 0, is further away from the wall with respecto Vaz,

with v > 0, is not evident. To examinethe physicalprocessassociatedavith this experimen-
tal result, the statisticalpropertiesof a fully developedturbulent boundarylayer flow along
a flat plateis investigatedn stream-wisespan-wiseplaneslocatedat y* ~ 10, 20 and 30,

by using the multiplanestereoPIV techniquedescribedn chapter4. First of all, the joint

probabilitydensityfunctionof thevelocity fluctuationss analysedo determinehe basicsta-
tistical propertiesof the coherentwelocity structuredik e their occurrenceintensityandmain

flow directionrelative to thewall. Thereaftewvariousspatialcorrelation,cross-correlatiomand
conditional-correlatiorfunctionsare presentedn orderto comparethe meansizeandshape
of the dominantflow structuresbeing presentin the nearwall region of the flow. The dy-

namicof thedominantstructuress investigatedy meansof spatio-temporatorrelationand
cross-correlatiofunctionsmeasuredh spatiallyseparateglanes Finally, characteristid¢low

fieldsareconsideredo illuminate the relationbetweerthe instantaneouow structureswith

respectto the averagedonesandto estimatethe contribution of the identified coherentlow

structurego the productionof turbulenceandtransporiof Reynoldsstresses.

6.1 Experimental set-up

The experimentalinvestigationwas performedl8 m behindthe leadingedgeof the flat plate
in the temperaturestabilisedclosed-circuitwind-tunnelshowvn in figure 1.4 on page8. The
multiplanestereoPIV-equipmentppliedfor the investigationconsistsof the sameBMI four
pulsedNd:YAG lasersystemasoutlinedin section5.2, but in contrastto the configuration
describednpager2, herethe systemwasarrangedn suchaway thatthedifferentlypolarised
light pulsesleave the laserhousingat differentoutput ports. This allows to cover a wider
rangeof light-sheetspacingqup to afew cm) andanindependenpositioningof both beam-
pairs,aspointedout in section4.2. Behindeachport one optical benchwas installedwith
threeappropriatdensesanda )\ /2-retardatiorplatewhich allows to rotatethedirectionof the
polarisationvectorcontinuously By usinglong focal lengthlensesthe laserbeamscould be
formedinto sheetf about0.6 mm thicknessat the measurememposition,correspondindo
Ay™ = 5. It shouldbe notedthatthe mainproblemassociatedvith the generatiorof alight-
sheetunningparallelto aflat surfaceis thelossof enegy with decreasingvall distancedueto
thedarkeningof thelight-sheety thewall. Thisdifficulty canbesolvedeitherby usingmore
opticalelementsasdescribedn sectiord.8, or by usinglong focal lengthlensegin themeter
range)asappliedhere.Thepositionsof thelight-sheetsouldbe smoothlyadjustedn vertical
directionby moving properlycoatedmirrors,mountedon a micrometertranslatiorstage.The
determinatiorof the distanceof the light-sheetdrom the wall wasachievzed by illuminating
a squaremetal block, placedon the flat plate and coveredwith light-sensitve paper The
recordingsystemutilised for this investigationis similar to the unit describedn section5.2
apartfrom thelenseswhichwherereplacedoy 100 mm Carl Zeisslensesdecaus®f theshort
obsenation distanced, (seetable6.1), andthe requiredpolarisingbeamsplittercubesand
mirrorsin front of thelensesaccordingto section4.1. The arrangementvasinstalledbelow
thewind-tunnel,asshavnin figure 6.2, at positionssummarisedn table6.1. Thepositionsof
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6.1 Experimentaket-up

the (virtual) slave camerasdl and2, locatedbehindthe mirrors, arenot presentedn the table
asthesecanbe consideredsidenticalwith the correspondingnastercamerass and4.

main flow-direction c 10 wall-units light-sheet separation
L a b
X
~94°

N\

FIGURE 6.2: Experimentaket-upfor zz-investigation.1-4 digital cameras5 lens,6 mirror, 7 polaris-
ing beam-splittecube,8 absorbingmaterial.

camera z [mm] mm] d, [mm] [deg] TABLE 6.1: Cameraposition, obseration
* Y ° « 1&g distancesand viewing angleswith respect

3 628 -573 850 47.1 to the centreof thefield of view.
4 -608 -565 829 47.6

For magnificationandfield of view adjustment®achScheimpflug-adapterasmounted
onatwo-axismicrometettranslatiorstage andthepolarisingbeamsplitter-cubesandmirrors
in front of thelensesvereconnectedo two-axistilt-rotation stagesandgimbalmirror mounts.
To obtainideal particleimagedor theimageanalysisalgorithms(bright circles,2 — 3 pixelin
diameteysurroundedy a dark background)theimagingof the field of view wasperformed
by meansof 100 mm Carl Zeisslenseswith an apertureof 8. This leadsto a completeera-
sureof all opticalaberrationsandout-of-focuseffects. The arrangemenivasinstalledbelon
thewind-tunnel,asshowvn in figure 6.2. The meanobsenationdistancevas840 mm andthe
openinganglebetweertheleft andright camerasystemsvassetto 94.4° to resohe theout-of-
planemotion with sufficient accurag accordingto figure 3.5. This is importantbecausehe
out-of-planecomponents requiredto calculatethe dominantReynolds sheafstresscompo-
nentryn = —puv. For thecalibrationof thesystemaregulargrid with 2 mmline spacingvas
gluedon analuminiumplateandattachedwvith a micrometertranslationstagein sucha way
thataparallelmotionof thegrid couldbeachiesedin verticaldirection. This grid wasaligned
with eachlight-sheetoneafteranotherandrecordedeachtime with the four cameragbefore
andafterthe experimentin orderto proofthe conseration of the boundaryconditionsduring
theexperiment).As ary horizontaltranslatiorof thetargetcouldbeexcludedwith thisdevice,
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6 Investigationof thexz-plane

a particularzz-positionin a planeat y canbe preciselyrelatedto a zz-positionin a planeat
y + Ay. Thisis extremelyimportantbecauseary uncontrolledmovementof the calibration
tagetwould appeairin the correlationdataof the velocity fluctuationsand could biasthe in-
terpretation®f theresults aspointedoutin section3.3. Dueto the smallspatialseparatiorof
only tenwall-unitsbetweerthedifferentlypolarisedight-sheeplanesjt wasnotnecessaryo
move ary camerawvhenchangingthe measurememposition,asall effectscould be uniquely
determinedby the calibrationtechnique describedn section3.2, alongwith the calibration
validationmethoddescribedn section3.3. Only the sharpnessgvasslightly adjustedn order
to keeptheimagecontrastndto avoid out-of-focuseffects. Thedeterminatiorof themapping
functionwasachiezed by usingthe Houghtransformatioralgorithm[18] andthe evaluation
of thestereo-scopianagesvasperformedonthe DLR SUN-clusterby applyingthe properly
normalisedfree-shapeorrelationdescribedn section5.2 and[88]. It shouldbe mentioned
thatwindow-deformatiortechniqueswhich areincreasinglyappliedfor the evaluationof PIV
recordingsare of minor valuewhenthe main flow gradientsare perpendiculato the light-
sheetplane. This is dueto the factthatthe variationof the particleimageshift insideanin-
terrogatiorwindow is in generahotasimplefunctionin contrasto the casewherethestrong
flow gradientscoincidewith the measuremenplane. For the displacemenestimationwith
sub-pixel accurag, atwo-dimensionalGaussiarpeak-fitroutinewasappliedasthis approach
is lesssensitve to peak-lockingeffectsdueto the small variation of the measuremengrror
with thesub-piel displacementseesection2.4.2.By applyingthefollowing setof band-pass
andgradienffilters (1 < Az < 12 pixel; —4 < Ay < 4 pixelandAzx; — Az;,; < 5 pixel), the
numberof correctmeasurement&ason averageaborve 99.9 % andno smoothingalgorithm
was appliedat all. The basicdetailsaboutthe recordingand evaluationare summarisedn
table6.2.

TABLE 6.2: Relevant

parameterfor the char gea 71?)88 [i]

acterisationof the ex- €s s [1]

perimentperformed 18 e, 3.6 x10° [1]

m behind the leading [/ 3 [m/g

edgeof theflat platein o, 0.121 [m/g

the zz-planeof thetur- 0.37 [m]

bulent boundary layer 5+ 3000 [1]

flow. = tu2 v [1]
field of view 67 x 35 [mn¥]
field of view 0.18 x 0.09 [4?]
field of view 544 x 284 [AxTAzT]
spatialresolution 1.42 x 0.6 x 1.42 [ mm?]
spatialresolution 11.5 x 5.0 x 11.5  [AzTAyTAz"]
pulseseparation\t 200 [ us
dynamicrangeaty™ = 10 1.00t09.330 [ pixel]
dynamicrangeatyt = 20 1.37t011.74 [ pixel]
dynamicrangeaty™ = 30 2.61t011.84 [pixell
vectorspersample 7936
numberof samples 4410
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6.2 Statisticalpropertieof the buffer layer

6.2 Statistical properties of the buffer layer

6.2.1 Single point statistics

It hasalreadybeenstatedthat the lower right graphof figure 6.1 implies that the dominant
physicalprocesseswhich areresponsiblgor the turbulent mixing in nearwall turbulence,
changenvhenapproachinghewall. Thisbecome®venmoreevidentwhenthejoint probabil-
ity densityfunctionof the velocity fluctuationsuv anduw is consideredThis canbeclearly
seenin figure 6.3 for two characteristiavall distancegleft column: y* ~ 10, right column:
yT ~ 20) by comparingthe sizeandshapeof theiso-contourines andlocationof the maxi-
mum. First of all, it is evidentthatthe functionsstronglydiffer in sizeandshapefor a fixed

0.5 0.5 ————————T————————7
i i

—05 . I . I . I . i I . I . I . —05 . I . I . I . 1 . I . I . I .
-08 -06 -0.4 -02 0 0.2 0.4 0.6 0.8 -08 -06 -0.4 -02 0 0.2 0.4 0.6 0.8

I T B Y T D
-0.8 -06 -04 -0.2 0 02 0.4 06 08 -0.8 -06 -04 -0.2 0 02 0.4 06 08
u [m/s] u [m/s]

FIGURE 6.3: Joint probability densityfunctionsof the uv anduw velocity fluctuationsmeasuredt
yt ~ 10 (left) andy™ ~ 20 (right).

wall location,because/u? > Vw? > Vo2 accordingto figure 5.3, andalsothe symmetry
propertiesPDHw) = PDH —w) canbe explainedby the symmetryof theflow in z-direction.
Secondlythe decreasingizeof the distribution towardsthe wall is evidentasthe amplitude
of the velocity fluctuationsis dampeddueto the presencef the wall. The stretchingof the
PDHu, v) distribution canbe explainedby the differentasymptoticbehaiour of the velocity

componentsloseto thewall, se€[16, 31]. Furthermoretheslightly inclinedorientationof the
PDHu, v) functionalongwith the non-symmetricathapeclearly indicatesthatflow regions
associatedavith ejection(u < 0 andv > 0) andsweepgu > 0 andv < 0) aremorelikely and
dominatefor both wall locationsover the regionswhereboth fluctuationspossesshe same
signsimultaneouslyThis is necessarpecausehe generatiorandmaintenancef turbulence
requirethat ry, = —puv IS positive on averageas can be seenfrom Reynolds equationin
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6 Investigationof thexz-plane

boundarylayer approximationand the discussionon page93. However, the displacement
of the maximumto negative u-values,with decreasingvall distancejs not evidentfor both
PDF’s. Thisimpliesthataty™ ~ 10 mostof the structureqor the large ones)shaw aslightly
negative stream-wisevelocity fluctuationwith a ratherweakamplitude,ascanbe seenfrom
thelocationof themaximum.As the meanvalueof all fluctuationsamustbe zeroby definition,
theamplitudesof the structureswith a positive stream-wisevelocity fluctuationarenecessar
ily largerin orderto compensatéhe maximumat negative u. This explainsthe factthatthe
maximaaty™ =~ 10 in thelowerright of figure6.1resultfrom thepositive fluctuationsandnot
from the nggative asexpected.The power-of-two operationyequiredfor calculatingthe rms-
values,increaseshe weightof the positive large-scaldluctuationswhenthe averageis taken
anddecreasethe contribution of the negative high frequengy fluctuations(the agumentation
canbereversedfor themeasurementaty™ ~ 20). As theasymptoticoehaiour of the span-
wise velocity amplitudeis wealer with respecto the v-componentthe displacemenof the
maximumcanbe seenmoreclearlyin thelower row of figure 6.3 wherethejoint probability
densityfunction of thevelocity fluctuationsin stream-wiseandspan-wisedirectionis showvn.
Anotherinterestingfeature,appearingn the lower row, is the asymmetryfor the large-scale
fluctuations expressedy PDFu, w) # PDH —u, w) whichis visible in theright graph.The
factthatlarge-scaldluctuationsof the span-wisecomponenty arefrequentlyassociateavith
positive stream-wisdluctuationsand small-scalew-fluctuationswith negative u-fluctuations
may be an effect associateavith organisednotionsin the flow field. Thiswill be considered
later Figure6.4 revealsthe sameresultbut in a differentrepresentatiom orderto highlight
the displacemenbf the maximumin wall-units andthe amplitudeof the signalasa function
of theparametemdicatedin thelegend.Thegraphwith thethick line-widthin theupperright
plot showvs thedistribution of the wall-normalvelocity componentvhenthefluctuationin the
stream-wisdlirectionis exactly zero(e.g. the instantaneouselocity componenis identical
with the time averagedone). The function seemgo be symmetricaland Gaussiarin shape.
If the stream-wisdluctuationsbecomenegative, the distribution of the wall-normalvelocity
componentdecreaseslowly while the shapeof the graphsbecomeson Gaussiarandthe
spectrumaroundthe maximumdecreasedn connectionwith the signof thethefluctuations,
this againimplies that low-speedstructuresare more frequently associatedvith a positive
wall-normalvelocity componentwhereashe probability of finding stronghigh-momentum
structuress relatedto a motiontowardthewall. This canbe explainedsimply by assuming
thatturbulent structurescomingfrom large wall distancesaty + Ay consere their momen-
tum while travelling wall-ward [91]. Furthermorethe differentdecayof the maximumwith
increasingnagnitudeof u shouldbe notedasthis indicatesthattheflow structuresassociated
with positive wall-normalmotion seemto be morecoherenthanthe otherstructuresFinally,
the factis importantthat the magnitudeof the largeststream-wiseand wall-normalfluctua-
tions areapproximatelytwice aslarge asthe correspondingms value measuredat the same
yt-positionbecauseéhis point supportsthe agumentsusedto explain the two maximain the
lower right plot of figure 6.1. Whereasthe graphsin the lower plots, which representhe
statisticalstructureof the vw fluctuations arenearly Gaussiarandsymmetricain this repre-
sentationg.g. PDH —v, w) = PDHw, w), the graphsof the centrerow possessnoreor less
pronouncedshoulderswhich indicatea complex interactionof the structuresn this region,
but the natureof the processesannotbeidentifiedfrom the single-pointstatistics.To deduce
thetypical flow anglesassociateavith thetransportof low andhigh momentunfluid towards
and away from the wall, the probability densityfunction of the absoluteanglebetweenthe
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FIGURE 6.4: Joint-PDFfunctionsof theu™v™, utw* andw*v™ (top to botton) measuredt Rey =
7800 andtwo wall-normallocations:y™ ~ 10 (left) andy™ ~ 20 (right).

instantaneousaluesof the variousvelocity componentsvas calculatedat y* ~ 10,20 and
30. Thew/U-distribution, shavn in thelower left graphsof figure 6.5, is exactly symmetrical
with respecto the centreline andthe rangeof anglesincreasesvhenapproachinghe wall.
Thisis clearasthe magnitudeof the span-wisevelocity fluctuationsincreaseslightly toward
the wall accordingto figure 5.3. The v/U-distribution on the otherhandis asymmetriawith
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FIGURE 6.5: Probabilitydensitydistribution of the flow anglebetweertheinstantaneousaluesof the
variousvelocity componentsat y* ~ 10,20 and30. v/U (upperleft), w/U (lower left), v/U with
U < U (upperright), v/U with U > U (lowerright).

alargerangeof scaledor positive anglesanda maximumlocatedat negative « in agreement
with [61]. Theright columnof figure6.5showvsthedistribution of thecharacteristi@angledor
the velocity structuresvhoseinstantaneoustream-wisevelocity U is below (uppergraphs)
or above the meanmotion (lower graphs).As a stream-wisevelocity which is largerthanthe
meanvelocity indicatesa positive fluctuationu, the positive domainof the lower right plot in-
dicateshigh-speedlow structuresvhich move away from thewall, whereaghe negative part
indicateslarge momentumfluid moving towardsthe wall. The asymmetryof the measure-
mentsclearlyindicateshatthe probability of finding alarge momentunfluid moving towards
thewall (socalledsweepsaccordingo section5.4.3,0r Q4 eventsbasecnthedefinitionson
page71)is quite high relative to high-speedluid moving away from thewall. Thisimplies
the dominanceof Q4 eventsover @1 whenlarge magnitudeeventsare consideredandthe
upperright plotsstatethat2 eventsor ejectiondominateover Q3 movements Furthermore,
it shouldbe notedthatthelargestanglesarealwaysassociateavith Q2 and4 events.

Table 6.3 revealsthe statisticalpropertiesof the absoluteflow anglesbetweertheinstan-
taneousrelocity componentsvith respecto the stream-wisealirectionfor threedifferentwall
locations.Theanglesarequite smallin relationto valuesfrom otherexperimentsaandnumer
ical flow simulations[86] asherethe instantaneoustream-wisdlow velocity U wasusedto
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6.2 Statisticalpropertieof the buffer layer

calculatethe absoluteflow angles. The anglesbecomecomparablewith the literaturewhen
the stream-wisevelocity fluctuationu is appliedfor the normalisation. This will be shovn

later. Due to the strongdynamicof the velocity fluctuationsin the buffer layerit is not ev-

identif the corvectiontermin the conseration equationds large relative to the sumof the
production,diffusion anddissipationterm, asrequiredfor the obsenation of coherentstruc-
tures. However, asthe statisticalresultsexaminedin this sectionindicatea strongrelation
betweenvariousvelocity fluctuationsjt seemdik ely thattheresultsarerelatedwith the mo-
tion of organisedor coherenfflow structures.Thesestructureswhoseexistencewasalready
assumedy Prandtlin 1925for the derivation of the mixing-lengththeory canbe definedas
flow regionsover which the simultaneouselocityfluctuationsare correlated

TABLE 6.3:; Statisticalpropertiesof the

_|_
y" ameanldeg] ams[deg] absoluteflow anglesbetweertheinstan-

10 0.38 2.57 taneousvelocity componentswith re-
v/U 20 0.23 3.36 spectto the stream-wisedirectionmea-
30 0.30 3.75 suredaty™ =10, 20, 30.
10 1.00 2.86
v/(U<U) 20 1.43 3.76
30 1.59 4.20
10 -0.36 1.90
v/(U>TU) 20 -0.90 2.43
30 -0.87 2.79
10 0.17 9.32
w/U 20 0.14 6.84
30 0.13 6.42

6.2.2 Spatial auto-correlation functions

In orderto link the statisticalresultsof the previous sectionwith the conceptof coherenflow
structuresputlinedin chapterl andsection5.4, the propertiesof normalisedspatialcorrela-
tion andcross-correlatioriunctionswill be consideredn this section,for theoreticaldetails
see[53]. Firstof all, the averagedimensionof the dominantflow structureswill be deduced
from the primary component®f thedoublecorrelationtensormeasuredhn stream-wisespan-
wiseplanesaty® = 10, 20, 30. Theresultscanbe seenasa completionof the stereoscopic
PIV investigationdescribedn [38, 44], wherethe planesat y* = 30, 100, 220 wereinvesti-
gatedat Re, = 950 and7800. Unfortunately a quantitatve comparisorwith the large-scale
hot-wire investigationby Grant[24] is questionabldecausef the differentflow conditions
andwall locationsasalreadymentionedn page79. However, his argumentdor theinterpre-
tationof the primarycorrelationswill beappliedandits validity for the nearwall correlations
will be proven. The contoursof the following plots are spacedn intervals of 0.05 for the
primary correlation(excluding 0.05 and 1) andthe positionandamplitudeof the minimum
and maximumare includedfor comparison. Continuouslines indicate positive correlation
whereaddottedlines assignregionswith negative correlationvalues. Figure6.6 shavs the
primary auto-correlation®f the stream-wisgleft column) and wall-normal (right column)
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6 Investigationof thexz-plane

velocity fluctuationsmeasuredt y™ ~ 30, 20 and10 (top to bottom). Clearly noticeables
the characteristielliptical shapeof both correlationswith the principal axisin stream-wise
direction,aswell asthe strongdependencef the correlationwidth from the wall distances
in accordancavith [44] andthe resultspresentedn section5.3.2. However, the moststrik-
ing feature ,which could not be establishedefore,is the variationof the sizeandspan-wise
location of the weak negative correlationregionsof R,,, whenapproachinghe wall. This
is clearlyvisible in the upperright plot of figure 6.7 wherethe span-wisedependencef this
correlationat Az* = 0 is shovn in wall-units. The location of the minimais highlighted
with symbolsandthe legendrevealsthe correspondinglisplacemenof the symbolsfrom the
maximumof correlationjocatedat Azt = 0. Therangeof correlationvaluesindicatesalarge
rangeof scalesandthe minimaimply a span-wiseperiodicity whosewavelengthstronglyin-
creasewvith increasingwall distance Fromthe negative correlationregions,the existenceof
stream-wisevorticescanbe concluded.However, it shouldbe notedthattheir lengthis not
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6.2 Statisticalpropertieof the buffer layer

aslong as expectedby otherauthorsas can be seenfrom the stream-wiseaxtensionof the
negative correlationregion in figure 6.6. In caseof the R,,,, correlation,shovn in the upper
left plot of figure 6.7, only the function measuredt y™ ~ 10 changests signin span-wise
directionandrevealsaweakminimumat Azt ~ 63, while theothersslowly corvergeto zero
with increasingAz*. Thisindicatesa decreasinglynamicvelocity rangewith increasingwall
distanceasexpectedrom thev/u2 profilesin figure5.3,andimpliesthatthecoherentelocity
regionsrapidly loosetheir identity with increasingwall distancey. To deducethe statistical
propertiesof the dominantlow- and high-momentunflow structureswhich are cornvecting
downstreamthe measuredlatawas subdvided accordingto the sign of the stream-wiseve-
locity fluctuationbefore calculatingthe correlationfunctions. This conditional correlation
approachallows to identify the structuresassociatedvith ejectionand sweepdor instance.
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6 Investigationof thexz-plane

The left plot of the centrerow of figure 6.7 revealsthe R, <o) correlationsdenotedoy
R(_u)(—u for simplicity, andtheright plot shovs theassociatedorrelationof the positive and
negative wall-normalfluctuationsin the particularregionswherew is negatve. The coherent
velocity regionsselectedn this way shav nearlythe samefunctionaldependencaroundthe
maximum(down to correlationvaluesof 0.2 for R(_,)_,) andnearlyzerofor R,,(u < 0)),
which indicatesa high degreeof coherencen wall-normaldirection. Whenthe R,,(u < 0)
correlationis consideredhe value of the minimum increasesvith increasingwall distance.
This is completelydifferentwhen only the correlationsof the wall-normal fluctuationsare
calculatedwhich canbe measuredn regionswherethe stream-wiserelocity fluctuationsare
larger thanthe meanvelocity, e.g. R, (u > 0) asshown in thelower right plot of the same
figure. In this casethe value of the minimum decreasewvith increasingwall distance.The
symbolexplanationof the R, (v < 0) andR,, (u > 0) correlationsn thefiguresindicateghat
thedistanceébetweertheminimaandthemaximumincreasesvith increasingvall distanceor
bothfunctionsbut fasterfor the R,,,(u > 0), especiallycloseto thewall. Moreover, it canbe
concludedfrom the functionaldependencef the correlationsaroundthe maximumthat the
coherenceof the R, (u > 0) structureds ratherweak comparedo the coherentstructures
representedy R,,(u < 0). Also, the structureswhich enterin the calculationof R_,)—u)
loosetheir identity to a large extent with increasingwall-distanceasindicatedby the strong
differencebetweerthe graphs.The exactvalueof the span-wisegoeriodicity of the structures,
indicatedby the minimumin thecorrelationsis still a pointof discussiorin theliterature,es-
pecially at high Reynoldsnumbers.Onereasorfor this controversyis the dependencef this
numberonthe methodappliedfor the determinatiorof thewavelength.However, it shouldbe
notedthatthe conditionalcorrelationapproachappliedhere,is fully basedon mathematical
groundsandyieldsonly onewell definedvaluefor thewavelengthjnsteadof a streak-spacing
distribution from which a meanhasto be calculatedn anappropriatevay. Table6.4 reveals
thevaluesmeasuredh air- andwaterfacilities at differentReynoldsnumberby usingvarious
detectionmethods.It canbe seenthatthe exactspacingextractedfrom the R,,,, R,,(u < 0)
and R, (u > 0) correlationin figure 6.7, doesnot matchwith the valuesfoundin the cited
work butwhenthe R, correlationis considerecty* ~ 10, theagreemenis remarkable
with the otherexperiments.

TABLE 6.4: Comparison of streak-
spacing and flow parameters. First
blod: air, PIV, conditionalcorrelation 7800 3.0 0.1210 18.0 92

+ ~ -
methody™ = 10, [Presentstudy]. Sec 3160 0.390 00155 450 96

ond blok: water hydrogen bubbles,
yT ~ 5, see[93]. Third blod: air, probe 3310 0.305 00121 4.27 104

rake,yt ~ 2 — 7, see[25]. Forth blod: 4180 0387 00150 4.27 93
water hydrogenbubbles,y™ =~ 4, see 4940 0.475 0.0181 4.27 97

Rey Uy [M/S] u,[m/s] xz[m] AF

z

[92]. 5830 0.582 0.0220 4.27 95
3300 - 0.2256 - 89
4700 - 0.3277 - 110

1080 0.152 0.0070 3.14 91
1325 0.152 0.0069 4.11 106
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6.2 Statisticalpropertieof the buffer layer

6.2.3 Spatial cross-correlation functions

For phenomenassociateavith the productionof turbulencethecrosscorrelationR,,, is more
importantthanthe primary component®f the correlationtensor as R,,, reflectsthe sizeand
shapeof the structureseingresponsibldor the transportof relatively low-momentuntluid
outwardsinto higher speedregions andfor the movementof high-momentunfluid toward
the wall andinto lower speedregions. This correlationwasfirst studiedby Tritton in 1967
by usinga pair of hot-wire probes2.1 m behindatrip-wire at free-streanvelocitiesbetween
6.75 m/sand7.1 m/s[100]. The boundarylayerthicknessvas60 mm andthe Reynoldsnum-
ber Re; = 22000. Due to technicalreasondis resultswere only measuredlongthe three
principalaxesandatlargerwall-locations sothatadirectcomparisorwith thework presented
hereis questionableln thefollowing, it isimportantto keepin mind thatthecross-correlation
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6 Investigationof thexz-plane

functionis not necessarilyan even function with a maximumat Az; = 0 in contrastto the
primary correlationsput thereexists still animportantsymmetrypropertywhenthe random
variablesu andv areinterchangednamely R, (Az;) = Ry (—Ax;). The left column
in figure 6.8 showvs the R,,, correlationfunctionwith the v componenfixedandw shiftedin
the two homogeneouslirections. First of all it shouldbe notedthat the sign of R,, again
indicatesthat the transportof relatively low-momentumfluid outward into higherspeedre-
gions(u < 0 andv > 0) andthe movementof high-momentunfluid toward the wall into
lower speedegions(u > 0 andv < 0) arethe predominanprocesses the nearwall region.
In addition, the strongelliptical shapeimplies that the turbulent mixing in the wall-normal
directionis relatedto thelow-speedstructuresepresentely R _,y_,) in figure6.7. But ob-
viously only a small partof the low-momentunstructureshavs a correlatednotionin both

-0.6 \ \ -0.6 T \
-0.4 - - -0.4
D:>_O'2 = - 0:>—0.2
0.0 - = 0.0
. L | L | L | L | | L . L
-300 -200 -100 0 100 200 300 -150 -100 -50
AX
_06 T T T _04
-0.4 - - -0.2
£-0.2 -4 2 0.0
4 |
0.0 |- - 0.2
| | | | | | | | 04 | | | | | |
-300 -200 -100 0 100 200 300 -150 -100 -50 50 100 150
AX
-0.6 \ \ \ -0.4
AAX=-10 ] 1
-0.4 |- 4 -02 -
D:5—0.2 = i D:E 0.0 i
0.0 |- - 0.2 -
. I | I | I | | | 04 I | I | | |
-300 -200 -100 0 100 200 300 -150 -100 -50 50 100 150
Ax va

FIGURE 6.9: One-dimensionadpatialcross-correlatiofunction of Reynoldsstresscomponentsnea-
suredatdifferentwall-normallocation(Solidgraph ' ~ 10. Dottedgraph y™ ~ 20. Dashedgraph
yT ~ 30) asafunctionof Az™ andAz™. The symbolsindicatethe maximumof correlationandthe
legendthe distancefrom theminimumto theorigin.
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6.2 Statisticalpropertieof the buffer layer

stream-wiseandwall-normaldirectionwith sufficient strength(lower curve of figure 6.8) as
thetotallengthof thelow-speedstructuresaresereralthousandvall-unitsin lengthaccording
to thesizeof the R,,, correlation,shavnin figure6.5. Thisis fully consistentvith the sizeof
the R,, correlationandthe resultsin [44]. The span-wiseaxtentof the flow-structuresasso-
ciatedwith the productionof turbulencecanbe estimatedestfrom the upperright graphsof
figure 6.9 andthephaseelationbetweerbothorthogonafluctuationsrom thelocationof the
maximumshaown in the upperleft graphsof the samefigure. Apartfrom the structuraldetails
of the flow regions associatedvith the turbulent exchangein wall-normal and stream-wise
direction, it is importantto considerthe cross-correlationvith the span-wisevelocity fluctu-
ationsbecausary outflow of fluid inducesan organisedspan-wiselow motion towardsthe
lifting structuredueto continuity. In addition,asin isotropicturbulencethis quantitymustbe
zero,thesecorrelationsindicateary departuregrom this ideal situationwhich is mathemati-
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6 Investigationof thexz-plane

cally accessibleFigure6.10shows the two-dimensionakpatialcross-correlatiofiunction of
fluctuatingstream-wisewith span-wisevelocity componentsR,,,(Axz™t,y*, Atz) (left) and
correlationof wall-normalwith span-wiseeomponents,,, (Az™, y*, Az*1) (right) measured
at Rey ~ 7800 andy™ =~ 30, 20, 10 (top to bottom). First of all, it canbe concludedrom the
generakize,shapeandheightof both correlationsthata very well organisedspan-wiseno-
tion exists, especiallyaty™ ~ 10 wherethe heightof R,,, is above the R,,, correlation.This
organisedmotionimpliesthatthe conceptof local isotropy, which links the turbulent-enegy
dissipationin shearflows with the dissipationof isotropicturbulence,is inadequaten near
wall turbulence. Secondlyit shouldbe notedthat the degreeof organisationincreasesith
decreasingvall distancewhile the oppositeholdsfor the R,,, correlationascanbe estimated
from the intensity of the maximum. Thirdly, the spacingbetweenthe extremais increasing
with larger wall distancedut also, it canbe seenthatthe location of theseparticularpoints
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6.2 Statisticalpropertieof the buffer layer

movesto negative stream-wisalisplacementsparticularlyif the R, correlationis consid-
ered. For clarity, the two lower rows of figure 6.9 reveal the functional dependencef the
correlationsalong the axis of symmetry This representatiorallows to comparethe height
of the correlationand the location of the maximumin detail. Figure6.11 shavs the two-

dimensionalspatialcross-correlatioriunction of negative stream-wisdluctuationswith the
span-wisevelocity componentR_,,,(Az™, y™, Az*) (left) and correlationpositive stream-
wise fluctuationswith span-wisecomponents , ., (Az™*,y™, Az ™) (right). Figure6.12dis-
plays the correspondingunction of positive wall-normal fluctuations(extractedfrom flow

regionswhereu < 0) with thespan-wisevelocity component?_ ., (Az ™, y*, Az™) (left) and
correlationof negative wall-normalfluctuations(extractedfrom flow regionswhereu > 0)

with span-wisecomponentsk,,, with (v < 0) (right). Thesestructuregpermitto resole the
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6 Investigationof thexz-plane

processegassociateavith the organisedmotionin span-wisedirectionin moredetail. Espe-
cially the valueof maximumcorrelationshouldbe notedfor differentwall distancesandwith
respectto R,,, and R,,,. In orderto interpretethe variouscorrelationpatternsqualitatively,
it is necessaryo assumea pureflow motionindicatedby thefirst subscript(motion towards
thewall in caseof R, w)) attheorigin of the correlationplane. Using this methodit be-
comesvidentthatamotiontowardsthewall is on averageassociatewvith aspan-wisemotion
away from the structurewhile the oppositeholdsfor anorganisedmotion away from thewall
(comparethe signof the structures).The locationof the maxima,on the otherhand,implies
thata phaserelation exists betweenthe two motions. Whenthe flow directionis takeninto
accountjt becomespparenthatthe span-wisanotion canbe consideredsthe footprint of
thewall-ward motion. Thus,the span-wisemotion canbe consideredcsa secondarymotion.
It is clearthat the processeslescribedare associatedvith two stream-wisevorticeswhose
lengthis determinedy theflow region moving in y-direction.For clarity the mainfeatureof
thennon-conditionafunctionshave beensummarisedhn figure 6.9in form of one-dimensional
graphsextractedat the location of the maximumof correlationin z- and z-direction. This
representatiomallows to comparequantitatvely the heightof the correlationandthe location
of the maximumin wall-units.

6.3 Spatio-temporal buffer layer statistics

In this sectionthe spatio-temporabehaiour of theflow structuregpresenin the buffer layer
will beanalysedjuantitatiely to examinetheir corvectionvelocity andtemporaldecay The
first investigationof this type was performedby Favre et al (1957)who studiedthe spatio-
temporalstructureof the stream-wisevelocity componentR,,, aty* > 40 and Rey = 1600,
by using a pair of spatially separatedhot wire probes[19, 20]. Their measurementaere
performed).79 m and1.94 m behindatripping device atfree-streanvelocitiesof 12 m/swith
d ~ 17mmandd ~ 34 mm. Here,the structuresat y* = 30 andbelow will beinvestigated
at Rey = 7800 by analysingthe primarycorrelationy R,,,,, R,, andR,,,), the differentcross-
correlations(R,,, R.., and R,,,) and conditional correlationstaking into accountthe sign
of the fluctuations(R, ., R_wv,R1vw, R+ @andothers). The conditionalcorrelationsyield
informationaboutthe space-timestructureof the burstingphenomenomndallow to estimate
the meancorvectionvelocity of the coherentselocity structuresn the nearwall region. This
becomesmportantfor proving the validity of Taylor’s hypothesisn the nearwall region of
aturbulentboundarylayerflow. In otherwords,whenthe characteristiovelocity of thelarge
scalestructuremotionsdiffers from the velocity of the small scalestructuresthe space-time
transformatiordu /0t = —Udu/0x, usuallyappliedwhenspatialderivativesaremeasuredby
usinga hot-wire,becomeguestionable.

All correlationsconsideredso far were calculatedat a fixed y* location. Here,in con-
trast, the spatio-temporatorrelationbetweenseparateglanesis considered. The spacing
is always 10 wall-units but the position of the lower measuremenplaneis alteredbetween
yT =~ 10 and 20 wall-units. Whenthe temporaldelay betweena pair of measurements
varied, this approachallows to investigatethe structuresmoving toward and away from the
wall, dependingon the temporalorder of the measurementsln otherwords,whena struc-
ture is moving towardsthe wall, this structurecan be investigatecbestwhenthe first mea-
surements performedat y + Ay with Ay > 0 andthe secondat y while flow-structures
moving away from the wall yield higher correlationvalueswhen the first measuremenis
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6.3 Spatio-temporabuffer layer statistics

performedat y andthe secondat y + Ay. The basicrequirementor the interpretationof
the two-dimensionakpatialcross-correlatioriunctionsis a clearunderstandingf the sym-
metry propertiesastheir intensity shapeand positionmay strongly dependon the order of
the fluctuatingquantitiesconsideredor the correlationR,, # R,, aswell ason their exact
POSItiON Ry (y 1 Ay)o(y) 7 Ru(y)o(y+ay)- Thisis highlightedin figure 6.13which revealsall pos-
sible combinationsof the two-dimensionakpatialcross-correlatioriunctionsof fluctuating
stream-wiseandwall-normalvelocity component&xtractedsimultaneoushat y™ = 10 and
yt 4+ Ay = 20. Theimportantparameter$or the analysisof the cross-correlatiofiunctions
aretheir size, shape,intensity sign andlocationof the maximaasthesevaluesfurnish ba-
sically informationaboutthe averagedimensionsof the moving flow structuresabouttheir
degreeof organisatiorandabouttheir propagatiordirectionrelative to the meanmotion. The
particularexampleshown in figure 6.13indicatesthatthe correlationfunctionis ratherweak
andrelatively smallin spatialextentwhenthev componentmeasuredn the planelocatedat
y* = 10, is correlatedwith the u componenfrom the planelocatedat y* = 20 (seeupper
figure). The correlationof the v(y* = 20) with u(y* = 10), on the otherhand,resultsin
a quite strongand well extendedcorrelation(seelower figure). In the lower left figure, the
u(yt = 10) components shiftedfor the calculationof the cross-correlatiofiunctionandfor
the lower right calculationthe v(y* = 20) componentvasshiftedrelatively to u(y™ = 10).
Thefirst seriesof two-dimensionaspatialcross-correlationshavn in figure 6.14displaysthe
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FIGURE 6.13: Possiblewo-dimensionabpatialcrosscorrelationfunctionsof fluctuatingstream-wise
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statisticalrelationbetweernthe fluctuatingstream-wiseandthe wall-normalvelocity compo-
nents,measuredsimultaneouslyat differenty™-locations. The top row displaysthe cross-
correlationfy y+—soyu(y+=10) (I€ft) aNd Ry, +—20)u(y+=10) (right). Again, it canbestatedrom
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6 Investigationof thexz-plane

thenegative signof thecorrelation indicatedby thedashedines,thatthe ejectionandsweeps
mustbethe predominanprocesseandthedifferentsize,shapeandintensityof thefunctions
(Ry(y+=20)u(y+=10) > Ru(y+=20)(y+=10)) imply thedominancef ejectionatthiswall locations.
In additionit canbe estimatedrom thelocationof the maximumin the upperleft graphthat
thelow momentunregion appearssasheaiayerin y-directionwhile thestrongpositive side
peaksin the samefigureindicatethatthe outflow of low-momentunfluid is associatedavith a
secondarynotion. The centrerow of figure 6.14revealsthe samefunctionsbut measuredt
yt = 20 andy™* = 30 €.9. Ry(y+—30)u(y+=20) (I€ft) aNd Ry, + _30),(y+=20) (right). The bottom
row of figure 6.14yieldsthe conditionalcross-correlation,,(,+ —oo)u(y+=10)y With u > 0 (left)
and Ry (y+—30)u(y+=20) With v > 0 (right). Especiallythe amplitudeof R,,, in the lower right
plot shouldbe noted.
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6 Investigationof thexz-plane

Figure6.15andfigure6.16 presenthe cross-correlations/herethe span-wisevelocity com-
ponents involved. Thesimilar shapeof thecorrelationgs clearlyvisible, but thelargerextent
of the R,,,, functionwith respecto R,,, shouldbenotedandthedifferencein themaximumof
correlationwhichindicateghatthe R,,, correlationexceedghecoherencef the R,,,, function.
This is fully in accordancevith the analysisin the previous section. Of fundamentalmpor-
tancearethe differencesn thefine structureif the correlationis consideredasa function of
thetemporaldelayandthe structuredependentorvectionvelocity highlightedquantitatvely
in figure6.17to figure6.19 Only aline of the dataextractedfrom the two-dimensionator
relationfunctionsalongthe z-coordinatethroughthe maximumof correlationis shovn here.
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FIGURE 6.17: One-dimensionakpatio-temporatorrelationfunction of stream-wisevelocity fluc-
tuation R,,,, (top), the low-momentumfluctuationsin stream-wisalirectionR_,,_,, (cente) andthe
high-momentunstream-wiséluctuationsR ., (botton) measurecat y™ = 10 (left columr) and
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line, At™ = 0 dottedline, At™ = +5 dashedine). Thesymbolindicatesthe maximumof correlation
andthelegendshaws the exactpositionin wall-units.

118



6.3 Spatio-temporabuffer layer statistics

First of all it canbe seenthat the shift of the maximum (indicatedby the symbolsandthe
legend)strongly dependn the sign of the stream-wisevelocity fluctuationconsideredor
the calculationof the conditionalcorrelationandfrom the wall-distancefor all correlations.
This becomeglearasstructuresvhosevelocity is largerthanthe meanvelocity aretravelling
faster Secondlyit turnsout that the heightof the conditionalcorrelationsis alwayslower
thanthe correlationsbasedon all fluctuations. Finally, it shouldbe notedby comparingthe
valuesin the legendthatthe movementof high-speedstructuregowardsand away from the
wall differsto alargeextent. Sincethedistancebetweereachof a pair of measuremerglanes
was 10 wall-units, it is possibleto obtaininformation aboutthe extensionof the structures
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FIGURE 6.18: One-dimensionaspatio-temporatorrelationfunction of wall-normalvelocity fluctua-
tion R,, (top), andcorrelationsof wall-normalfluctuationextractedin regionswith . < 0 (cente) and
u > 0 (botton) measuredty™ = 10 (left columr) andy™ = 20 (right columr) anddifferenttime de-
lays betweenra pair of measurement&\t*™ = —5 solid line, At* = 0 dottedline, At™ = +5 dashed
line). The symbolindicatesthe maximumof correlationandthe legendshaws the exact positionin
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6 Investigationof thexz-plane

in wall-normaldirection,if the caseis consideredvhereboth measurementsereperformed
simultaneously The anglea; indicatesthe inclination of the dominantflow structuresbe-
tweeny™ &~ 10 — 20 anda, betweeny™ =~ 20 — 30. Theanglescalculatedrom the primary
correlationsarein goodagreementvith the obsenation of otherauthors.However, whenthe
wall-normalextent of flow structuresvhich areassociateavith the productionof turbulence
areconsideredit turnsoutthatthe anglesassociatedavith Q4 eventsarein generaluitelarge
with respecto theanglesassociateavith low-speedstreaksmoving away from thewall. An-
otherinterestingfeatureis the factthatthe anglesincreasesvhenthe wall distancebecomes
larger This resultcanbe explainedby the strongvelocity gradientsin wall boundedflows.
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FIGURE 6.19: One-dimensionaspatio-temporatross-correlatiofiunction of stream-wisewith wall-

normalvelocityfluctuationR,,, (top), correlationof negative stream-wisevith wall-normalfluctuation
Ry)(—u) (cente) andcorrelationsof positive stream-wisavith wall-normalfluctuation R,y (bot-

tom) measureaty™ = 10 (left column andy™ = 20 (right column) anddifferenttime delaysbetween
a pair of measurementéAt™ = —5 solid line, At™ = 0 dottedline, Att = +5 dashedine). The
symbolindicatesthe maximumof correlationandthelegendshavs the exact positionin wall-units.
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6.4 Propertieof coherentelocity structures

TABLE 6.5: Extension of the

Correlation a; [deg] as [deg] | Correlation o [deg] structuresin wall-normal direc.

R(u)(u) 8.88 19.6 R(v)(u) 21.0 tion
R(,u)(,u) 11.5 19.0 R(v)(fu) 10.5
Rywiw 663 266 | Ruysu 26.6

It shouldbe emphasisedhat the angles,calculatedhere,representhe structuralfeatureof
dominantcoherentvelocity structuresn contrastto the resultspresentedn table 6.3 which
show theaverageanglescalculatedrom all structureseingpresenin theflow.

6.4 Properties of coherent velocity structures

In this sectionthe dominantcoherenflow structureseingpresenin the buffer-layerwill be
investigatedn detail. Of primary interestis their size and shape their significancefor the
productionof turbulenceand their mutual interaction. In the first part of the investigation
flow structureswill be consideredvhich canbelabelledasdominantdueto their occurrence.
Thereafter flow structuresare examinedthat canbe characteriseés dominantdueto their
large amplitudein the Reynoldsstresscomponent-puw. It shouldbe notedthatthesepartic-
ular structuresio not occurfrequently accordingto figure 6.20wherethe probability density
function of the Reynolds stresscomponent—puv measuredat y™ = 20 is displayed(left).
Furthermore,it can be seenfrom the uvPDF(uv) distribution in the right figure that their
contrikbution to the total productionof turbulenceis quite smallcomparedvith the structures
which are dominantwith respectto their occurrence.However, thesevelocity fields repre-
sentgeneralfeatureswhich canbe frequentlyobsened even whenthe peakintensity of the
Reynoldsshearstresss usuallylower.
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FIGURE 6.20: Distribution of the Reynoldsshearstressuv(y™ = 20) (left) anduvPDF(uw) (right).

6.4.1 Low-speed streaks

Low-speedstreaksarethemoststriking structuresn thenearwall regionbetweeny™ ~ 5 and
y* & 40 — 50 which canbeclearlyobseredin zz-planescloseto thewall [58, 38,44]. They
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6 Investigationof thexz-plane

appeamaselongatedandtwistedlow-speedegions,sometimes 000wall-unitsin lengthand
on average30 wall-unitsin width, with a span-wiseperiodicity of about100 wall-units. The
dependencen the Reynolds numberaccordingto [25] andthe exact wall distanceis still a
point of discussion.It hasbeenassumedhathairpin-vorticesinducetheselow-speedegion
betweertheinclined legswhile they aretravelling downstreambut a corvincing experimen-
tal proofis still missing[46]. Someauthors[7, 54] proposedhatthe low-speedstreaksare
generatedetweenpairsof relatvely weak, but highly elongatedstream-wisevortices,sim-
ilar to the legs of the hairpin model, but the existenceof thesevorticesis still an openand
controversialquestion[94, 44]. Otherauthorsassumehatthe streakamight originatefrom a
weakvertical oscillationof thefluid layerswhich producesstrongoscillationsin stream-wise
direction[66]. However, agenerahgreemenbasednthe experimentabndnumericalkresults
could not be achieved [14]. From flow visualisationexperimentsit is evident that the low-
speedstreakglay adominantrole in a sequencef eventsreferredto asburstingphenomena.
Kline obsenedin the nearwall region of a turbulentboundaryayerthatextendedow-speed
flow structuresyhich move away from thewall, startto oscillateandburstfinally aftera cer
tain life time into smallscaleturbulence[58]. Theburstingof theseow-speedstructuresnay
be relatedto an inflectionalinstability which is going to develop in the low-speedregions.
This Kelvin-Helmholtzinstability may causean ejectionof local vorticesabove the streaks
which is associatedavith the productionof turbulence. However, anotherexplanationis that
the ejectionof low-speediluid from thewall is associatedavith flow structuresvhich transfer
momentuntowardsthewall (sweep®r inrushburstg, locateddirectly upstreanof theregion
wherethe ejectiontakesplace[84]. The connectionbetweenthe burstingphenomenomear
thewall andthelarge scalemotionin the outerpartis oneof thekey questionsin thevertical
plane thefootprint of the sweep-streakiteractionwould appealasa nearwall sheaflayeras
discussedbove, but of smallerextentin bothwall-normalandstream-wiselirections.From
whathasbeensaid,it is obviousthatthereality andrelevanceof the proposednodelsrequire
detailedexperimentainformationof thespatio-temporalow structuran thenearwall region.
Figure6.21 shaws two characteristioselocity fields measuredn the zz-planeat y™ = 10.

The flow directionis from left to right andthe local meanvelocity U is subtractedrom the
instantaneouselocity field U to displaythe turbulentvelocity fluctuationsu = U — U and
w. Predominanstructuresarethe elongatedlow regionsthat corvectdownstreamwith ap-
proximatelyhalf thelocal meanvelocity, indicatedby thevectorsgoingfromright to left. The
shape extent and span-wiseseparatiorof theseslightly tilted flow regionsis in quantitatve
agreementvith the literature[86], but it shouldbe notedthatthe instantaneousaluesof the
geometricalpropertiescan deviate strongly from the averagedones,presentedn figure 6.6.
Thewidth of the structuresrisible in figure 6.21for examplevariesbetweer20 and100wall
units,but alsobroaderstreakscanbefound. Anotherimportantpropertyof the streakds their
extent in wall-normal direction as the statisticalvariation of their heightis responsibleor
theincreasingseparatioron averagebetweernthe streakswith increasingwall distance.This
canbeconcludedrom the velocity fieldsin figure 6.22which weremeasuregimultaneously
with thevectorfieldspresentedn figure6.21butaty™ = 20. Firstof all, it is obviousthatthe
strongvariationof the streak-widthvanishesWhereaghesmallonesin bothfiguresconsere
their geometricalpropertieso a large extent, the width of the streaklocatedat z* ~ 150 in
the top imagebecomesmallerwith increasingwall distance.This is in agreemenwith the
resultspresentedn 6.7. The lowerimageon the otherhandnicely shavs thatthe length of
theseflow regionsseemdo decreasaswell with increasingwall distance.However, asthe
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FIGURE 6.21: Velocity fluctuationsmeasuredty™ = 10.

streakswhich appearseparateih stream-wisalirectionaty*™ = 20 belongto the samestreak
visible aty™ = 10, the decreasindengthof thesestructurescanbe considerecasan artefact
relatedto the statisticalvariationof their height. Whenthe dynamicof the streakss investi-
gatedjt turnsoutthatthesestructuregendto move away from thewall, which canbededuced
from the out-of-planemotion (blue contoursdenotea motion away from thewall v > 0 and
redtowardsthewall v < 0). It is clearthatthis procesds associatedavith the productionof
turbulenceaccordingto the Reynoldsequationasry, = —puv becomegositive on average.
Howeverit isimportantto notetheextentof this verticalmotionis usuallysignificantlyshorter
thanthetotallengthof thelow-speedstreaksatthesamey-value. Thisis in agreementvith the
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FIGURE 6.22: Velocity fluctuationsmeasureaty™ = 20 (red v < 0; blue v > 0).

R,, correlationin figure 6.8 and6.9 andimpliesthatno pairsof stream-wiseountefrotating
vorticesflank thelow-speedegionsovertheirtotal length,asproposedy someauthorg54].
Otherwise pnewould expectto detecta signchangean the out-of-planemotionon bothsides
of the streak=or atleastalarge v variationover the lengthof the streaks.

6.4.2 Sweeps

The productionof turbulencecausedby the lifting of the low-speedstreaksis one of the
basicprocessesdentifiedin nearwall turbulenceasalreadymentioned.However, dueto the

124



6.4 Propertieof coherentelocity structures

O 0 I e e e o B e e
i I T T T T e e e i SEREIITERR

250 [ :

\\\\

E : SRR
L . \
200 355 \\\\ \\\k\ o
T “;\’i’\'\' \ \\ N
g =20 ji0

w)w W i

7t 150 |
100 F
50 [
O’mm\mm\w\mmm\mm\mm\www\m\m\mmm\ww\mmMmmmm\w\mmm\ww\mm\w\mmmhmmmmh
0 50 100 150 200 250 300 350 400 450 500 550
0L e e e
250 L
G A aaaaaaaaa
200 £
Z+ 150 5 \:::‘:\:\\\\\\

Y
..
R \\\\x\\\\\\
‘\‘\\\ \\\\\\ NN R NN
\ NN
N \\\\\x\
== \\\\\\\\\ PLLERERRNNN
v \\ Hhun\ununuuuun
A ",, m::m::::::“:::::;:““w-m
§H i L /V///// L A R R L L T PSSR
i I P eess //””//nuuHuuuuuum.,
0 S O O A O i
0 50 100 150 200 250 300 350 400 450 500 550
X"

FIGURE 6.23: Velocity fluctuationsmeasuredty™ = 10.

complity of the turbulent motion and the limitations of the measurementechniquegshe

causeanddynamicis still the subjectof controversialdiscussionsin orderto investigatethis

exchangeprocesses detail, theinteractionof the streakswith the surroundingfluid will be

investigatednext. Especiallythe interactionregardingthe high momentumflow structures
which move towardsthewall will be consideredasonly thesepossesshe enegy requiredto

altertheturbulencestructureof theflow field effectively.

It is evidentthatthe high-momentunflow structuresnustbevisible in nearlyeachveloc-
ity field in orderto compensatéhe low-momentummovementof the streaksput in contrast
to the low-speedstreaksthe variety of thesestructureds muchlarger Usually they appear
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FIGURE 6.24: Sameasfigure6.23but measuredty™ = 20 (red v < 0; blue v > 0).

lesselongatedcandbroaderthanthe low-speedegionsbecauseheseflow structuresoriginate
statisticallyfrom flow regionswhich arefurtheraway from thewall, seesection5.4. Thiscan
beestimatedrom the signof thewall-normalvelocity componentvhichis representedly the
contoursin figure6.22. At 4y ~ 10 thesehigh momentunstructuredook sometimesimilar
to the streakswith regardto sizeandshapeaccordingto figure 6.21 but morefrequentlythey
resemblesmallelliptically shapedslands,approximatel\200wall unitsin lengthandroughly
50to 100wall-unitsin width accordingo figure6.23 It canbe seerfrom the out-of-planeve-
locity componentdisplayedn figure 6.24, thatthesestructureswhich arelabelledassweeps,
transfermomentumtowardsthe wall. Thus,thesestructuresare statisticallyrepresentedby
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FIGURE 6.25: Velocity fluctuationsmeasuredat y ™ = 20 (top) and Reynolds stresscomponentuw
(botton).

the correlationsshown in figure 6.8. If sucha structuremovestowardsa low-speedstreak,as
visible in figure 6.24 for example,an interactiontakes placeandpartsof the streakswhich
aredirectly affectedby the sweepsareforcedto move away from the wall dueto continuity
(seeblueregionin ellipse). On average this processs representedy the spatialcorrelation
functionsshowvn in figure6.10to 6.12. However, it canbeseerfrom thesampleshowvnin fig-
ure 6.24thatthe effect on the streakss quite smallin the presentase.This canbe explained
by thefactthatthemomentumis insufficientto createastronglifting of thestreak.Figure6.25
shows the sameinteractionbut the momentumtransferredoy the sweepss muchlarger. In
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FIGURE 6.26: Velocity fluctuationsmeasuregimultaneoushaty™ = 20 (top) andy™ = 10.

effect, the streaksmove away from the wall, indicatedby the blue contours,andit is visi-
ble from the lowerimagethatthis is associateavith the productionof Reynoldssheasstress
(dashedinesindicateuv < 0). Though,it shouldbe notedthatthe productionof Reynolds
shearstressinducedby the sweepss quite large as canbe estimatedrom regionsdenoted
by Q4 in the lower contourplot. Basedon this experimentalresultit canbe concludedhat,
in generalthelifting of low-speedstreakscanbe consideredisa secondarynotionwhichis
inducedby aninteractionbetweenra low-speedstreakwith a sweepandthe sizeandstrength
of theregion, which movesaway from thewall, is relatedto the momentunof the sweep.In
additionit canbestatedthatthelifting of low-speedluid into highermomentunflow regions
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6.4 Propertieof coherentelocity structures

is accompaniedy two weak stream-wisevorticesbecausery local motion away from the
wall is associatedvith a stream-wisevortex pair, but thesevorticesare producedocally and
cannot beconsideredsprimaryvortex structuresThe similar stream-wisextentof sweeps
andregions of significantoutward motion supportsthis conjecture. The averagelength of
thesevorticescanbe estimatedrom figure6.10t0 6.12.

Anothereffect associateavith the movementof the sweepss the creationof counterro-
tatingvortex pairs,asindicatedby theredandbluecirclesin figure6.25. Firstof all, it should
be notedthatthesestructuresaredifferentfrom the vortex modelspresentedn thefigure 1.3
asthesevortical structurepump high-speedluid towardsthe wall andnot low-speedaway
asimplied by the vortex modelson page6. Besides,t seemdikely that thesevorticesare
generatedvhenthe sweepsnteractdirectly with thelow-speedegions. Anotherremarkable
effectwhich canbe obsenedquitefrequentlyis the generatiorof hairpinlik e structuresvhen
asweepinteractsdirectly with the backof a streak,seeredcirclesin figure 6.26for example.
However, it canbe seenfrom the lower imageof the samefigure that thesevorticesdo not
extendinto thenearwall regiondownto y™ = 10 in thepresentase.lt canbespeculatedhat
this might be relatedto the strengthof the sweepor thatthe sweepstreakinteractiondid not
lastlong enoughatthetime theimagewasacquiredto form a clearvortex pair.

6.4.3 Ejection

Figure6.27doesnotrevealary extendedstreakpatternbut theintensityof theReynoldsstress
componenis very largeascanbeestimatedrom thelowerimage.However, by visualinspec-
tion of thevelocityfield it canbeseerthattheregionsof strongproductionareassociatedvith
counterrotatingvortex pairs,denotedoy the circles,whichindicatethe presencef a hairpin
like structures[44]. Moreover it seemghatthesestructuresare corvectingasa packageas
describedn [112]. It shouldbe keptin mind that accordingto figure 6.20 the occurrence
of sucharrangementsf hairpin like structuress very low in the nearwall region asonly a
minority of thefluctuationsexhibits anintensitywhichis typically associateavith suchstruc-
tures. Figure6.28showvs anothermair of velocity fields measuresgimultaneoushat y* = 20
(top) and10. Clearlyvisible arethe differentstructuresliscusse@bove andtheir interaction.
In this representatiothe vortical flow structuresareinclinedin stream-wisedirectionasthe
structuresn the lower representatiomppearslightly upstreamwith respecto the resultsin
theupperimage.Sincethe positionandintensitymay beaffectedby the particularcorvection
velocity subtractedthe wall-normalvorticity componentu, is shavn in figure6.29for both
casesgalculatedrom theinstantaneouselocity fields. Whereaghe shealayersbeneaththe
streaksappearclearly in this representatiornthe vorticesare lesspronounced.However, the
relatively sudderchangen thevorticity componenatthebeginningof astreakmightindicate
thepresencef hairpinlik e structures.

In thelastdecade®f thepreviouscentury detailedhotwire investigationsvereperformed
in orderto obtainquantitatve informationaboutthe burstingphenomenaBy usingdifferent
patternrecognitiontechniquesmentionedon page90, a quite regular normalisedvelocity
signal could be extractedand it was assumedhat this patternis the signatureof a coher
entstructurewhich is associateavith the burstingphenomen#102). In the nearwall region
belov y™ = 30 the patterncould be obsened in nearly 65 % of the total samplesand by
analysingthe individual velocity signalit wasfoundthatthe lengthof the patternvariedover
gquiteawide range(1:25). To identify the structuresvhich areresponsibldor the characteris-
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6 Investigationof thexz-plane
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FIGURE 6.27: Velocity fluctuationsmeasuredat y™ = 20 (top) and Reynolds stresscomponentuw
(botton).

tic velocity pattern thevelocity structureof the PIV measurements analysedn stream-wise
directionfor variousspan-wisdocations.For the comparisorit is importantto keepin mind
thatin the PIV experimentthe spatialvariationof the velocity is considerecht a fixed time
while the time signalof the velocity is consideredat a fixed point in the hot wire investiga-
tion. Theleft imageof figure 6.30shavs threetypical instantaneousignalsof the u-velocity
componenwhich nicely matcheswith the ensembleaveragedpatterndeducedrom the hot
wire measurementsThe signalswere extractedfrom figure 6.28 alongthe red lines located
at z* = 70, 120 and 220. It canbe clearly seenthat the characteristioselocity patternis
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FIGURE 6.28: Velocity fluctuationsmeasuresgimultaneoushaty™ = 30 (top) andy™ = 20.

directly associateavith the low-speedstreaks.As theseflow structuresappearfrequentlyin
the nearwall region accordingto figure 6.21to 6.30, the high detectionratein the hot wire
resultsis not surprisingandalsothe strongvariationof the patternlengthcanbe explained.
The maximumlengthis givenby the extensionof the streakswhich canbelongerthan1000
wall-units,andthe lower limit of the lengthappearsvhenonly the cross-sectiomf a narrav
streakcorvectsalongthe probe. Sincethe streaksareonly slightly twisted,the projectionof
thewidth of the cross-sectiolin stream-wisalirectionis the relevantparametefor the lower
limit of the patternlength. As the minimumwidth is approximately30 wall units, according
to section6.2.2,andthe maximumanglebetweenthe stream-wisecoordinateandthe streak
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FIGURE 6.29: Vorticity fluctuationcalculatedrom figure 6.28.

is approximatelyt5°, accordingto the previousfigures,the projectionof the cross-sectioin
stream-wisalirectionis roughly 42 wall-units. Thus,the variationof the lengthcanbe esti-
matedto 1000/42 = 24 which nicely correspondsvith the resultdeducedrom the hot wire
investigation.However, in contrasto the hot wire results the maximumof the graphsshavn
in theleft imageof figure 6.30alwaysappear®n theleft handsidefrom the minimumwhile
in the resultspresentedn [102] the maximumappearon the right handside. This canbe
explainedby the differentrepresentationa/Vhile in [102] the patternis displayedagainsithe
time andhereagainsthe spatialcoordinateasmalltimein [102] correspondo alargedown-
streamposition. Sowhenthetime axis of the hot wire resultsis reversedfor comparisonthe
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FIGURE 6.30: Profilesof 4™ andv™ velocity componentslongredlinesin figure6.28.

functionaldependencef the graphsagreesiicely. Fromtheanalysisof the velocity fieldsin
thissection|t hasalreadybeenseernthatthe productionof turbulences quiteoftenassociated
with the streaks. Neverthelessit is obvious that the velocity pattern,showvn in figure 6.30,
canbe only consideredas a necessargonditionfor the productionof turbulenceby means
of low-speedstreaks. This becomesvident whenthe variationof the wall-normalvelocity
componentshown in the right imageof figure 6.30,is comparedwith the left image. From
the sign of the fluctuationsit canbe estimatedhata significantamountof turbulenceis only
producedn caseof the graphswith the circularandsquaredgsymbolsasonly in this casethe
wall-normal velocity components positive while the stream-wisevelocity is negative. At
the endof this chapterit shouldbe mentionecthatthe interpretationof the resultspresented
in figure 6.30requiresthatthe flow structureskeeptheir spatialorganisatiorwhile travelling
down-stream.Thevalidity of this assumptionywhich is calledfrozenpatternhypothesiswill
beprovenin thenext chapter
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7/ Investigation of the yz-plane

The interpretationof the resultspresentedn figure 6.30 on page133 wasbasedon the as-
sumptionthatthe spatialvariationof theinstantaneouturbulentvelocity signalu(z, y) canbe
transformednto atime dependentelocity signalu(y, t) atafixedpointaccordingio

Qu_ _10u (7.1)

ox U ot
It is obvious that this so called Taylor hypothesigs certainly valid whenthe local corvec-
tion velocity U is largerelative to the turbulentfluctuationsu. However, the statisticalresults
shawn in figure 5.3 on page77 indicatethat the maximumof the non-dimensionastream-
wise velocity fluctuationis around3 at y* =~ 15 andthe averagevelocity is roughly 10 at
the samewall locationaccordingto figure 5.2. Although the ratio betweenboth valuesis
only 0.3 atthe measuremeribcationwherefigure 6.30wasrecordedfurther evidenceis re-
quiredto justify theassumptiomadebecaust is notevidentthatU is thecorrectcorvection
velocity of the flow structures.For this reasonthe dependeng of the spatio-temporatorre-
lations of the velocity fluctuationswill be investigatedn this chapter In addition, various
spatialcorrelationandcross-correlatiorfiunctionsof the velocity fluctuationswill be investi-
gatedto validatethe conceptgproposedn chaptel6 to explain the turbulentmixing by means
of coherentstructures.Furthermorethe dimensionsof the sheatlayersin the yz-planewill
be consideredandthe characteristideaturesof the stream-wisevorticeswill be examinedas
well astheir significancefor the turbulentmixing. This is of greatinterestaspointedout in
theintroduction,becauset is generallyassumedhatthesevorticesplay a dominantrole for
the momentumexchangein wall boundedflows, asindicatedin figure 1.3. This work can
be seenasa completionof the corventionalPIV investigationdescribedn [13] andthe flow
visualisationdescribedn [28]. Hereonly the mainresultswill beanalysedn detail. The ad-
ditionalinformationpresentedh thefollowing maysene for comparisorwith the predictions
of fundamentaturbulencemodelsandfor the validationof numericalflow simulationsin the
future.

7.1 Experimental set-up

ThemultiplanesteredPIV techniquan theconfiguratiorutilisedfor thisinvestigatiorconsists
of four pulsedNd:YAG laserdBMI) eachwith anoutputenegy of 255mJperpulseat A =532
nm, two optical benchedor the generationof independentight-sheets(one for eachstate
of polarisation),andfour Peltier cooledhigh resolutioncameragPCO)with 1280by 1024
pixel resolutionand 12 Bit dynamicrange. The schematicarrangemenbf the equipment
with respectto the test-sectioris outlinedin figure7.1 This arrangementollows directly
from the experimentalsetup,describedin section6.1, after rotating the orientationof the
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7 Investigationof theyz-plane

light-sheetby turning the cylindrical lensin the light-sheetoptic. The obsenation anglefor
eachcamerain angularimaging configurationwith Scheimpflugcorrectionis shavn in the
following table alongwith the exact positionsof the mastercameraq1 and?2 in figure 7.1)
with respecto the centreof thefield of view (all asymmetriehave beentakeninto account
for the calculationof the three velocity components). Four 180 mm lenses(Carl Zeiss)

camera x [mm] z[mm] d,[mm] « [deg]

1 -1570 1464 2143 42.9
2 -1560 -1463 2140 43.2

TABLE 7.1: Positionandobseration distanceof the mastercamerasith respecto the centreof each
field of view (meetingpoint of opticalaxis)andcorrespondingbsenrationangles.

o))

40 mm separation

(=

~86°

L)

main flow-direction

6
AN
test-section \

X

side window 5

FIGURE 7.1: Schematicet-upof therecordingsystemandlight-sheetpositionfor both experiments
(differentscales). 1-4 digital camerasb lens, 6 mirror, 7 polarisingbeam-splittercube,8 absorbing
material,a measuremenbcationfor 1stinvestigation(40 mm separatiorbetweerboth measurement
planesin stream-wisalirection),b measuremenrbcationfor 2ndinvestigation(all measuremerntosi-
tionsatthe sameocation). Differentlight ray coloursindicatedifferentstatesof polarisation.

were usedfor the measurementwith an apertureof 8 anda magnificationof 1/6 alongthe
principal axis of the lens. Due to the strongout-of-planevelocity componentas a result
of the light-sheetorientationrelative to the main flow direction, the light-sheetpairs with
equalpolarisationhave beenshiftedin stream-wisealirectionasindicatedin figure7.2 This
improvesthe signalto noiseratio, asthe loss-of-correlatiordueto unpairedparticleimagess
minimisedwithout reducingthe dynamicrangeandthe spatialresolution.Decreasing\r or
increasinghemagnificationof theimagingsystemwould reducethedynamicrangeor spatial
resolution.
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7.1 Experimentabket-up

For the evaluationof the stereo-scopiémagesthe secondorderwarpingtechniquewas
appliedagain,alongwith the calibrationvalidation proceduredescribedn section3.3. This
ensureghat the interrogationspotsfrom eachof a pair of stereo-scopiémagescorrespond
to the sameregion of the flow. The interrogationof the datawas performedwith the FFT-
basedfree shapecross-correlatioroutlined in section2.4, andfor the determinationof the
signal-peakwith sub-pidel accurag, the two-dimensionalGaussiarfit usingthe Levenbeg-
Marquardtmethodhasbeenapplied. This peakfinding methodis lesssensitve to sub-pixel
displacementsomparedvith thethreepointGaussiampeakfit, seefigure2.14andtable2.1for
details. For the calculationof the velocity vectors32 x 32 pixel interrogationwindows were
usedfor both Reynolds numberinvestigations. The bandwidthof particleimagesdisplace-
mentsvariesbetweerzeroand8 pixel (zeroand-8 for theleft camerasystemin figure7.1)for
thelight pulsedelaylistedin table7.2,andthe numberof spuriousvectorswason averagebe-
low 0.1 % by applyingthefollowing setof band-pasandgradienffilter (-3 < Az < 10 pixel;
-5 < Ay < 5pixelandAz; — Ax; 1 < 4pixel). Thebasicdetailsaboutthe recordingand
evaluationaresummarisedh table7.2.

Rey 7800 15000 [1]

Res 74000 160000 [1]

Re, 3.6 x 106 8.4 x 106 [1]

Uso 3 7 [m/g

Uy 0.121 0.263 [m/g

) 0.37 0.34 [m]

ot 3000 5980 [1]

field of view 63 x 98 63 x 98 [ mm?]

field of view 0.17x 0.26  0.19 x 0.29 [§?]

field of view 511 x 796 1107 x 1722 [Ayt x AzT]
spatialresolution 0.6 x 2.13 x 2.13  2.13 x 2.13 [ mn?]
spatialresolution 5.0 x 17.3 x 17.3 374 x 37.4 [AztAyTAz*]
pulseseparation 200 100 [p9
dynamicrange 0.3t010.8 0.6t011.8 [pixell
vectorspersample 13113 13113

numberof samples 2975 2100

TABLE 7.2: Relevantparameter$or thecharacterisationf theexperimentperformedl8 m behindthe
leadingedgeof theflat platein the yz-planeof the turbulentboundarylayerflow.

Two similar experimentshave beenperformedindependentlyn the first experimentthe
spatiallocationof all light-sheetplaneswasidenticalandthe time separatiorbetweena pair
of velocity fields beingacquiredwasvaried(seeleft plot of figure 7.2). This allows to study
thechange®f thevelocity structuresvith time. In thesecondexperimentthe time-separation
betweena pair of measuredrelocity fields was alteredas beforebut, in addition, the mea-
suremenplaneswere spatially shiftedin stream-wisedirectionby 40 mm (Az* =~ 300) as
indicatedin figure 7.1 andin theright plot of figure 7.2. Thusit waspossibleto selecta flow
patternatanupstreanpositionandto measurehe structuralchangessa functionof thespa-
tial distancebetweerthelight-sheepairsandof thetime interval betweerthetwo acquisitions
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7 Investigationof theyz-plane

of the data. As theflow structuresandtheir spatialorganisationchangewhile they aretrans-
porteddownstream the variouscorrelationvaluesyield informationabouttheir life history.

This is in someextent similar to the imageanalysisin PIV wherethe position, size, shape
andintensity of the signal-peakin the correlationdomainyield statisticalinformationabout
the sizeandshapeof the particleimagesthemselesaswell asinformationaboutthe magni-
tude,directionandhomogeneityof the displacemenof the particleensemblan betweerthe
two illuminations. The main differencelies in the factthatthe fluid mechanicatorrelations
presentedn the following are ensembleaveragescalculatedover hundredsof realizations,
whereasn PIV theensembleverages replacedy the spatialaverageof a singlerealization.
Thisimpliesthatin our casethe statisticalprocesdeadingto the fluid mechanicatorrelation
functionsmustnot necessarilyoe ergodicasrequiredfor PIV imageanalysis.
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FIGURE 7.2: Optimisedlight-sheetpositioningto reduceloss-of-correlatiordueto unpairedparticle
imagepairs,inducedby out-of-planemotion (Az = 0.5 mm). Differentlight-sheetshadingsndicate
differentstatesof polarisation.Left: Timing diagramfor measuringall component®f the space-time
correlationgensorfor Az = 0 andvariousAt. Right: Timing diagramfor measuringall components
of the space-timesorrelationgensorfor Az # 0 andvariousAt.

7.2 Statistical properties of the log-la w region

To ensurethat the experimentalarrangementvas properly alignedrelative to the flow di-
rection, the main statisticalflow propertieswere calculatedand comparedwith the results
presentedn chapter5. Thetop row of figure7.3 shows the non-dimensionameanveloc-
ity profile in linear and semi-logarithmicrepresentation.lt canbe seenthat the functional
dependencagreedairly well with the graphfrom the measurementgresentedn chapters.
This demonstrateshe accurag of the stereoscopid®lV methodbecausdahe meanstream-
wise velocity in figure 7.3 correspondso the out-of-planevelocity componenin the present
investigation. To estimatethe quality of the cameraand light-sheetalignment,the statisti-
cal propertiesof the fluctuationsin the nearwall region were calculated.The distribution of
the velocity fluctuationsu, v andw, the stream-wisevorticity w, andtwo component®f the
Reynoldsstresstensor(vw anduw) are exactly symmetricalso thata high flow quality and
very accuratealignmentof the laserandrecordingsystemcanbe assumedn the following.
Any misalignmenbf thelight-sheewith respecto thewall andmeanflow directionor incor-
rectestimateccamergpositionswould appeaiasa displacemenof the distributionsof certain
magnitudeanddirectionand,thus,indicatehow to improve the setupor to correcttheresults.
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FIGURE 7.3: Flow characteristicsUpperrow. Meanvelocity profile at Rey = 7800. Cente row: In-
tensitiesanddistribution of the velocity fluctuations.Lowerrow: Distribution of the Reynoldsstresses
andstream-wisevorticity.

Theuw distribution,ontheotherhand,is notsymmetricabndpossessesnegative mearvalue
indicatingthatturbulenceis producedon average.Slight differencedbetweerbothinvestiga-
tions canbe only obsened in the left graphof the centrerow for y* < 30. In this domain,
the maximumof the stream-wiseandwall-normalvelocity fluctuationsis lower with respect
to the referencanvestigationdueto the differentspatialresolutionin wall-normaldirection.
However, for y* > 30 the valuesnicely matchapartfrom the w componenbf the velocity
fluctuationwhichis slightly underestimateah the zy-investigation.This canbe explainedby
thefactthatthe out-of-planemotionin the zy-investigationis quite smallreferringto thein-
planemotionin contrasto theyz-investigation.Thisis supportedy thehot-wirecomparison
shown in figure 5.3 on page77. It canbe seenthatthe PIV resultsmatchwith the hot-wire
investigationdor thew andv componentvhile a slight systematiadeviation canbe obsened
in caseof the w componentHowever, it shouldbe mentionedhatthis systematiaifference

139



7 Investigationof theyz-plane

L L L L L O L L L L L
0 100 200 300 400 500 0 200 400 600 800 1000

0 100 200 300 400 500 0 200 400 600 800 1000

2 L— ‘ ‘ ‘ 2 L— ‘ ‘ ‘ ‘
0 100 200 300 400 500 0O 200 400 600 800 1000
y++Ay+ y++Ay+

FIGURE 7.4: Primarytwo-point correlationsmeasuredat Rey = 7800 (left) and 15000(right) and
comparisorwith resultsfrom zy-investigation(lopaquesymbols).

doesnot affect the calculationof the correlationsat all. Figure7.4 shows the dependencef

the primary correlationson the locationof the fixed pointfor Rey = 7800 (left column)and
Rey = 15000 (right column)in comparisorwith the resultspresentedn chapter5 (opaque
symbols).Generallyit canbe seenthatthe agreemenis very good,althoughthe locationof

the fixed point is not exactly identicaldueto the differentgrid appliedfor the calculationof

the velocity vectors. Thus, it canbe concludedthat the measuremertechniques very reli-

ableevenif the orientationof the measurementlaneis normalwith regardto the mainflow

direction. Basedon this resultvariouscorrelationswill be presentedhn thefollowing in order
to completetheresultspresentedhn the previouschapters.
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7.2 Statisticalpropertieof thelog-law region

7.2.1 Spatial correlations with Az =0

Thefollowing sequenc®f figuresrevealsfor Rey = 7800 the threeprimary correlationsof
thevelocity fluctuationgfor variouswall distance®f thefixedpointasindicatedit thecaption
or by the location of the maximum. The distancebetweenthe contourlevelsis 0.05 and
the solid lines indicatea positive correlationvalue. Clearly visible is the differentsize and
shapeof the correlationsandthe variationwith the wall distance.While the R, (y*,y* +
Ay™, Az™1) correlation,shavn in figure 7.5 is nearlycircularin shapefor y* > 100, thesize
of the correlationmeasuredty* = 30 (upperleft plot) decreasegquite rapidly in span-wise
direction. The extentionin wall-normaldirectionon the otherhandmeasureseveralhundred
wall-units. Theshortwidth of thecorrelationin z*-directionimpliestherelationwith thenear
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FIGURE 7.5: Ry.(y™,y" + Ay™,Az") correlationmeasuredat y*+ = 30,50, 100, 200, 300, 400
(upperleft to lower right).
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7 Investigationof theyz-plane

wall structurepresentedh thepreviouschapterandthe R, (v, y "+ Ay, Az*) correlation,
shown in the upperleft imageof figure 7.6, indicatesthe spatialextent of the dominantflow
structureswvhich aremoving towardsandaway from the wall. With increasingwall distance
from the fixed point, the correlationsincreasein size but it shouldbe notedthat the total
sizeis alwaysbelow the size of the R,,,, correlation. Whenthe R,,,,(y*,y* + Ayt, Az™)
correlationin figure 7.7is consideredit canbeconcludedhatthevariousprimarycorrelations
arealwaysstretchedn thedirectionof thevelocity fluctuation.However, thedimensiorof the
stretchingwhich is relatedto the region wherea correlatedmotion canbe obsened s quite
different. Anotherinterestingfeatureis the butterfly shapeof the R,,,, correlation,especially
for y* < 50. Thefactthatthe correlationis further away from the wall with increasing 2|
indicatesthat the influenceof a span-wisemotionbeingpresentat y* = 30, for example,is
quite limited. This might be relatedto the factthatthe span-wisemotionis restrictedby the

500

500

T T
+
Ry (y'=30)
400 - 400 -
+ > 300 - 300 -
<
+F
> 200 200 -
100 + 100 +
—400 -300 -200 -100 0 100 200 300 400 —-400 -300 -200 -100 0 100 200 300 400
500 T T 500 T
+_ =
R, (y'=50) R (y'=300)
400 - 400 -
+ > 300 300 -
(|
+F
> 200+ 200
100 100 +
O L L L L L 0 L L L L L L L
—400 -300 -200 -100 0 100 200 300 400 —400 -300 -200 -100 0 100 200 300 400
500 T T 500 T
+ +
R,, (y'=100) R,, (y'=400)
400 - 400 -
+ > 300 - 300 -
<
++
>~ 200+ 200 -
¥
-0.048
100 |- 100 |-
®
U L L L L L L L O 70017 L L L L L L L
—400 -300 -200 -100 0 100 200 300 400 —400 -300 -200 -100 0 100 200 300 400
+ +
Az Az

FIGURE 7.6: Ry, (yT,yT + Ay™, Az) correlationmeasuredty™ = 30, 50, 100, 200, 300, 400.

142



y++ A y+

500

7.2 Statisticalpropertieof thelog-law region

400 -

300 -

500 T T T T T T T

e

+ L
> 300
<
+t
> 200+
100 -
O L L 0 L
—400 -300 -200 -100 100 200 300 400 —400 -300 -200 -100 0 100 200 300 400
500 T T 500 T T
+ +
Rw(y'=100) Ruw(y =400)
400 - 400 -
+ L
> 300
<
+t
> 200
100

I I I I I
—-100 0 100 200 300 400

Val

I 1 I I I I 0 I I
=200 -100 0 100 200 300 400 —400 -300 =200

I
—300

0
—400

FIGURE 7.7: Ryw(yT,yt + Ayt, AzT) correlationmeasuredty™ = 30, 50, 100, 200, 300, 400.

presencef the streakswhich areattachedo the wall accordingto the section6.4. However,
aty* = 100 thesituationis reversed.In this casethe correlationfunctiondropsdown to zero
with y* — 0 atz* = 0 but for larger |z | a significantcorrelationwith the nearwall motion
canbefound.

7.2.2 Spatial cross-correlations with Az =0

The left columnin figure7.8 shavs the R, cross-correlatiofunction measuredat y*
30, 50, 100 (top to bottom)with thev componentixedwhile theu signalwasshiftedin they

andz directions.Theright columnrevealsthe oppositecasewherethew componentvasfixed
while v wasshifted. The negative sign of the cross-correlationgepresentedby the dashed
lines,indicatesagainthatthetransportof relatively low-momentunfluid outwardinto higher
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speedegions(u < 0 andv > 0) andthe movementof high-momentuniluid towardthe wall
into lower speedregions(u > 0 andv < 0) arethe predominaniprocesses the nearwall
region. In additionit canbe seenfrom the differentsize of the correlationfunctionsthatin
the left casethe region, wherea correlatedmotion betweenboth velocity componentsan
be obsered, is significantlylarger with respecto the caseshown in the right column. This
impliesthatthewall-normalmotionis stronglyaffectedby the stream-wisdluctuationswhile
the effect of the wall-normalfluctuationson the stream-wisanotion is quite limited. This
is evidentfrom the equationof motionwhich statesghatthe enegy from the meanmotionis
transferrednto thestream-wisdluctuationatfirst beforeatransfernto thev andw component
takesplace.In addition,it becomewisible from thelocationof themaximumin figure7.8that
in thecasewherethewv components fixed,themaximumof correlationappearstlargerwall
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distancewith respecto thelocationof thefixedpoint, while in thecasewvheretheu component
wasfixedthe maximumoccurscloserto thewall. The samebehaiour canbe obseredwhen
the cross-correlatiorbetweenthe wall-normal and span-wisecomponentof the velocity is
considered.The left columnin figure7.9 displaysthe R,,, correlationfunction measuredt
y* = 30,50, 100 (top to bottom). Herethe v componenwasfixed while w was shiftedin
the two homogeneoudirectionsandthe right columnrevealsthe oppositecasewherethe w
componentwasfixedwhile v wasshifted. It canbeseerthatthestructuregpresentedh theleft
columnarelargerfor all wall locations. In addition,a significantchangen the organisation
of the correlationcan be obsered whenthe location of the fixed point is altered. In case
of the correlationpresentedn the right columnthe structuralfeaturesremainconstantwith
increasingvall distanceandonly thesizevaries.Thevalueof the maximumis comparabldor
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7 Investigationof theyz-plane

all cross-correlationdn orderto examinethe dynamicalpropertiesof theflow representetly
the correlationsn theleft column,a positive span-wisevelocity fluctuationwhich is located
at the fixed point will be assumedirst. It canbe seenfrom the sign of the correlationthat
positive w fluctuationinducesaverticalmotiontowardsthewall, whichis locatedupstreanof
the horizontalvelocity structure(negative z values),anda motionaway from thewall located
downstreamof the coherentstructure. The argumentationcan be reversedwhen a motion
with w < 0 is considered. At larger wall distanceit canbe deducedrom the secondary
peaksnearthe wall that a horizontalmotion in positive z direction(w > 0) inducesalsoa
quite local downstreammotion, but the location of this coherentmotion is relatively close
to the location of the fixed point with respectto the position wherean upward motion can
be obsered. In addition, it canbe concludedfrom the increasingheightof the correlation
valuethatthe coherenceof this nearwall motionincreasesf the locationof the fixed point
is fartheraway from thewall. Whenthe correlationsshown in theright columnof figure 7.9
areanalysedn the sameway;, it canbe seenthata verticalmotion at the fixed point location
with v > 0 inducesa horizontalmotiontowardsAz™ = 0 in the nearwall region andaway
from the centreat higherwall locations. A vertical motion towardsthe wall, on the other
hand,inducesa horizontalmotionaway from thecentrelineat Az* = 0 dueto continuity. As
the correlationgdo not allow to differentiatebetweerprimary andsecondarynotionit is also
concevableto interpretetheresultsin a differentway. For example,it canalsobe statedthat
ahorizontalmotiontowardsthe centrelinenducesa verticalmotionaway from thewall atthe
locationof thefixedpoint. Thisargumentatiorwasusuallyappliedfor theinterpretatiorof the
resultsn chaptel6. Thebasidfor thisinterpretations theassumptiothatthekineticenegy of
theverticalmotionis notsufficientto altertheturbulencestructureto alarge extent,especially
nearthewall. This canbe deducedrom the rms-profilesshavn in figure 7.3. Anyway, the
threedimensionakize,shapeandinteractionof theflow structuress now fully determinedf
theresultspresentedn chapters and6 aretakeninto account.

7.3 Spatio-temporal correlations with Az =0

To examinethe dynamicalaspectf the organisedflow structuresthe temporalevolution
of the primary correlationsas a function of the wall-normal coordinatey® andtime delay
Att = tu?/v will be analysedn the following. It might be arguedthatit is easierto per
form suchan analysiswhenthe orientationof the measuremerplaneis parallelto the main
flow direction. However, it shouldbe keptin mind thatdueto the small size of the correla-
tionsin span-wisedirectionthe resultsmay be strongly biasedif the measuremenplaneis
not perfectlyalignedwith respecto maximumof the correlationin physicalspacepr, if the
3D correlationis slightly tilted in span-wisalirectiondueto thelimited numberof samples,
for example. Both effects can be avoided by using the experimentalconfigurationapplied
here. To obtaincorrectresultsa two-dimensionatorrelationwascalculatedrom which two
orthogonallines beingparallelto the coordinateaxis were extracted,andthe locationof the
globalmaximumwasusedto determingheintersectiorpoint of thelinesto be extracted(the
one-dimensionatorrelationfunction dependson the coordinatesof the points from which
the valuesare taken from the four-dimensionalcorrelationfunction). For the calculationof
the two-dimensionakorrelationfunctionsa line at a particularwall locationwas extracted
from the measuremerdcquiredat time ¢ andcorrelatedwith the resultmeasuredt¢ + At.
The distancebetweenboth measuremenplanesis zeroin orderto studythe cornvective de-
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7.3 Spatio-temporatorrelationswith Az = 0

cay of the flow structures.Figure7.10andfigure7.11reveal the primary correlationsmea-
suredat Rey = 7800 andfigure7.12andfigure7.13 show the correspondingesultsfor the
Rey = 15000 investigation.Clearlyvisible is the differentsizeandshapeof the correlations
andthevariationsin thetemporaldecay Dueto the differentsizeof the correlationfunctions
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FIGURE 7.10: Ry, (left) and R, (right) correlationfunctionsmeasuredt Rey = 7800 andy™ =
20, 30, 50, 100, 200, 300, 400 (seelocationof themaximum).
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7 Investigationof theyz-plane

in stream-wisalirectionaccordingto section5.3.2it is evidentthatthe maximumof R,, de-
creasegjuite rapidly with increasingtemporaldelay and vanishesalreadyfor At* = 10 at
Rey = 7800 while the othercorrelationsstill showv a significantcorrelationwhich is above
0.6for R,, andaround0.4in caseof R,,. Anotherinterestingeffect becomegisible when
the correlationfunctionsin the nearwall region are considered.lt canbe seenthatthe R,,
and R,,, correlationsdecreasejuite rapidly with respecto R,, andrelative to the decrease
of the correlationfunction at larger wall locationsof the fixed point. This impliesthatstruc-
tural changeswithin the nearwall region are quite large. Whenthe width of the correlation
andthe curvaturearoundthe maximumareconsideredthetotal sizedecreasesnly very little
with increasingemporalseparatiorbut the curvatureof the maximumbecomesvealer. This
indicateghedissipationof the small-scaleslueto actionof theviscosity Thelarge-scalespn
theotherhand,areonly weaklyaffectedwithin the sametime. Thisimpliesthatthe structures
which becomevisible for large time separationgan be consideredas a low-passrepresen-
tation of the dominantvelocity structures.This point will be discussedn the next section.
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7800 andy™ = 20, 30, 50, 100, 200, 300, 400 (seelocationof the maximum).
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7.3 Spatio-temporatorrelationswith Az = 0

To estimatethe averagedecayof the flow structureseingresponsibldor the productionof
turbulence the R,y (Ay™) correlationwascalculatedseeright columnof figure7.11and
7.13.Therapiddecayof R, for increasingAt* is mainly causedy thesmallcorrelation
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7 Investigationof theyz-plane

lengthof R,,. Anotherimportantfactis the shift of the R,,,,(Ay™) and Ry, (Ay™*) maximum
with increasingA¢*. Thisis shovn moreclearlyin figure7.14for variouswall distanceof
thefixed point. The symbolsindicatethe positionof the maximumandthelegendrevealsthe
correspondingositionin wall-units. The graphdabelledby the solid symbolsindicatea cor-
relationwherealine ataparticulary-locationof thefirstimagemeasure@ttimet is correlated
with the secondmageacquiredatt + At. The opaquesymbolsindicatea correlationwhere
aline extractedfrom the secondmageat ¢ + At is correlatedwith thefirstimagemeasured
att. Theasymmetryof the correlationshift for +At indicatesagainthatthe flow structures,
representedy this particularcorrelationfunction,revealtwo dominantinclinationanglesrel-
ative to thewall, andit canbe seenthatthe inclination of structuresat closerwall distances
relative to thelocationof thefixed point revealthe smallerinclinationangle. The analysisof
thespatio-temporatorrelationfunctionsof thevelocity fluctuationsandthe Reynoldsstresses
indicatethatthe statisticalpropertief thelog-law regionis quite complex with respecto the
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7.3 Spatio-temporatorrelationswith Az = 0

first ordermomentsof the velocity fluctuationswithin this domain. It could be shavn that
the structuresof the spatio-temporahuto-correlatiorfunctionsof the stream-wis€ R,,,,) and
span-wis€ R,,,,) velocity fluctuationsarequitesimilar (shapesizeandtemporaldecay)when
thespan-wiseandwall-normaldependences consideredwhereagheir cross-correlatio,,,,
is necessarilyzerodueto symmetry Also, the characteristicshift of the largestcorrelation
valuetowardshighervelocity regionswith time agreeswell. Thewall-normalcorrelationspn
theotherhand arerelatively smallandtheir maximumdecreasefastwith increasingime. As
aconsequencehespatialextentof regionswheremostof the Reynoldsstressesareproduced
mustbe relatively limited. The correlationfunction of the stream-wisevorticity component
alsorevealsa shortspatio-temporatorrelationlengthanda displacementowardshigherve-
locity regions. Althoughaconsistentnterpretatiorof the presentedesultsis concevable,the
instantaneouselocity fieldsneedto be analysedor furtherevidence.

1“‘\““““““““\““ 1““““““““““\““
©20.4 |1 ®185.4
~ 08 219 [ 09 - ©198.4 [
g 0273 || 3 ® 196.3
'3 06 31U 08 | 198.5 ||
3 0346 | 0200.6
@/3 0.4 039.9 || 207 R 0 205.2 ||
- : 0433 3 A 0 216.4
02 Lol b L T 0.6 (A IR R R N T L
0 50 100 150 200 250 300 100 150 200 250 300 350 400
y++Ay+ y++Ay+
1 T rrrTT T T T T T L 1 T T CrrTT T L
®34.1 |1 ®288.1
~ 08 ®41.6 1< 0.9 ©298.6 -
3 0485 || 3 ©299.1
> 06 52.6 || % 0.8 301.3 |
I « S (0566 & y N\ |0 302.4
< 04 0862 o7 LT N 0 305.6 |
x I / orrl g e 0326.3
0.2 A B R SN AN R P RN SN BRI AU\

0.6
0 50 100 150 200 250 300 200 250 300 350 400 450 500

y++Ay+ y++Ay+

N 0904 |
0.8 0994 || 0.9 ©394.7 1
3 eoss || ® 387.5
> . 1S 398.6
3 06 - 101.2 1 & 08 L
kA ©104.4 oT) 0 400.8
S o4 011125 8 5 ©402.9 ||
I Re 01323 || 2 0 421.4
x : T Hx

A B AR SN AR BT N R R A RN AN R

o
N

0 50 100 150 200 250 300 300 350 400 450 500 550 600
y++Ay+ y++Ay+

FIGURE 7.14: Representatioof the R,,, correlationat Rey = 7800 in the vicinity of the maximum

for variouswall distanceg;™ of the fixed point and temporalseparatiorbetweenthe measurements

(AtT =-10,-5,-1,,0,+1,+5,+10).
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7 Investigationof theyz-plane

7.4 Spatio-temporal correlations with Az #£0

In this sectionvariousone-dimensionadpatio-temporatorrelationfunctionscalculatedrom
measuremenis spatiallyseparateglaneswill beexamined.This particularexperimentakr-
rangemenallowsto selectaflow patternatanupstreanpositionandto measurehestructural
changegdueto the meanvelocity gradientsandto the turbulent motion asa function of the
spatialdistancebetweenthe light-sheetpairsandthe time delay betweenthe measurements.
Figure7.15to figure7.17 reveal the primary correlationfunctionsfor variouswall distances
from thefixed point andtime delaysbetweenthe measurementsThe resultswere obtained
by cross-correlatinghe measurementascquiredat differentlocations(325 wall-units stream-
wise separatiorbetweerboth measuremerplanes)while the downstreammeasuremenwas
performedafterthe upstreammeasurememndsindicatedby the axislabel. As thelocal mean
velocityis approximatelyl6 u* accordingo figure 7.3, the structureselectedattheupstream
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FIGURE 7.15: Ry, correlationmeasuredt Rey = 7800 andy™ = 20, 30, 50, 100, 200, 300, 400 (see
locationof the maximum)for varioustemporaldelays(seeaxislabel).
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7.4 Spatio-temporatorrelationswvith Ax # 0

locationarecornvectedby aboutl30wall-units(40%of the distancebetweerthemeasurement
planes)for atemporaldelayof At* = 8. Thus,the maximumcorrelationvalueis relatively
low, especiallynearthewall, but it slightly increasesvith increasingy dueto the larger cor-
relationlengthandlargerlocal corvectionvelocity. An otherinterestingeffectis the shift of
the maximumtowardslargerwall distancesHowever, both obsenationscanbe explainedby
meansof the resultshavn in figure 5.5 on page80. Whenthe correlationin the lower left
columnis consideredvith themaximumaty* = 50, theprofileat Az = 130 — 325 = —195
correspondso the dashedgraphin the left centrerow of figure 7.15, provided the structural
changesrengyligible, sothatit canbeassumedhattheflow structurecorvectsdown-stream
with an averagevelocity of 15u™ (local meanvelocity at y* = 50) over 130 wall-unitsin
stream-wisdlirection. In this caseit canbe estimatedhat the highestcorrelationvalue at
Azt = —195 is 0.54in the lower left columnof figure 5.5, which nicely matcheswith the
resultsfrom the presentinvestigation,andthe correspondingposition of the maximumis at
yt & 62. Thisimpliesthatthe generalpropertiesof the correlationscanbe well understood
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locationof the maximum)for varioustemporaldelays(seeaxislabel).
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7 Investigationof theyz-plane

by usingtheresultsfrom chapters. For At™ = 15 (lower left row of figure 7.15)the travel-
ling distanceis around240 wall-units (75% of the separatiorbetweenmeasurementlanes)
for the nearwall structuresput the structuresat y= > 200 alreadyreachthe secondobser
vation planeas the meancorvectionvelocity variesbetweenl8 for y* = 200 and19.8u™
for y© = 400. This canbe directly estimatedrom the heightof the correlationmaximum
in the upperright graphof figure 7.15. While the correlationmaximumalreadydecreases
for fixed point locationsat y* > 200 a gradualincreasecanbe obsered for the nearwall
correlations.All correlationmaximaincreasewith increasingAt¢ while the maximumcorre-
lation alwaysremaindower nearthewall. As thedifferencen heightis quitelarge,structural
change9r variationin the organisationof the structurescloserto the wall (strongvariation
of the structurelocationfrom onetime-stepto the next) needto be assumedor this effect.
This assumptioris strongly supportedby the fact that both, integral and dissipatve, length
scalessignificantlyincreasein the two lastrows. Translatedn the languageof PIV image
analysis this effect correspondso lossof pairs(resultingin a lower correlationcoeficient)
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FIGURE 7.17: R, correlationmeasuredt Rey = 7800 andy™ = 20, 30, 50, 100, 200, 300, 400 (see
locationof the maximum)for varioustemporaldelays(seeaxislabel).
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7.5 Propertieof coherenwelocity structures

accompaniedy structuraldifferencesn thesuccessiely recordedparticleimagepatternsiue
to inhomogeneoudisplacementvhich leadsto a broadeneghapeof the correlationpeak.

In caseof the R,,, correlationshavn in figure7.16no peakscanbeobsenedwith At™ = 8
for thenearwall correlationgdueto the smallsize.However, if thegraphsfor At = 15 to 30
areconsideredthe movementof the R,,, correlationthroughthe secondneasuremenlane
canbenicelyseen.TheR,,, correlationpontheotherhand,shovnin figure7.17,revealspeaks
for all wall locationsandtemporalseparationbut the heightof thecorrelationis alwayslower
with respecto figure 7.15. This implies that the span-wisemotion is lessstableaccording
to the structuresrepresentedby the R,,, correlation. Anotherinterestingfeaturevisible in
figure7.17is the strongincreaseof they ™ locationof the maximumasa function of thetime
separationThisis fully consistentvith figure’5.7 on page82. Only the shift towardssmaller
wall locationsat At™ = 8 is surprising. However, this is a necessarygonsequencef the
order of correlation. In the presentcasea line at y* was extractedfrom the resultsin the
down streamplaneandshiftedalongthe field measuredipstream.This impliesthatthe the
maximumappearsat smallery™ locationsuntil the maximumof the correlationin figure 5.7
passeshedown streammeasuremerglane.The sameholdsfor the othercorrelations.

7.5 Properties of coherent velocity structures

7.5.1 Loop-shaped structures

In this sectionthe significanceof the stream-wisevorticesfor the turbulent mixing in wall-
boundedlows will be examinedandthe existenceof the loop-shapedtructureshighlighted
on page6 will bevalidated. Loop-shapedtructurescanbe bestdetectedn the yz-planeof
a turbulent boundarylayer (wall-normal span-wiseecauseahesestructuresareinclined in
stream-wisdlirection[13, 28, 49]. Their footprint is a countefrotating vortex pair with a
strongvelocity componenbeingnormalto the wall betweenthe vortex pair asindicatedin
figure1.3. In planeswhich areparallelto thewall (stream-wisespan-wise}heseloopsappear
as counterrotating vorticeswith a typical out-of-planemotion betweenthe vortex coresas
illustratedin section6.4. Thusthe basicturbulentmixing processassociatedavith this hairpin
vortex is the transferof low-speediuid from the wall and high speedfuid towardsthe wall
suchthat —puw becomegositive on average.Sincethe early flow visualisationexperiments
performedn alaminarboundarylayer, it is generallyacceptedhatloopedshapedstructures
resultfrom a progressie deformationof a span-wisevortex with aninitial threedimensional
disturbanceasshovnin thelowerfigureonpage6. Theinclinationof thevorticesontheother
handis explainedby meanf self-inductionof the developingvortex loop, andthe stretching
is assumedo be aresultof the strongvelocity gradientgpresenin boundarylayerflows [31].
However, it is still a point of discussionf theseloop-shapestructuresarethe predominant
coherentvelocity regionsin turbulent boundarylayerswhich are mainly responsibléor the
turbulentmixing. In thepast,mary attemptshave beenmadein orderto validatetheexistence
and significanceof thesestructures. The continuingdiscussionmplies that no corvincing
experimentalor theoreticalevidencecould be presented As the signatureof thesecoherent
structuresis a counterrotating vortex pair with a strongvelocity componeniormalto the
wall betweerthevortex pair, asindicatedin figure 1.3,they canbe easilyidentifiedwhenthe
measuremenlaneis perpendiculato the wall andmeanflow direction. Figure7.18 shows
two independentelocity fields wheremary well developedvortex pairscanbe obsenedin
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wisevelocity of thefluid between

thevortex pairsis relatively low with respecto themeanmotion. Thisimpliesthatturbulence

show thatthe stream

Investigationof theyz-plane
thenearwall regionbelow y* < 100 (seecircles).Moreoverit canbe seernthatthesevortices

induce a wall-normal velocity as indicatedin figure 1.3. This is fully consistentwith the
resultsdiscussedh section7.2.2.In additiontheredcontourswhichrepresena negative out-

is producedby thesestructuresasexpectedanddiscussedn the previous chapters.The blue

of planevelocity fluctuation(u < 0),
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7.5 Propertieof coherenwelocity structures

7.5.2 Sweeps

In orderto interpretethe resultsfrom the previous chapterit was assumedhat the lifting
of low-speedfluid from the wall is mainly causedby the high-momentumflow structures

which move towardsthe wall. This interactionis shovn exemplaryin figure7.19 Clearly

momentunflow structurein the

ward motion of a large-scalehigh-
lower image and the generationof looped shapedstructuressimilar to thoseshowvn in the

visible is the strongwall

previous figure. The upperfigure revealssimilar structuresbut it shouldbe notedthat the
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7 Investigationof theyz-plane

span-wisesize of the high-speedlow structureswhich reachthe wall, is quite small with
respecto the structurevisible in thelowerimage. To examinestructuresvhich contribute to
theturbulentmixing to alarge extent,the Reynoldsshearstresscomponentvascalculatedor
eachsamplefield andafterwardsanalysedf theintensityof this quantitywasbelow a given
thresholdof —0.3. It wasalreadymentionedthatthe dominantstructureswith regardto the
magnitudeof the Reynoldsshearstresscomponentappeaquite seldomanddo not contribute
to thetotal productionof turbulenceto a large extent. However, asthe structuralfeaturesare
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FIGURE 7.20: Sameasfigure7.18but with strongproductionof turbulence(uv < 0).
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7.5 Propertieof coherenwelocity structures

assumedb beuniversalandthusindependenvnthemagnitudeof — puw, it is evidentthattheir
geometricahnddynamicalpropertiescanbebestexaminedwhentheeffect of thebackground
turbulence which oftendeteriorateshe analysisof the lessintensestructurespecomesmall
in relationto the structuresunderinvestigation. Figure7.20 shavs two samplesmeasured
independenthat Rey = 7800. Clearlyvisible in both velocity fieldsis the high-momentum
large-scalemotion (blue), which movestowardsthewall, andthe effect whenthesestructures
interactin the nearwall region with thelow-momentunstructuregred).
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300) to examinethelengthof the stream-wisevorticesin z-direction.
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Investigationof theyz-plane

7
In oderto examinethe extentof the stream-wisevorticesfor differentwall distanceswo pairs

of velocity fieldsareshaown in figure7.21andfigure 7.22which wheremeasuredgimultane-
ously in spatially separateglanes. The distancebetweenboth measuremenplanesis 325
wall-units. The first pair of velocity fields revealshairpin lik e structuresat a moderatewall

distanceasindicatedby the colouredcirclesin thetop image.Howeve

7.5.3 Stream-wise vortices
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7.5 Propertieof coherenwelocity structures

identify structuralsimilarities. The sameholdsfor figure 7.22whereespeciallythe nearwall
vorticesbelow y* = 100 areconsideredThus,it canbeagainstatedhatthesevorticesarenot
usuallyseveralthousandvall-unitsin lengthasassumedy someauthors. Anotherremark-
ablefeatureis the sheaflayer indicatedby the red contourin the lower right of figure 7.22
andthe differentheightof this flow region betweenthe imagepair recordedsimultaneously
at differentx locations. Finally it canbe seenthat the low-momentumregion is frequently
flanked by stream-wisevortices.
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8 Summary

Thefirst partof thisthesisexaminedifferentaspect®f the Particle ImageVelocimetrywhich
areof fundamentalmportancefor accurataneasurementsut which werenot consideredn
detailin theliterature. Startingpointin chapter 2 is the generalproblemassociatedavith the
reproduciblegeneratiorof sufiiciently monodispersearticleswith anappropriatesize,shape
and densitythat they follow the macroscopidlow motion faithfully without disturbingthe
flow or fluid properties.It could be shavn quantitatvely thathigh concentrationsf particles
with a narrav bandsizedistribution anda meandiameterbelowv 1 um canbe generatedest
by meansof multi-holenozzlesunderover-critical pressureonditions(> 1 bar),providedthe
kinetic enegy, enteringthe liquid volume,is sufiicient to changethe fluid mechanicaktate
of the liquid to a highly turbulent two-phasefluid. This experimentalresultwas explained
by assuminghatthe nozzlehasbasicallythreefunctions. First, it generateshe particlesat
the nozzleexit. Secondlyit changeghe fluid mechanicaktateof the fluid into a two phase
liquid which seemdo promotethe generatiorof smallerparticle size distributions,because
the fluid mechanicabparametersre different. Thirdly, the remainingkinetic enegy which
is not consumedor the generatiorof the particlesor the transitionof the fluid mechanical
stateis transferrednto theturbulentmotion of theliquid andit mayactasanactive impactor
asthe shearingof the bubbleswhich carry the particlesto the liquid surfaceis enhancedln
orderto examinethe generationtransportanddelivery of the particlesinsidethe atomisern
detail, qualitative visualisationexperimentswere performed. It could be shovn that bubbles
arisefrom the liquid-feed holesof the Laskin nozzle. This implies that no particlescanbe
generated@tthering sideof thejet, in contrasto previousexplanationgn theliterature.

Besidethe fundamentaproblemsassociateavith the generatiorof appropriatdéracerpar
ticles,theregistrationthe storageandthe read-ouf the particleimageswereinvestigatedn
detail. Thisis anothelkey elemenin PIV astheaccurag of thetechniquestronglydependsn
the precisionwith which theimagedisplacementanberelatedto particlelocationsandtheir
respectie particledisplacementsThe discussiorof the physicalaspectf commonlyused
CCD sensorandelectronicamplies thatthe measurememoisein PIV is stronglyaffected
by the geometricalpropertiesof the picture elementsbhut also by nonlinearitiesin the pixel
responsetheread-outf theimagesgainandoffseterrorsduringthe AD-corversion,ampli-
ficationandtransportatiorvia long cableconnectionslt canbe concludedrom the analysis
thatthe measuremenrgrrorintroducedby the CCD sensolincreasesvith decreasinglimen-
sionsof theinterrogationwindow. Thus,for accuratedisplacemenéstimationthe sizeof the
interrogationwindow shouldbe selectedn suchaway thatthe errorsintroducedoy the CCD
areaveragedout. In this casethe remainingmeasuremergrroris mainly determinedoy the
performancef thepeakfitting routinefor sub-pixel accurag. Thiserrorwasalsoinvestigated
in thesamechapter It couldbe shavn thatunderidealexperimentakconditionsthis remaining
erroris approximately0.1 pixel for all displacementsvhenatwo-dimensionalaussiarpeak
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8 Summary

fit routineis applied. Whena one-dimensiongbeakfit routineis applied,this error strongly
dependon the exactsub-pixel displacementThis error wasidentifiedasthe main causefor
thesocalledpeak-lockingeffect.

Chapter 3 focuseson differentrecordingand evaluationmethodsfor stereoscopid®IV.
Of primaryinterestis the commonlyusedangulardisplacementechniquebecausehe inher
entdravbackof thisrecordingarrangemen the characteristivariationof the magnification
factoracrosghefield of view dueto the obliqueviewing direction. Besidea variationof the
spatialresolutionacrosghefield of view alongwith a varyingparticleimagedensity serious
problemsusuallyarisewhenboth camerasarelocatedon oneside of the light sheet.In this
casethesizeof eachof a pair of measurementolumesconsideredor the calculationof the
third velocity componenis inverselyproportionalwith respecto eachothet This problem
is usuallysolved by deformingthe particleimagefield in sucha way thatthe magnification
becomesconstantbver thefield of view. Unfortunately this proceduraequiressomeimage
interpolationschemewhich increaseshe principalmeasuremergrrordueto the CCD sensor
and sub-pixel routine. In this thesisthe performanceof several interpolationschemesvere
comparedn orderto demonstrat¢he effect on the measurememoise. Basedon this results
it canbe concludedhatthe additionalmeasuremergrrorintroducedby theinterpolationbe-
comescomparablewith othernoisesourceswhena bilinear or more comple interpolation
methodis applied.However, in orderto avoid theinterpolationcompletelya novel evaluation
schemas proposedvheretheinterrogationwindow is deformednsteadof the measuredm-
age. In additionit is shavn thatanothererroris introducedwhenthe interrogationwindows
from eachof a pair of stereoscopiémagesdo not correspondxactly to the sameregion of
flow. Unfortunatelythis errorcanbehardlyavoidedin ary realexperimentdueto mechanical
or thermalvariationduring the experiment,for example. As this measuremergrroris much
larger with respectto arny othererrorin PIV, a so called calibrationvalidation methodwas
developedwhich allows to compensat¢his error completely This methodcanbe appliedto
eachacquiredimagepair to guaranteehat everythinginvolved in the measuremeris unaf-
fectedby wind tunnelvibrations,thermaldistortionse.g. for thedurationof themeasurement.
This becomesmportantin noisy environmentsor for long acquisitiontimes.

Chapter 4 examinesthe basicaspectof the multiplanestereoPIV techniquewhich was
developedto measurghe temporalvariationof the flow with high accurag at ary flow ve-
locity. It could be demonstratedhat this measuremertechniques very reliable,robustand
well suitedfor all kinds of applicationspurely scientificaswell asfor industrially motivated
investigationan large wind tunnelswhereacquisitiontime, optical accessand obsenation
distancesare constrained.Furthermorejt is basedon the corventionalPIV equipmentand
thefamiliar evaluationproceduresothatavailable PIV systemsaneasilybe expanded.The
adwantageof this measuremergystemregardingto otherimagingtechniquesies in its abil-
ity to determinea variety of fundamentallyimportantfluid-mechanicaluantitieswith high
accurag (no perspectie error) simply by changingthetime sequencer thelight sheetposi-
tion. Anotherbig advantageof this methodbecome®hvious, whenthe dynamicrangeof the
particleimagedisplacemenis extremelylarge or whenstrongout-of-planemotionsdecrease
theperformancef standarcandstereoscopi®IV. Thisis dueto thefactthatthe performance
andaccurag of theevaluationcanbeincreasedaignificantlywhentheinformationof thefour
independenparticleimagefieldsis used.Thereforevariousevaluationschemesiredescribed
in detail. A problemof this technique which might occut is causedby optical aberrations.
Althoughit is impossibleto completelyeliminateall aberrationsn arny real systemof finite
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aperture,it is shovn how to eliminate certainaberrationdy acceptingaberrationsof other
typeswhich areof no harmin PIV. This pointis of primaryimportancebecausdigherorder
aberrationdik e distortion and curvatureof the field just influencethe positionand form of
theimagebut do notlower theresolution.They canbe completelyeliminatednumericallyby
usingthe methodsexaminedin chapter3. Primaryaberrationspn the otherhand,like spher
ical aberrationcomaandespeciallyastigmatisndeterioratehe imageandalter the shapen
a characteristiavay. This leadsto anincreasedneasuremergrror becausehe performance
of the peak-fitroutine for sub-pixel accurag stronglydecreasesfor particleimagediameter
not equal2-3 pixel. For completenes# shouldbe mentionedat this point that the multi-
planestereoP1V techniques frequentlyappliedin otherlaboratoriesy now, see[77, 32] for
example,andalsocommerciallyavailable.

The secondpart of this thesisrevealsthe main fluid mechanicakesultsmeasuredvith
theMultiplane SteredP1V techniquesn thetemperature-stabilisedlosedcircuit wind tunnel
at the Laboratoirede Mécaniquede Lille (LML). In chapter 5 the stream-wisewvall-normal
plane(zy-plane)of the turbulentboundarylayerflow is examinedat Rey =~ 7800 and15000.
To validatethe flow characteristicandthe performanceandaccurag of the PIV technique,
thebasicstatisticalpropertieof theflow weredeterminedat firstandcompareawith thetheo-
retical predictiondn theliteratureandthe hot-wireanemometryesultsdiscussedn [11, 21].
The agreementvith the analyticallaw of the wall andthe log-law is excellentandalsothe
hot-wire measurementsatchnicely with the PIV investigationrwhenthe meanvelocity pro-
file in outer andinnerlaw scaling,the RMS-profilesof the threevelocity fluctuations,the
anisotroy paramete(v2/u2)'/? andthe turbulence-leel (u2)'/2 /U areconsideredseepage
7610 78. Theshapesizeandcoherencef theturbulentflow structuresandtheir dependence
on the Reynolds numberwas estimatedrom the primary spatialcorrelationsi,,,, R,, and
R, of the velocity fluctuationsand R, ,,, seepage80 to 87. The similarity betweenthe
sizeof R,, and R,,, in stream-wisalirectionandthe elliptical shapearoundthe maximum,
accompaniedvith the generalvariation of the orientationwith increasingwall distanceof
thefixedpoint, implies a strongrelationbetweerboth fluctuationsover severalhundredwall
units. However, the cresthllenshapeof the R,,,, correlationindicatesthatthe physicalmech-
anismwhich connectshe v andw fluctuationsdependson the wall distance. This canbe
explainedby the differentshapeof the coherentflow structures.While the nearwall region
belowv y* = 50 is dominatedby well organisedow-speedstreaksthe log-law region above
y* ~ 50 is dominatedby sheatlayersandlarge-scaleeddystructureslt is shavn thatthe pro-
ductionof turbulenceaty™ > 50 is frequentlyassociatedvith span-wisevorticeswhich are
locatedon top of the sheaslayers. Thesevorticespumplow-speediluid from the sheatlayer
away from thewall. This processs associateavith arelatively large velocity componenin
wall normaldirection. However, the spatialextent of the region whereuw is negative is quite
small. Largeareaswith uv < 0 arefrequentlyassociateavith relatvely simpleeddystructures
(novortices)which transferhigh momentunfluid towardsthe wall asassumedan the mixing
lengththeoryby Prandtl,seepage91 to 94. As the stream-wisanomentumransportedvith
this structureis quitelarge, their contributionto the productionof turbulenceis alreadysignif-
icantwhenthe negative wall-normalvelocity components relatively small. However, asthe
probability densityfunction of the wall-normalvelocity componenis symmetricallywithin
the log-law region, this processs compensatedn averageby a motion of high-speediluid
away from thewall. This changesn thenearwall region examinedin chapter6. Theanalysis
of thevariousdouble-andtriple-correlationswhich areassociateavith the productionof tur-
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bU|ence’name|yR(uu)(uu)’ R(v’u)(’uv)’ qu’ _Ruv’ _Rvua R(uv)(uu)a R(uuv)(uuv)’ R(uvv)(uvv) and
Rvww)(www) Shovsthatthewidth of the correlationsat a particularvaluedecreasem general
with increasingcompleity of thecorrelationsi,, > Ruu)uu) > Buuw)uuw), SEEPAQGE88 and
89. Thisimpliesa decreasingmportanceof the higherordercorrelationsandestablisheshe
simplificationsusuallyappliedin the formulationof conserationequationgor the Reynolds
stresses.

Chapter 6 illuminatesthe propertiesof the turbulentflow at Rey ~ 7800 in stream-wise
span-wiseplanes(zz-planes)locatedat 4= ~ 10,20, 30. This region is of primary inter-
estaccordingto chapters becausef the strongdynamicof the flow structuresandthelarge
productionof turbulence.In orderto obtaininformationaboutthestructurafeaturef theco-
herentstructuresthe size,shapeandintensityof variousspatialcorrelation,cross-correlation
andconditional-correlatioriunctionsareexaminedin detail, seepagel06to 113.1t is shown
thattherangeof scalesandspan-wisgeriodicityof thecoherenstructuregpresentn theflow
dependsstronglyon the wall-distance.The meanstreak-spacings 92 wall-unitsat y™ ~ 10
whenestimatedrom the conditionalcorrelation,seepagel08,andthe span-wisesize of the
stream-wise/orticesassociateavith sweepsneasure®7 to 53 wall unitsaty™ ~ 10, 20, 30
while thoseassociatedavith ejectionare35to 42 wall unitsin sizefor thesamewall locations,
seepagel07. However, the stream-wisesize of thesevorticesis shortrelative to the length
of the low-speedstreaks,andit seemghat thesevorticesareinducedlocally by the lift-up
of low-speedstreaks. This meansthat the stream-wisevorticeswhich flank the low speed
streaksare no primary vortices. They are producedwhenthe streaksmove awvay from the
wall. The dynamicsof the dominantstructuress investigatedoy meansof spatio-temporal
correlationcross-correlatioandconditionalcorrelationdunctionsmeasuredh spatiallysep-
aratedplanes,seepagell5to 120. The conditionalcorrelationsyield informationaboutthe
space-timestructureof the burstingphenomenomndallows to estimatethe meancorvection
velocity of the coherentvelocity structurespresentn the nearwall region. The analysisof
instantaneouselocity fieldsalongwith the probabilitydensityfunctionof the Reynoldsstress
component,v on pagel2limplies, that mostof the productionof turbulenceis associated
with low-speedstreaksput the magnitudeof theinstantaneouReynoldsstresscomponentv
associateavith streakds relatively small,seepagel23and124. Theflow structuresassoci-
atedwith large valuesof |uv| on the otherhandare frequentlyhair-pin like, seepagel25to
131.However, asthelik elihoodof thesestructuress quitesmallrelative to thelifting streaks,
they do not contribute to the total Reynolds stressto a large extendin the nearwall region.
The occurrenceintensityandmain flow directionof the coherentstructuress deducedrom
theanalysisof thejoint probability densityfunction of the velocity fluctuations seepagel01
to 104. 1t is shavn thatthe largestflow angles(« > 10°) in wall-normaldirectionareusually
associatedavith ejectionandsweepsseepagel05. In orderto identify the structuregespon-
sible for the characteristiozelocity patternobsened in hot-wire investigationsthe velocity
structureof the PIV measurement&ereanalysedn stream-wisealirectionfor variousspan-
wise locations,seepagel32 and 133. It wasshaown that the characteristioselocity pattern
identifiedwith the single point probesis causeddy low-speedstreaks.This could be further
confirmedby comparingsignificantparametersvith the resultsreportedn theliterature.

Chapter 7 revealsthe resultsmeasuredn the wall-normalspan-wiseplane(yz-plane)at
Rey =~ 7800 and15000. Of primary interestwasthe spatio-temporatlependencef the vari-
ouscorrelationfunctionsandthe validity of Taylor’s hypothesidbecauseheinterpretatiorof
the resultspresentedn chapter6 was partially basedon the assumptiorthat the flow struc-

166



tureskeeptheir spatialorganisationto a large extentwhile travelling down-streamby a few
hundredwall units. The experimentalresultsindicatethatthe maximumof the R,,,, correla-
tion reachvaluesabove 0.8 for wall locationsof thefixed pointlarger 100wall unitswhenthe
flow moves300wall unitsin stream-wisalirection,seepagel52. For y* ~ 30 themaximum
reachewaluesabove 0.6. Thisimpliesthatthe structuralfeaturesof the velocity patterncon-
sene theiridentity to a large extent. This justifiesthe assumptiormadefor the interpretation
of theresultsin chapter6. Furthermorethis resultimpliesthatthe complex turbulentmotion
atasinglepointis aresultof relatively simplecoherentflow structuresvhich arecorvecting
downstreamnin form of afrozenpattern.In this sensethe compleity is aresultof the spatial
distribution of the structuresandtheir orientationrelative to the mainflow directionandnota
resultof a strongstructuralchangeof the flow field itself. To examinethe interactionof the
coherenfflow structurebelonv y*+ = 100 the cross-correlatior?,,, and R,,, was calculated,
seepageld4andl145. Thesefunctionsimply thata vertical motiontowardsthewall induces
a horizontalmotion awvay from the centrelinedueto continuity, anda vertical motion at the
fixedpointlocationwith v > 0 inducesahorizontalmotiontowardsAz* = 0 in thenearwall
region and away from the centreat higherwall locations. This correlatedmotion indicates
that a motion away from the wall is associatedvith the generationof a stream-wisevortex
pairin accordancevith theinterpretationn chapter6. To examinethe characteristideatures
of the stream-wiserorticesin detail andtheir significancefor the turbulentmixing, instanta-
neousvelocity fieldswereanalysedseepagel56to 160. It is shavn thatstream-wisevortices
canbe frequentlyobsenedin the nearwall region andalsovortex pairswhich transferlow-
momentuntluid away from thewall could be detected However, the analysisshavs thatthe
stream-wisdengthof thesevorticesis not severalthousandwvall unitsin length,in agreement
with theresultsin chaptel6, andthenumberof vorticeswhich couldbedetectedvasrelatively
smallrelative to thenumberof low-speedstreakgresenin thenearwall region. Thisimplies
thatthe streaksarenot generallyflanked by stream-wisevorticesasassumedh theliterature.
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Commonl y used symbols

Tfilm
Nete
Ny
N
M

local skinfriction coeficient, ¢s = 27,/ (pU2)
normalizedspatialcross-correlation
tracerparticleconcentration

diameterof atomizemozzleexit
diffractionlimited tracerparticleimagediametey dgit = 2.44f 4 (M + 1)\
imagedistance

objectdistance

particlediameter

particleimagediameterin pixel units
particleimagediameterd, = |/(Md2 + dgy)
aperturediameter

lineardimensionof interrogationwindow
unit vectors

lensfocal length

lens f-number fx = f/Da

in-planelossof particleimagepairs
out-of-plangossof particleimagepairs
lossof correlationdueto gradients

half distancebetweerobsenationpositions
shapeparameterd = §*/6

intensityor grey-level attime ¢

intensityor grey-level attime ¢ + At
meanfree path

. 1/4
Kolmogoros micro-scaldy = (”73)

magpnificatiorfactor M = d;/d,
longitudinalmagnificatiorfactor My, = z/Z = M2
trans\ersalmagnificationfactor My = y/Y
tracerparticlemass

naturalnumber

refractve index of air

refractve index of coating

noisedueto incompletechagetransfer
darkcurrentnoise

corvective photo-fluxnoise

readoumnoise

total noise, Ny = /N2 + N§ + N, + N3
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Commonlyusedsymbols

particleimagedensity

pressurdluctuation

turbulentkineticenegy, ¢ = vu? + v? + w?p/2
spatialcross-correlation

globalmaximumof correlation(signalpeak)
correlationof velocity fluctuationu; andu;
Reynoldsnumberbasedn tracerparticlediametey Un,dp/v
Reynoldsnumberbasedn stream-wisaneasuremergosition, U,z /v
Reynoldsnumberbasedn boundarylayerthicknessl/,,é /v
Reynoldsnumberbasedn momentunthicknessl/,.0 /v
co-ordinate®f thesignalpeakin correlationplane

time

non-dimensiondime, t* = tu2 /v

delaybetweertwo laserilluminations
turbulencelevel, Tu = Vu2/U

free-streanvelocity

meanvelocity attheboundarylayeredge
instantaneouselocity componentn z-direction
instantaneouselocity componentn y-direction
instantaneouselocity componentn z-direction
meanvelocity componentsn z, y andz-direction
component®f velocity fluctuationsn x, y und z-direction
non-dimensionavelocity fluctuationsu™ = u/u,

root meansquarevalueof u, ums = V2

friction velocity, u, = \/7w/p

particlevelocity

outwardinteraction;zo with v > 0 andv > 0

ejection,uv with v < 0 andv > 0

inwardinteractionzv with . < 0 andv < 0

sweepuv with v > 0 andv < 0

imageco-ordinates

spaceco-ordinatdn stream-wiselirection
spaceco-ordinatan wall-normaldirection
spaceco-ordinatan span-wisalirection

viscousor wall units,z™ = zu, /v

displacemenin physicalspace
non-dimensionatlisplacementAz™ = Azu, /v
light-sheethickness

Greek symbols

(0%
d
0
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off-axisangle
boundarylayerthickness) = 6(U = 0.99 U,,)
depthof focus,d, = 2 fudgir(M + 1)/M?



(=%
+

non-dimensionaboundarylayerthickness

5* displacementhickness¢* = C}0(1 - U/Uoo) dy
0
€ total enegy
0 momentunthicknessf = [ U /U, (1 — U/Uoo) dy
0
K VON KARMAN constant
Asj integral correlationlength,A;; = [ R;; d(Ax;)
0
A wavelengthof laserlight
Aij dissipationiength,\;; = 1//—1 2%
At non-dimensionastreakspacingn z-direction
1 dynamicalviscosity
v kinematicalviscosity v = u/p
p densityof thefluid, 1.2 kg/m® (air)
Pp tracerparticledensity 874 kg/m® (olive oil), 912 kg/n? (DEHS)
Oq standardeviation of index (herea)
Tmol molecularshearstressymo = 10U /0y
Ttur turbulentshearstressyy, = —puv
Tw wall shearstressz,, = lim,_,q 10U /dy
W, component®f thevorticity fluctuationin z-direction
Abbre viations
CCD Chage CoupledDevice
DLR DeutscheZentrumfur Luft- undRaumfhrte.V.
DNS Direct NumericalSimulation
DPIV Digital ParticleImageVelocimetry
FFT FastFourier Transformation
HFI HermannFottingerinstitut
HWA Hot-Wire Anemometer
LML Laboratoirede MecaniquedeLille
LES Large Eddy Simulation
MPSPIV Multiplane SteredParticle ImageVelocimetry
PDF ProbabilityDensityFunction
PIV ParticleImageVelocimetry
RANS ReynoldsAveraged\avier-StokesSimulation
RMS RootMeanSquare
SPIV Stereo-scopi®articleImageVelocimetry
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