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1 Intr oduction

Oneof thefascinatingphenomenaof naturalscienceis theturbulentstateof themacroscopic
flow motion in fluid-mechanics.Besidethe omnipresentvariety andbeautyof the turbulent
motion, the inherentfascinationandattractionis stronglyconnectedwith theenormousdif-
ficultiesassociatedwith a mathematicalandphysicalunderstanding.Theprincipaldifficulty,
with respectto aninviscidfluid or aclassicalgasof pointparticlesin equilibrium,resultsfrom
the strongnon-linearityin the conservation equationand the dissipative charactere.g. the
flux of energy from thelargescalesor eddiesinto progressively smallerandsmallerones.As
a generalmathematicalsolutionof non-linear, non-equilibriumsystemsis out of reachfrom
thepresentpoint of view, thepropertiesof idealisedflows with simplegeometriesareexam-
ined experimentallyandnumerically. Of primary interestis the two-dimensionalturbulent
boundarylayer flow of an incompressiblefluid alonga flat platewith zero pressure gradient,
becausethis flow revealssimultaneouslytwo characteristicphenomenaof turbulence,namely
theeffectsof near-wall turbulenceandtheeffectsof intermittency, e.gthe interactionof the
turbulentboundarylayerwith the laminarouterflow accordingto figure1.1. This particular
flow evolvesfrom a laminar boundarylayer flow whentheReynoldsnumber���� �����������
is sufficiently high. In this caseflow disturbanceswith a particularwavelengthgrow, become
unstableandsharetheenergy from themeanmotionoverthedegreesof freedomby non-linear
interaction.

��������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������x
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FIGURE 1.1: Instantaneousstructureof a turbulentboundarylayerandmeanvelocityprofileafter[37]

Beginningwith theearlychannelandpipeflow measurements,publishedby Laufer [68,
69], andthezeropressuregradientboundarylayerbenchmarkinvestigationsalongaflat plate
by Klebanoff [55], turbulentboundarylayershavebeenexaminedextensively becauseof their
technologicalimportance,their significancefor the developmentof fundamentalturbulence
modelsandfor thevalidationof numericalflow simulations[89, 96]. Thebulk of thequanti-
tative investigationshasbeenperformedwith intrusivesingle-pointmeasurementtechniques
[21] suchaspressureprobesandhot-wireanemometer, but alsonon-intrusiveflow visualisa-
tions techniqueshave beenfrequentlyappliedto examinequalitativelytheglobal featuresof
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1 Introduction

theflow [15, 24, 25, 28, 54, 57, 58, 59, 79, 81, 84, 92, 103, 110]. Although theconclusive-
nessof thesevisualisationsis oftenquestionable,becauseof thecomplexity of the turbulent
motionandinherentproblemsassociatedwith theinterpretationsof theflow visualisationre-
sults as discussedby Hama[26], theseinvestigationshave improved the understandingof
turbulenceto a large extent, becauseit waspossibleto detectcoherent flow structuressuch
as low-speedstreaks,shear-layers, stream-wisevorticesand loop-shapedstructuresand to
illustratetheir significancefor the turbulent mixing in wall-normaldirection. In the follow-
ing years,anumberof partiallycontradictingvorticalmodelshavebeenproposed,designated
ashairpin, horseshoeor lambdavortices in the literature[83, 98, 99], to link the coherent
structuresandprocessesidentifiedasillustratedin figure1.2andfigure1.3for example.

FIGURE 1.2: Formationof a hairpinvortex in a boundarylayerfrom a span-wisevortex anddecayof
thevortex structure,after[31].

FIGURE 1.3: Schematicof break-upof a syntheticlow-speedstreakgeneratinghairpinvortices.Sec-
ondarystream-wisevortical structuresaregeneratedowing to inrushof fluid, after[1].
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As order can be always observed when the convection term in the equationof motion
is dominantover the production,diffusion anddissipationterm, thereis no doubtaboutthe
existenceof organisedflow structures.However, theirexactgeometricalandkinematicalprop-
ertiesarewidely unknown andthereis still a generalcontroversyaboutwhich structuresare
fundamentalandwhichonesareonly secondary, whichonesaredominantandwhichonesare
irr elevant[73, 86,87,94]. Basedonthetechnologicalprogressin laser, cameraandcomputer
technologyin the last decadeof the 20th century, it becamepossibleto link the qualitative
visualisationswith the statisticalresultsfrom the quantitative single-pointmeasurementsby
applyingnon-intrusive optical multi-point measurementtechniquessuchastheconventional
andstereoscopicparticleimagevelocimety, see[4, 38, 44,74] for example,andit waspartially
possibleto prove thevalidity of theproposedvortical models.However, dueto themeasure-
mentnoiseand the limited spatialresolution,storagecapacityandcomputerpower at that
time,only thepropertiesof thelarge-scalestructurecouldbededucedfrom asmallnumberof
samples.Theinformationaboutthegeometricalandkinematicalpropertiesof thesmall-scale
structureson the otherhandis still uncertainandalsoa consistentphysicalpicture,which
links thebasicprocessesandexplainstheir importancewith regardto theturbulent transport
is missing[31, 76, 86, 89, 94]. Thereis no doubtthat further sophisticatedexperimentalor
numericalinvestigationsarerequiredto solve thesequestionsandto addanotherpieceto the
puzzleof near-wall turbulence. As a direct numericalintegrationof the conservation equa-
tions is still out of reach,especiallyat high Reynoldsnumbers,it is generallybelieved that
deeperinsight strongly relies on the capabilitiesof advancedmeasurementtechniques.To
overcomethe limitations of the existing measuringand visualisationtechniquesappliedin
fluid mechanicsa stereo-scopicparticle imagevelocimetrybasedmeasurementsystemwas
developedandappliedfor theinvestigationof thephenomenaof near-wall turbulence.By us-
ing this techniqueit is possibleto determineatany flow velocityall threevelocitycomponents
in spatially-separatedplanessimultaneouslyor separatedin time. It will beshown in thefirst
partof this thesisthatthis techniqueis veryreliable,robustandwell suitedfor measuringwith
high accuracy andspatialresolutiona variety of fundamentallyimportantfluid-mechanical
quantities,which areat presentnot availableby any otherknown technique.In the second
partof thethesistheexperimentalresultsobtainedwith this techniquein aturbulentboundary
layer flow will be outlined in order to answersomeof the previously mentionedquestions
aboutthegeometricalandkinematicalpropertiesof thecoherentflow structuresandtheir re-
lation relative to theproposedvortex models.

Besidethedifficultiesassociatedwith themeasurementtechniquesnearlyall experimental
boundarylayer investigationsreportedin the literatureare facedwith the problemthat the
generationof a fully-developed,turbulent boundarylayer flow of large extent andrangeof
scalesis difficult to achieve due to the limited wind-tunneldimensions.By using tripping
devices right behind the leadingedgeof a flat plate, suchas sandpaper, wires or ribbon
elementsfor example,awell-definedtransitionto turbulencecanbereached,accompaniedby
a strongly-growing boundarylayer thickness� andrangeof scales.However, thesedevices
introduceartificial flow-structureswhich alter thenaturalturbulencelevel andflow structure
in thewake[21, 83, 111]. Without trippingtheboundarylayer, only naturalflow structuresare
developing,but dueto thegradual,non-uniformtransitionprocess,theonsetof turbulenceis
delayedandstronglyvariesin timeandspatiallocation.As aconsequence,quantitieslike the
boundarylayerthickness� arenotwell definedandtherangeof scalesis rathersmallrelative
to thedisturbedflow. In addition,a direct interactionbetweentheouterregion ( � � �"!$# � ) of
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1 Introduction

theturbulentboundarylayerwith thenear-wall flowdomaincantakeplaceandthismayalter
thestructureof theflow in betweenbothregions[41]. To overcometheseprincipaldifficulties
associatedwith thepreparationof awell definedflow, whichcorrespondsto theidealisedflow
describedby the equationsof motion, the experimentalinvestigationoutlined in chapter5
to 7 waspreparedandperformedin the temperature-stabilised,closedcircuit wind tunnelat
theLaboratoiredeMécaniquedeLille (LML) shown in figure1.4. This facility allows high
resolutionexperimentsat Reynoldsnumbersup to ��&% �'#(������� at free-streamvelocitiesof���)�'*+�

m/s. This is possibledueto theremarkableboundary-layerthicknessof �,� �"!$- m
at the endof the

#.�"!0/
m long,

#
m wide and

*
m high testsection. The contractionratio of

thefacility is 5.4, theflatnessof thewall is
*

mm on 1 m andthetemperatureof theflow can
bestabilisedwith anuncertaintyof 2 �"!$#.3 . Themeasurementsweretaken

*+4
m from thetest-

sectioninlet at freestreamvelocitiesof
-

m/sand 5 m/s. At this location,theReynoldsnumber
basedon themomentumthickness6 is ��&% � 5 4���� and15000.For furtherdetailsaboutthe
wind-tunnelandflow characteristics,likeshapeparameter7,8:9 , skinfriction coefficient ;=< and
strengthof thewake component

��> ���(?A@CB
, see[12].
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FIGURE 1.4: Topandsideview of thetemperature-stabilised closedcircuit boundarylayerwind tunnel
at theLaboratoirede MécaniquedeLille (LML) in France.1 engine(37 kW) with fan,2 diffuser, 3
returncircuit, 4 heatexchanger, 5 honeycomb,6 screens,7 settlingchamberwith nozzle,8 turbulent
boundarylayerdevelopmentzone,9 transparenttestingzone.

Organisation of the thesis

This thesisis composedof six mostlyself containedmainchaptersthatcanbereadindepen-
dentlywithoutneedingcontinuouscrossreferring.

Chapter 2 examinesvariousaspectsof theParticleImageVelocimetry(PIV) whichareof
fundamentalimportancefor accuratemeasurements,especiallyin turbulentflows, but which
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werenotconsideredin detail in theliterature[2, 29,85,104]. Startingpoint is thebasicprob-
lem associatedwith thereproduciblegenerationof sufficiently monodisperseliquid particles
with anappropriatesize,shapeanddensitysuchthatthey follow themacroscopicflow motion
faithfully without disturbingtheflow or fluid properties.In thepast,very little attentionhas
beenpaidto theobservationthat theparticlesizedistribution generatedmaystronglydeviate
from thedesireddistribution if the liquid level in theaerosolgeneratorchanges,thepressure
varies,or thenozzleholesarecontaminatedfor any reason.This maycauseseriousproblems
asthe accuracy of all tracer-basedvelocity measurementtechniques,suchas laserDoppler
anemometry(LDA), particleimagevelocimetry(PIV) or Dopplerglobalvelocimetry(DGV),
is ultimatelydeterminedby theparticledynamics[3]. Besidethe fundamentalproblemsas-
sociatedwith the generationof appropriatetracerparticles,the registration, the storage and
theread-outof theparticleimageswill beinvestigatedin detail in section2.3.Thisprocessis
anotherkey elementin PIV astheaccuracy of thetechniquestronglydependsontheprecision
with which the imagedisplacementcanbe relatedto particle locationsandtheir respective
particledisplacements[3]. Partsof theresultshavebeenalreadypublishedin [39, 42,47].

Chapter 3 focuseson thestereoscopicPIV techniquesbecausetheconventionalPIV sys-
temoutlinedin chapter2 is not well suitedto examineturbulentflows for two reasons.First,
only theprojectionof the three-dimensionalflow velocity insidethemeasurementplanecan
be determinedwith the conventionalPIV technique.Second,the two velocity components
thatcanbemeasuredarebiasedwhentheflow is three-dimensionalbecauseof theperspective
error. In section3.1 the advantagesanddrawbacksof variousstereoscopicrecordingcon-
figurationswill becomparedandthebasicprinciplesof differentevaluationschemesknown
as image warping, vectorfield warpingandinterrogationwindowwarpingwill bediscussed
in section3.2. Of primary interestis the investigationof the different imageinterpolation
schemeswhich arerequiredfor theanalysisof theimagepairs,becausethemeasurementer-
ror dependsstronglyon theinterpolationalgorithmapplied.Anothersystematicmeasurement
error thatwasdiscoveredby applyingthestereoscopicPIV is investigatedin section3.3. As
this error can be large relative to all other possiblemeasurementerrorsa calibration vali-
dation techniqueis examinedwhich hasbeendevelopedto detectandcompensatethis error
completely. Thegeneralmaterialof this chapteris mainly basedon [40, 42] andthesection
aboutthe calibrationvalidationmethodand the differentevaluationschemescan be found
partially in [39, 44].

Chapter 4 describestheprinciplesandpropertiesof themultiplanestereoPIV technique.
This techniquewasdevelopedto obtainwith high accuracy andspatialresolutioninforma-
tion aboutthe spatio-temporalflow unsteadinessandto determinefundamentallyimportant
fluid-mechanicalquantitieswhicharepresentlynotaccessiblewith any otherknown measure-
menttechniquetechnique.First of all theprinciplesandpropertiesof thetechniqueswill be
outlinedalongwith therequiredfour pulselasersystem. Thereafter, thesynchronisationand
alignmentof the systemcomponentwill be discussedanddifferentmodesof operationwill
beoutlinedwhich have beenappliedfor thefluid-mechanicalinvestigationsin chapter6 and
7. In section4.6and4.7polarisationeffectsandtheeffectof optical aberrationson themea-
surementprecisionwill bestudied.In particular, it will beshown how to reduceundesirable
optical aberrationsbelow the resolutionof the recordingmediumandhow to eliminatecer-
tain aberrationscompletelyby acceptingaberrationsof othertypeswhich areof no harmin
PIV. To examinetheperformanceandreliability of themultiplanestereoPIV technique,the
acousticreceptivity of a laminarboundarylayeralonga flat platewith zeropressuregradient

9



1 Introduction

is examinedin section4.8.Thisexperimentwasperformedin thelow-turbulencewind-tunnel
at DLR Göttingen.Thegeneralideaof themeasurementtechnique,possiblerealisationsand
differentapplicationshavebeenalreadypublishedby theauthor[41, 39,45,46,49].

Chapter 5 shows the main fluid-mechanicalresultsmeasuredin the stream-wisewall-
normalplane(

� � -plane)of the turbulentboundarylayerat ��&% � 5 4���� and
* 1 ����� with the

stereoscopicPIV techniqueoutlined in chapter3. The measurementwas performed18 m
downstreamof the test-sectioninlet in the temperature-stabilisedwind-tunnelshown in fig-
ure 1.4. In section5.1 the basictheoreticalconceptsrequiredfor a statisticaldescriptionof
turbulencearesummarisedandthedetailsof theexperimentalconfigurationandtherecording
parameterareoutlinedin section5.2.To validatetheflow characteristicsandtheperformance
and accuracy of the PIV systemapplied, in section5.3.1 the primary statisticalproperties
of the turbulent boundary-layerflow arecomparedwith the theoreticalpredictionsoutlined
in section5.1, aswell asthe experimentalresultsreportedin the literature[21]. Thereafter,
thepropertiesof thenormalisedspatialcorrelationandcross-correlationfunctionsareexam-
ined to link the statisticalresultswith the conceptof coherent flow structures. This concept
assumesthat the complexity of the turbulent motion is simply a resultof the presenceand
interactionof relatively simplevortical structuresor eddies. Theaveragesizeandshapeof the
dominantcoherentflow structuresis deducedfrom theprimarycomponentsof thedoublecor-
relationtensorandthedimensionsof theflow structuresbeingresponsiblefor theproduction
andtransportof turbulenceis determinedfrom thevariouscross-andconditional-correlations.
Becauseof thefactthatthecoherentflow structureshaveahistoryof developmentwhile they
are transporteddownstream,the spatialcorrelationfunctionsincluderealisationsof a large
numberof structuresat variousstagesof their life history. To examinethepropertiesof the
individualcoherentflow structures,suchastheirsignificancefor theproductionof turbulence,
theirmutualinteractionandfinally their relationwith respectto idealisedvortex modelsmen-
tionedon page6, typical instantaneousvelocity fieldsarefinally analysedin section5.4.

Chapter 6 examinesthe resultsmeasuredwith themultiplanestereoPIV techniqueout-
lined in chapter4 in stream-wisespan-wiseplanes(

�\[
-planes)at �^] � *+�"_`#.�^_a-�� . These

planesareof particularinterestbecauseof thestrongdynamicof theturbulentfluctuationsin
this domainaccordingto the resultsin chapter5. The intensityof the differentflow struc-
turesand their propagationdirection relative to the wall areexaminedin section6.2.1and
thesize,shapeandintensityof variousspatialcorrelation,cross-correlationandconditional-
correlationfunctionsareanalysedin section6.2.2and6.2.3 in order to obtainquantitative
informationaboutthestructuralfeaturesof thecoherentflow structuresandtheir significance
for theturbulentmixing. In section6.3,themeanconvectionvelocityof thedifferentcoherent
velocitystructurespresentin thenear-wall regionof theturbulentboundarylayeris estimated
from the spatio-temporalstructureof the correlationfunction by usingvariousmethodsand
thedominantcoherentflow structuresbeingpresentin thenearwall regionareinvestigatedin
detail in section6.4. Of primary interestis againtheir sizeandshape,their significancefor
theproductionof turbulenceandtheir mutualinteraction.In thefirst partof theinvestigation
flow structureswill beconsideredwhich canbelabelledasdominantdueto their occurrence.
Thereafter, flow structuresareexaminedthat canbe characterisedasdominantdueto their
largeamplitudein theinstantaneousReynoldsshearstresscomponentbdc ?\e . Althoughthese
structuresdo not appearfrequently, they revealgeneralfeaturesthatcanbeoftenobservedin
theturbulentflow evenwhenthepeakintensityof theReynoldsshearstressis lower. In partic-
ular it will beprovenonthebasisof theconceptof frozenpattern, whichstatesthataspatially
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varyingsignalcanbetransformedinto atimedependentsignalatafixedpoint,whetherachar-
acteristicvelocitypattern,thatwasobservedin thepastby usinghot-wireprobes,is relatedto
themotionof particularcoherentstructures.Theresultsof thischapterarepartiallypublished
in [41].

Chapter 7 focusesfinally on thewall-normalspan-wiseplane( � [ -plane)investigationof
the turbulent boundarylayer by meansof multiplanestereoPIV at ��&% � 5 4��.� and

* 1 ����� .
Theseinvestigationswere mainly performedto examinethe validity of the frozenpattern
concept,appliedin chapter6, andto prove theexistenceof stream-wisevorticesin thenear-
wall regionandtheirsignificancefor theturbulentmixing normalto thewall. Two independent
experimentsaredescribedwith differentspatialseparationbetweenthemeasurementplanes
in stream-wisedirection(

���f�g�
and

�h�	
�g�
) andvarioustemporaldelaysbetweena pair

of measurements.Due to the widespreadopinion that reliableexperimentalresultsarevery
difficult to achieve whenthe orientationof the light-sheetis perpendicularto the main flow
direction,in section7.2 thestatisticalresultsarevalidatedagainsttheresultspresentedin the
chapter5. In section7.2.2thestructuralfeaturesof thecoherentflow structuresaredisplayed
andthe modelassumptionmadefor the interpretationsof the resultspresentedin chapter5
and6 will be examined. In section7.4 the decayof the coherentstructureswith increasing
time is investigatedasa functionof thewall distanceto validatethefrozenpatternhypothesis.
In section7.5 the existenceandrelevanceof the stream-wisevortex pairs for the turbulent
mixing in wall boundedflows is finally examinedandthe conceptof hairpin or horseshoes
like structuresis discussedaswell astheir connectionwith shear-layersandstreaks.Partsof
this chapterarealreadypublishedin [49]. As the fully-developedturbulent boundarylayer
flow alongaflat plateis consideredasoneof thebasicacademicflows which is accessibleby
Direct NumericalSimulations(DNS), anda testcasefor thevalidationof turbulencemodels
requiredfor LargeEddy(LES) andReynoldsAveragedNavier-StokesSimulations(RANS),
the statisticalresultspresentedin chapter5 to 7 aredisplayedin variousrepresentationsto
simplify acomparisonin thefuture.
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2 Partic le Image Velocimetr y

Thetrackingof individualobjectsin spaceandtimeby meansof opticaltechniqueshasa long
historyanda lot of valuableinformationcouldbecollectedin thepast. By combiningthese
observationswith thehumanenthusiasm,creativity andintellect,anunderstandingof nature
andsciencecouldbedevelopedfrom theearlydaysof consciousreflectionto thepresentstate.
Thereadermayrememberthat,basedon thepreciseobservationsof theplanetarymotionby
TychoBrahe(1546–1601),JohannesKepler(1571–1630)couldreducethecomplexity of the
ancientGreekepicycle theories,developedby ClaudiusPtolemaios(100–170)andothers,to
threesimplelaws, which describethemotionof theplanetsaroundthesunandwith respect
to eachother, andhecouldexplain thevaryingsizeandbrightnessof theplanetsin time, for
example.Sevendecadeslater, IsaacNewton (1643–1727)developedanideato explain these
laws andall observed deviationsfrom the ideal motion from first principles,by introducing
theconceptof forcebetweenany pairof objects,andhecouldlink theplanetarymotionswith
thelaws of motionfrom GalileoGalilei (1564–1642).Theprecisionandbeautyof Newton’s
axiomatictheorywasso convincing that the vision of their absolutecertaintycould be pre-
served for morethanthreecenturies.The decidingfactorsleadingto this successwerethe
absenceof friction within theemptyspace,thesimpleforce law betweentheobjectsand,fi-
nally, the fact that thesuncouldbeconsideredasmotionlessdueto its enormousmasswith
respectto the otherplanets. Unfortunately, the physicsof continuais muchmorecomplex
thanpoint mechanics,aseachsinglefluid elementinteractswith its wholeenvironmentin a
complex mannerandtheeffect of friction canonly beneglectedunderrestrictedconditions.
As a consequence,themotionof fluid elementsis stronglycorrelatedandits stateat a single
point requiresinformationaboutthe local translation,rotationanddeformationof eachfluid
element.This implies that fluid-mechanicalconsiderationsalwaysrequirea detailedknowl-
edgeof thespatialdistributionof thevelocityandits spatio-temporalvariations.Singleprobe
techniquesas they are generallyemployed in fluid mechanicalresearchprovide only local
information at one single point but with high temporalsamplingrate. The Particle Image
Velocimetry(PIV) in contrastyields in generalno reliabletemporalinformation(at leastin
its presentdevelopmentstate)but thedesiredglobal informationcanbeobtainedwith a high
accuracy andspatialresolutionasdescribedin thefollowing sections.

2.1 Principles

TheParticle ImageVelocimetryis a well established,non intrusive techniquefor measuring
thespatialdistribution of thevelocity within a singleplaneinsidetheflow, indirectly via the
displacementof moving particlesgroupswithin acertaintime,seefigure2.1and[85]. For this
purposetheflow regionunderconsiderationis homogeneouslyseededwith appropriatetracer-
particlessuchthattheir injectionandpresencedoesnotaffect theflow or fluid properties.The
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2 ParticleImageVelocimetry

concentrationof theparticlesmustbewell adjustedwith regardto thefinestflow structures,
in orderto sampletheflow properly, andthedeviationof theparticlevelocity

?
p from thereal

flow motion
�

mustbenegligible comparedto theuncertaintyof the imagingandrecording
systemand to the uncertaintydue to the evaluationprocedure. In this casethe difference
betweenthefollowing expressionsis negligible.i ]kj il i ��>nmpoqBkrGmpo^s i ]kj il i ? p

>tmpoqBkr�mpo
(2.1)

After the requiredseedingconcentrationhasbeenobtained,a desiredplaneinsidethe flow
is illuminatedtwice by a thin laserlight-sheet.The light scatteredby the tracer-particlesat
time

m
and
m o

in thedirectionof therecordingopticsis usuallystoredon individual framesof
a singleframetransferCCD camera,whoseoptical axis is perpendicularto the light-sheet.
It is obvious that the fluid must be optically accessibleand sufficiently transparentfor the
wavelengthunderconsideration.Furthermore,thelight-sheetintensityandfield of view must
be well balancedto the scatteringpropertiesof the particles,the performanceof the optical
systemandthesensitivity of thecamera.

particles
Flow with

Mirror

Light sheet

Imaging optics

Image plane

Flow direction

Double pulse Laser

Light sheet optics
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t

Particle image positions at t

∆
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t+  t

X

Y

FIGURE 2.1: Schematicset-upof particle imagevelocimetrysystemafter [85]. A desiredplanein-
sidetheflow is illuminatedtwice by a thin laserlight-sheetandthescatteredlight emerging from the
homogeneouslydistributedparticlesin thedirectionof theimagingopticsis recorded.

The local in-planeparticle imagedisplacementcomponent
��u

of the doubleexposed
particlesis finally determinedfrom the two singleexposedrecordingsby meansof spatial
cross-correlationtechniquesandafterwardsdividedby

��m
andthemagnificationfactor v of

theimagingsystemto calculatethefirst orderapproximationof thevelocityfield accordingto
thefollowing equation.i ]kj il i ? p

>tmpowBkr�mpo^s��x>nmzy{��m|B b �x>nm|B}����� ~ �����m � ��uv ��m s�� (2.2)
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2.1 Principles

It is of fundamentalimportanceto realizethattheparticledisplacementmustbesmallrelative
to the finestflow scales,asonly phenomenathat occurover a time interval which is longer
than

��md��m o b m andthathave a spatialextent larger thantheabsolutedisplacement
���

can
be resolved, but the particle image displacement

�hu
, on the otherhand,mustbe large for

accuratemeasurements.

This brief overview alreadyimplies that thecomplexity of the techniquearisesbasically
from thetechnicalcomponentsinvolvedandtheirmutualdependenceoneachotherandlesson
theprinciplesof the techniqueitself. In termsof accuracy, for example,theparticlesshould
be sufficiently small and their densityshouldexactly matchthe densityof the surrounding
fluid. Unfortunately, this is not often feasiblefor a desiredfield of view anda given laser
power, light sheetthickness,transparency of the fluid, imagingopticsandsensitivity of the
digital camera,asthescatteringintensitydecreasesrapidly with decreasingparticlediameter
asshown in figure2.2. Decreasingthe light-sheetwidth or thicknessmaypartially helpbut

Light
0o 180o

5
10

7
10

3
1010Light

0o 180o

FIGURE 2.2: Light intensity scatteredby sphericaloil particlesof different size in air (left: � p ����
m, right: � p � �a��� m), illuminatedfrom left with a planemonochromaticwave front, after [85].

The complex spatial intensity distribution, with a maximumin forward direction, resultsfrom the
interferencebetweenthereflected,refractedanddiffractedwave front.

thesizeof the largestresolvablescaleswill decreaseaswell andthe threedimensionalityof
theflow maycausefurtherproblemsaswill beexplainedlater. To usea powerful laserseems
to be the appropriatesolution but besidethe costs,strongreflectionsfrom model surfaces
or undesirabledisturbancesof theflow dueto acousticexcitationor thermalresponseof the
flow have to be taken into account[48]. An intensifiedcameracouldbe appliedaswell but
a reducedspatialresolutionandanincreasednoiselevel mustbeaccepted.Alternatively, the
evaluationprocedurecouldbeadaptedbut thentheaccuracy of thevelocityestimationandthe
validity of thewell establishedprinciplesmaybecomequestionable.Furthermore,it cannot
be recommendedto analysedatawherethe desiredfluid mechanicalinformation,hiddenin
the particle imagedisplacement,cannotbe uniquelydetermined.So increasingthe particle
sizemay be the appropriatesolutionat the end,but how this canbe achieved is unknown.
Anyway, in orderto make the right decisionwhile settingup andaligning theexperiment,a
clearunderstandingof the basiccomponentsis essential.For this reasonthe productionof
desiredparticles,the problemsassociatedwith the recordingof the particle imagesandthe
determinationof the imagedisplacementwill be treatedin chapter2. In chapter3 and4 the
moresophisticatedrecordingtechniquesareconsideredwhich havebeenappliedfor thefluid
mechanicalinvestigationspresentedin thesecondpartof thethesis.
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2 ParticleImageVelocimetry

2.2 Generation of appr opriate tracer -par tic les

Thestartingpointandbasicproblemassociatedwith all tracer-basedopticalvelocitymeasure-
menttechniquesin fluid mechanicsis thereproduciblegenerationof sufficientlymonodisperse
particleswith an appropriatesize,shapeanddensitysuchthat they follow the macroscopic
flow motionfaithfully withoutdisturbingtheflow or fluid properties.In thepast,smokegener-
ators,whichdelivercondensedoil vapour, or air-operatedaerosolatomisers,havebeenwidely
andsuccessfullyusedasthesedeviceseasilyproducetheparticleconcentrationsrequiredfor
high resolutionmeasurementsin largewind tunnels[75]. Unfortunately, very little attention
hasbeenpaidto theobservationthattheparticlesizedistribution generatedmaystronglyde-
viate from the desireddistribution if the liquid level in the generatorchanges,the pressure
varies,or thenozzleholesarecontaminatedfor any reason[17, 47]. This maycauseserious
problems,especiallyfor investigationswith strongvorticesor transonicflows with shocks,
as the accuracy of all tracer-basedvelocity measurementtechniques,suchas laserDoppler
anemometry(LDA), particleimagevelocimetry(PIV) or Dopplerglobalvelocimetry(DGV),
is ultimately determinedby theparticledynamics.In the following a systematicanalysisof
thecontrolparametersinfluencingtheparticlesizedistributionwill bepresentedfor different
typesandrealizationsof atomisernozzles.

2.2.1 Description of the experiment

To examinethe conditionsandphysicalprocessesleadingto a desiredparticledistribution,
a fully transparentperspex generator,

* 1 � mm in diameterand
#.4.�

mm high, wasbuilt with
a detachablelid containingtwo orifices: One

4
mm pressurisedair inlet in the centrewith

a fine threadfor easynozzlemountanda
*�*

mm aerosoloutlet [47]. For the experimental
investigationthreedifferenttypesof nozzleshave beenconsidered,seefigure2.3. The first
one,calleda referencenozzlein the following, consistsof a 220-mm-longbrasstubewith
an internaldiameterof 1 mm andfour crosswisearrangedholes,each

*
mm in diameterand#.�

mmforwardfrom theclosedendof thetube.Theholesarelocated
4��

mmbelow theliquid
level andwell above the generatorbottom in order to avoid free surfaceeffectsduring the
mixing processandabiasdueto thepresenceof thesolidboundary. Thesecondnozzleunder
considerationwas a Laskin nozzlewith the samegeometricaldimensionsas the reference
nozzlebut with a6-mm-thickand18-mm-widebrassdisk immediatelyabovethenozzleexits
with

*
mmliquid feedholesontopof thetubeholes[67]. It is assumedin theliteraturethat,in

operation,four symmetricallyarrangedair jetsof identicalmeanvelocitydistributionemerge
from the nozzleexits andproducesubmicronparticleswhenthe high velocity region of the
jet interactswith the liquid provided by the feedholes. Theseparticlesaresupposedto be
embeddedin bubblesandescapewhen the bubblesreachthe liquid surface. In contrastto
the other two nozzles,the third onesucksthe liquid from below througha small capillary
whencompressedair is blown sidewaysthroughthe outlet holeswhoselocationsareabove
the liquid level [75]. It shouldbeemphasisedthat this suctionnozzleis not designedfor the
atomisationof glutinousliquids suchasvegetableoil or Diethylhexylsebakat(DEHS),but as
this nozzletypeis increasinglyappliedin combinationwith bothliquids, its performancewill
beanalysedhereaswell. For thedeterminationof thevolumetricparticlesizedistribution,a
laserdiffractiontechniquewasappliedwhich canresolveparticlediametersdown to

�"!$# 1�� m
by analysingthethree-dimensionaldiffractionpatternof aparticleensembleaccordingto ISO
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2.2 Generationof appropriatetracer-particles

� �� �� �� �� �� �� �� �� �� �� �� ��
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FIGURE 2.3: Principalsideandtop view of threeutilisedatomisernozzleswith differentmechanisms
for particlegeneration.From left to right: referencenozzle,Laskin nozzleandsuctionnozzlewith
impactorring.

13320-1,see[34]. This is possiblefor sphericalparticleswith known opticalproperties,when
theparticleconcentrationwithin themeasurementdomainis sufficiently low suchthatmultiple
scatteringandopticalinterferencebetweenthescatteredradiationfrom differentparticlescan
be neglected. Otherwisethe measurementswould be biased,as the diffraction patternof
a particle ensembleis no longer identical to the superpositionof the individual scattering
patternsof all particlespresent.

2.2.2 Partic le size analysis

To ensurecontrolledboundaryconditionsbeforestartingthe experiment,eachnozzlewas
cleanedandthesymmetryof theemergingjetswasanalysed,asany asymmetrywouldindicate
damagesat the nozzleexit due to depositionof old oil or burr, for example. In addition,
all particlesproducedduring the adjustmentof the desiredpressurelevel were completely
removed from the generatorandthe tubeleadingto the optical system.The reproducibility
of the generatedparticledistribution wasfinally confirmedby performingfour independent
measurementsfor eachsetof parameters.To excludethe influenceof physicalpropertiesof
theliquid to beatomised,only vegetableoil with � ���"!0�G#./ kg/(ms)and c p

��4 5(� kg/m� and
DEHS with � ���"!0�G#.- kg/(ms)and c p

���^*C#
kg/m� wereusedfor all experiments,asboth

liquidsbehaveverysimilarly.
Figure2.4revealsthevolumetricparticlesizedistributionfor thedescribednozzlesfor two

typicalpressurestates(0.5and
*

bar)and,in addition,thedistributiongeneratedby meansof a
smokegeneratorhasbeenaddedfor comparison.First, it canbeseenthattheperformanceof
thesmoke generatoris quitegoodwith respectto theotheratomisers,especiallyif theshape,
bandwidthand upper limit of the particle size distribution are considered. Unfortunately,
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2 ParticleImageVelocimetry
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FIGURE 2.4: Volumetricparticledistribution, accordingto ISO 13320-1,generatedby threedifferent
atomisernozzlesfor two pressurestatesanda smoke generatorwhich deliverscondensedoil vapour
afterevaporationby heating.

smoke generatorsareoftennot well suitedfor velocity measurementsdueto thefact that the
particleconcentrationdeliveredby thegeneratoris fixed,andthemeanparticlesizecannot
be alteredtowardssmallerparticlediameters.However, this canbe doneby usingnozzles
aswill be seenlater. The secondnotableresult in figure 2.4 is the similarity betweenthe
distributionsgeneratedby meansof thereferenceandtheLaskinnozzle.This is notsurprising
for two reasons:First, the influenceof the ring above the Laskin nozzle is negligible, as
only a minor part of the expandinganddiverging air jet interactswith the ring. Secondly,
it will be shown in thenext sectionthat thevertical suctionholesdo not feedthehorizontal
airstreamwith fluid, as assumedin the literature. This could be clearly proven for every
pressuresuppliedby analysingtherisingbubblescreatedat thetopof theso-calledliquid feed
holes. The third remarkableresultvisible in thesamefigure is thestrongdependenceof the
particlesizedistribution on thepressure.Whereasfor theLaskinandreferencenozzlesonly
a small shift of the maximumtowards

r
p
�£* � m diameteranda decreaseof the shoulder

at
r

p
� �¤� m canbe observed, the distribution of the suctionnozzledevelopsfrom a single

peakto a doublepeakdistribution with a maximumat
r

p
�¥*�! 1�� m and

r
p
� �¤� m. The

doublepeakdistribution indicatesthattwo differentphysicalprocessesareprobablyinvolved
in the productionof the particles,and it seemslikely that the processresponsiblefor the
generationof small particlesrequireshigherpressurevalues. However, further experiments
arerequiredto validatethis assumption.Finally, it shouldbe notedthat the distribution of
the smoke generatoranalysedis quite monodisperse,comparedwith the distributions from
theatomisers,but the referencenozzleproducesthe largestfractionof particlesbelow

* � m
followed by the Laskin and the suctionnozzles. Basedon theseresults,it wasdecidedto
examineonly the referencenozzlein detail, as the Laskin and suctionnozzlespossessno
advantagewith respectto thereferencenozzlewhenthevolumetricparticlesizedistribution
andconcentrationareconsidered.However, this maybecomedifferentfor seedingmaterials
whoseviscositydeviatesstronglyfrom thefluids analysedhere.

Figure2.5and2.6show thevolumetricparticlesizedistributionsfor thereferencenozzle
asa functionof theholediameter

r
, theexternalpressure¦ , thenumberof holespernozzle
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FIGURE 2.5: Volumetricparticlesizedistribution for variousholediameters( � � ��¯±°.²`�&²´³ mm), pres-
sure(µ � ��¯±° and

�
bar), numberof holespernozzle( ¶ �¸· and12)andimpactor.

¹ andthe effect of an impactorbehindthe outputof the seedinggenerator. The upperleft
plot of figure2.5impliesthatshortlyabovetheminimumpressurerequiredfor theproduction
of particles,only the impactoris well suitedto keeptheparticlesizedistribution sufficiently
narrow andthemeanparticlediametersufficiently smallfor accurateflow investigations,but it
couldbeseenby visualinspection,thattheparticleconcentrationproducedis quitelow when
only a singlefour-holenozzleis used.Theeffect of theimpactorcanbeclearlyseenby com-
paringthedot-dashedline with thedottedgraph.It shouldbementionedthatadditionaluseof
moreimpactors(cascadearrangement)hasno furthereffect on theparticlesizedistribution.
By increasingthepressurefrom 0.5 to

*
bar,theexit velocity of theair jet reachesthespeed

of soundandthe performanceof the two high massflux nozzleswith (
rº�»#^_ ¹ � � ) and

(
r���*�_ ¹ ��*C# ) becomescomparablewith thedesiredimpactordistributionbut thenumberof

particlesproducedis severalordersof magnitudehigherascouldbequalitatively seenby vi-
sualinspection.Theothernozzles,in contrast,needmuchhigherpressurebeforetheshoulder
disappearsandthemeandiameterbecomesabout

* � m, seefigure2.6.Thisimpliesthatacon-
taminatednozzlehole,dueto pollutedair or encrustedoil, will tendto createlargerparticles
astheeffectivediameterdecreases.Thiswasvalidatedin severalexperiments.Unfortunately,
the high pressureinvestigationcould not be performedby usingthe high flow ratenozzles,
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FIGURE 2.6: Volumetricparticle sizedistribution for varioushole diameters( � � ��¯±³.²Â��¯±°.²`� mm),
pressure(µ � ³ and · bar), numberof holespernozzle( ¶ �¸· and12)andimpactor.

asseriouspollution of the optical systemwaslikely, but a nozzlewith a tiny hole diameter
of
�"!Ã#

mm startedto producea sufficient amountof particlesfor reliablesizemeasurements.
The impactorresult is alsomissingasthe expandedair behindthe nozzlecould not be fed
throughthefour impactorholesalthoughtheirapertureareaequalstheareaof thefour nozzle
holes.By increasingtheimpactorholenumber, this difficulty couldbesolved,but this would
reducetheperformanceof theimpactorastheaccelerationof theparticleswithin theimpactor
decreases.Generally, it canbestatedthatthebandwidthandmeandiameterof thedistribution
decreaseto a final distribution if the diameter

r
, pressure¦ , andthe numberof holes ¹ are

increased,or whenanimpactoris usedalternatively. Thus,thedeterminingfactorseemsto be
themassflux andlessthegeometricalpropertiesof the nozzleitself. This is obviousasthe
particlesizeis threeordersof magnitudesmallerthanthe hole dimensions.Furthermore,it
shouldbe notedthat the nozzlesconsidereddo not produceany particleslarger than

*+� � m.
This allows thelargestpossibleerrorin velocitymeasurementto beestimatedfor a particular
flow.

The difficulty associatedwith this investigationis to understandwhy a four-hole nozzle
with

*
mm drills producesdifferentparticlesizesunderthesameboundaryconditionsasthe

samenozzlewith 12 identicalholes,for example,arrangedin sucha way that thenearfields
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2.2 Generationof appropriatetracer-particles

of the jets do not interactwith eachother (threeplanes
#.�

mm apartfrom eachother, each
with four holesarrangedcrosswise).As only theflow rate(andthuskinetic energy) entering
the liquid reservoir andavailablefor turbulentmixing differs, it seemslikely that thenozzle
hasanotherfunction besidesthe generationof theparticles,namelythe sufficient mixing of
the liquid. This hastwo effects. First, the fluid mechanicalstateof the fluid changesinto
a two-phaseliquid which becomesclearlyvisible, asthe liquid becomesmilky whentheki-
netic energy enteringthe liquid reservoir matchesthe liquid volume. This may promotethe
generationof smallerparticlesizedistributions. Secondly, thebackgroundturbulencewithin
theliquid reservoir increasesstronglyandcausesanenhancedshearingof thebubbleswhich
carrytheparticlesto theliquid surface.Thisshearingprocess,causedby theturbulentmixing,
canbeseenasanactive impactorwhich mayenhancetherejectionof largeparticles.These
assumptionsweresupportedby measurementof thevolumetricparticlesizedistribution of a
12-holenozzlewhich wasdippedinto a large liquid reservoir whosefluid mechanicalstate
andturbulencelevel couldnot bealteredsufficiently by thekinetic energy enteringfrom the
jet. Furtherevidenceandadditionalinformationon this subjectcanbefoundin [43].

2.2.3 Flow visualisation

In orderto examinethegeneration,movement,anddelivery of theparticlesabove the liquid
surfaceasa functionof thepressure,a referenceandLaskinnozzle,eachwith only onesingle*

mm drill, wereoperatedin DEHS(vegetableoil is lesssuitedfor opticalflow analysisdue
to the strongabsorption).For this visualisationthe centrelineof the air-jet wasilluminated
with a vertically arrangedshortpulsedlaserlight-sheetandthescatteredlight 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: ¦ ���"! 1 _&*�_`#^_ � bar). Theincreasinghorizontalextensionof thejetswith increasingexit
velocity andthedecreasingdivergence(top to bottom)areclearlyvisible. It canalsobeseen
that thesizeof thebubblestructureschangeswith increasingfree-streamvelocity dueto the
strongermixing with thesurroundingmedium. Thewhite circle in the left columnrevealsa
deliveredparticlecloudwhich movesupwardsin theform of a vortex structurewith entrain-
ment,andat the liquid surfaceof the lower right images,a bubbleis visible just beforethe
burstingtakesplace.Thewhite circlesandarrows in theright columnindicatetherising bub-
blesemerging from the liquid feedholesof theLaskinnozzle,asmentionedin theprevious
section. This indicatesthat the holesin the ring arenot operatingin a way assumedin the
literature.Figure2.8 shows a selectionof threeimagesrecordedindependentlywherebythe
white andandblacksquaresin the left imageindicatethesizeandlocationof theothertwo
high resolutionpictures.The jet axis(seebright centrelineof smallwhite square)is approx-
imately � � mm below the liquid level (seedark line within black square).The white circles
in thecentreimageindicateparticlefilled air bubblesbelow the liquid level (seewhite dots)
moving within the liquid, andthe right imagerevealsa particlefilled air bubble,which has
penetratedthe liquid surface,immediatelybeforebursting. So it is evident that theparticles
aregeneratedat thenozzleexit andtransportedwithin expandingair bubbles,which areex-
posedto theturbulentmotionof thesurroundingfluid ontheirwayto theliquid surface,where
theparticlesaredelivered.
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2 ParticleImageVelocimetry

FIGURE 2.7: Laser light-sheetvisualisationof an air jet emerging from a reference(left column)
and Laskin nozzle (right column) in DEHS for various pressureconditions(top to bottom: µ ���¯±°.²`�&²´³.² · bar). The white circle in the left columnrevealsdeliveredparticlecloud. Circlesandar-
rows in the right column indicaterising bubblesemerging from the liquid feedholesof the Laskin
nozzle.
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2.3 Registrationof theparticleimages

FIGURE 2.8: Left: Laserlight-sheetvisualisationof an air jet interactingwith the liquid inside an
aerosolgeneratorfor tracer-particlegeneration(µ � � bar). Centre: detailpictureof particlefilled air
bubblesimmediatelybehindthenozzleexit. Right: detail pictureof particlefilled air bubblesabove
theliquid surface.

2.2.4 Conc lusion

It couldbeshown thathighconcentrationsof particleswith anarrow bandsizedistributionand
a meandiameterbelow

* � m caneasilybe generatedby meansof multi-hole nozzlesunder
over-critical pressureconditions( Ä * bar) provided the kinetic energy, enteringthe liquid
volume,is sufficient to changethe fluid mechanicalstateof the liquid to a highly turbulent
two-phasefluid. This experimentalresultcanbe explainedby assumingthat the nozzlehas
basicallythreefunctions. Firstly, it generatesthe particlesat the nozzleexit. Secondly, it
changesthefluid mechanicalstateof thefluid into atwo phaseliquid whichseemsto promote
the generationof smallerparticlesizedistributions,as the fluid mechanicalparametersare
different. Thirdly, the remainingkinetic energy which is not consumedfor the generation
of theparticlesor the transitionof thefluid mechanicalstateis transferredinto the turbulent
motionof the liquid andmayactasanactive impactorastheshearingof thebubbleswhich
carrytheparticlesto theliquid surfaceis enhanced.Besidesthisresult,it couldbequalitatively
shown thatbubblesarisefrom theliquid-fed holesof theLaskinnozzle.This impliesthatno
particlescanbe generatedat the ring sideof the jet, asassumedin the literature,dueto the
missingliquid in this region.

All validation experiments,discussedin chapter2 to 4, were performedwith a multi-
holenozzleoil atomiser. For the experimentalinvestigationsdescribedin chapter5 to 7 the
particleswere generatedwith a smoke generatorbecauseof the large observation distance
andthe small apertureof the optical system.Becauseof the small free-streamvelocity, the
velocity lag of theparticlesis negligible relative to theuncertaintiesdueto therecordingand
evaluationmethods,which will bedescribedin thefollowing sections.

2.3 Registration of the par tic le images

Besidetheparticledynamics,the registration,storageandread-outof the individual particle
imagesis anotherkey elementin PIV becausethe accuracy of the techniquestrongly de-
pendson theprecisionwith which theimagedisplacementcanberelatedto particlelocations
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andtheir respective particledisplacements[3, 105]. In therecordingprocessthecontinuous
intensity distribution of the particle imagesis transformedinto a discretesignal of limited
bandwidthasshown in figure2.9.

FIGURE 2.9: Fromleft to right: Continuousintensitydistributionof tracer-particlesin theimage-plane.
Integrationof thephotonsregisteredby thelight sensitive areaof aCCDsensorwith fill factorsmaller
one.Discretisedintensitydistribution in memoryof computer.

Whenthediscretisationof theimage-signalmatchestheminimumsamplingrate,thefre-
quency contentsof theoriginalsignalcanbereconstructedin principlewithoutany lossesand
thustheparticlelocationaswell. Thisis thecontentsof thesamplingtheoremwhichstatesthat
a bandwidth-limitedsignalcanbeperfectlyreconstructedfrom its discretesampleswhenthe
samplingrateof thesignalis at leasttwice thesignalbandwidth.Dueto thenoiseintroduced
by inhomogeneousilluminationor absorptionby thesurroundingfluid, opticalaberration,the
evaluationtechniqueandthe commonpeak-fitroutinesfor sub-pixel accuracy, for example,
theprincipalresolutiongivenby theaperture,focal-length,wavelengthof themonochromatic
light and the magnificationof the imagingsystemnever needto be fully resolved in prac-
tice. This allows theuseof digital recordingsystemswhich areeasyto handleandthe time
consumingfocusing,film change,developingandscanningprocedure,for the photographic
recordingmethodsutilisedsomeyearsago,areno longerrequired[104, 109]. But it should
beemphasisedthatbesidethe loss-of-informationdueto thediscretisationof thespatialco-
ordinatewith a limited resolutionasindicatedin figure 2.9, andbesideartefactslike Moire
or Mach-bandeffects [35], a possiblemodificationof the incoming intensitysignal,dueto
thegrey-level quantisation,nonlinearitiesin the pixel responseor during the read-outof the
imagesor AD-conversion,amplificationandtransportationvia long connections,mayreduce
furthertheperformanceof themeasurementtechnique.As a digital camerais a complex sys-
temthis biasmaybeintroducedin many differentwaysandits strengthstronglydependson
theCCD (chargecoupleddevice) architectureandpixel (pictureelement)characteristics.To
detectpossibleCCD errorsin therecordingsandto understandtheir consequencesfor PIV, a
deeperunderstandingof theCCD principlesis required.

2.3.1 Principles of CCD sensor s

State-of-the-artCCDsensorsarehighly integratedsemiconductor-circuitsconsistingof ahuge
numberof adjacentMOS-diodes(metal-oxidesemiconductor)eachof which is composedof
apolysilicon-oxide-layer(n-layeror anode),typically

�^! 1�� m in thickness,andof theimpov-
erishmentlayer. By applyinga sufficiently high voltagebetweenboth layerstheunbounded
chargesunderthe oxide-layerdisappearand a light sensitive impoverishment-layerwith a
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2.3 Registrationof theparticleimages

positivespace-chargeregionoccurs.In theimpoverishment-layertheelectron-holepairsgen-
eratedby penetratedphotonsof appropriateenergy areseparatedaccordingto their chargeby
theelectricfield. Electronsmigrateunderthepixel-registerwherethey will bestoredsothat
they cancontributeto thesignal.Theholes,on theotherhand,migratein theoppositedirec-
tion andvanish.Electron-holepairsgeneratedin thepolysilicon-oxide-layerdonotcontribute
to thesignalbecauseof theirsmalldrift velocity. Thesameholdsfor electron-holepairsgener-
atedin thenon-impoverishment-layervolume.As thisregionis field free,thechargesperform
arandommovementuntil they recombine.For theread-outprocesstheaccumulatedelectrons
haveto betransferredsequentiallyfrom oneMOS-elementto thenext up to theframegrabber
by changingthepotentialof theMOS-diodesin anappropriateway. This requiresthateach
pixel is usuallycomposedof threeadjacentdiodes(triple-phasepixel-structure).As a conse-
quencethefill-ratio, definedastheratioof thelight sensitivepixel-areato thetotal pixel-size,
is stronglyreducedandthusthesensitivity of thesensoraswell. This canbepartially com-
pensatedby usingmicro-lenseson top of eachpixel but their transferfunctionmayinfluence
thesignalaswell.

2.3.2 Quantum efficienc y and signal-to-noise ratio

A measurefor thesensitivity andefficiency of eachpixel is givenby thequantumefficiency,
definedas the numberof generatedelectronsper photonof a given frequency. This value
mainly dependson the spectralphotonabsorptionline in silicon, on the thicknessof the
impoverishment-layer, on the thicknessof the metal-oxidelayer the photonhasto passbe-
fore it maygenerateaelectron-holepair, aswell asonthereflectivity of themetal-oxidelayer,
on thefill ratio of thepixel andfinally on thediffusion-lengthof theelectronsin thesilicon
whichcontributeto thesignal.

For theimagingof weakbrightobjects,like thetiny particlesinsidethefluid, thequantum
efficiency mustbeextremelylargewith respectto thetotal noise Å t. Basically Å t is thesum
of four independentnoisesources,namely Å t

� > Å 9r y Å 9d y Å 9ph

y Å 9cte

B 8ÇÆÈ9 . Å r denotes
the noisedueto the readoutelectronicwhich dependson the designof the CCD amplifier,
the main amplifier filtering, the read-outspeedandthe temperature.By increasingthe read
out speedthe noisewill increasetoo. This effect canbe compensatedby reducingthe tem-
peratureof the CCD sensor. Å d is known asthe dark currentnoisewhich is causedby the
dark-charge É d, which againis causedby generationof electron-holepairsat defectsin the
semiconductor, which accumulatesduring the illumination time insidethepixel. ÅËÊ and ÉÌÊ
arerelatedaccordingto Å d

�ÎÍ ÉÌÊ . É d is directly proportionalto the integrationtime and
decreasesexponentiallywith the temperature.Generally É d dropsby a factorof two by de-
creasingthetemperatureby 5 3 . É d canbereducedfurtherby 2 to 3 ordersof magnitudeusing
themulti-phasebinned-modewhich is quite commonfor a new generationof CCD sensors.
The photon-noiseÅ ph is causedby the statisticalprobability of convective photo-fluxin the

sensitiveregion. Thisquantityis proportionalto thesquare-rootof thephoton-fluxÅ ph
� É 8ÇÆÈ9ph

andcanbeneglectedfor small photon-flux. Å cte resultsfrom the incompletecharge transfer
from thegenerationpoint to theread-outnode.Scientific-CCDspossessa transferefficiency
of 0.9999andmorewhich reducesthechargeafter1000shiftsby 10%. Althoughthis reduc-
tion canbeaccountedfor via calibrationthestatisticalvariationof thecharge-leakresultsin a
signaluncertainty.

For very intenseobjectsthe describednoiseis of minor importancecomparedto the so
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calledstorage-capacitybecause,whenthestoragecapacityis reached,a flux of chargesinto
theneighbouringpixelwill occurandalterthestoredinformationin all pixelsinvolved.In PIV
thisbloomingeffectcanbeobserved,for example,by recordingsufficiently strongreflections
from surfaces.Thepixel storagecapacityof commerciallyavailableCCD sensorsis typically*+�.Ï

to
*&�.Ð

electronsmainly dependingon thepixel-size,on themanufacturetechnologyand
on the registration-voltage. Thus, the dynamicrangeof the CCD electronicscan reachin
principle16 bit andmore.

2.3.3 CCD architecture

To visualisequantitatively theinfluenceof thefill-ratio (thefractionof thelight sensitivearea
of thetotalpixelsize)andthepixel responsefunctionof theCCDsensor, theconvolutionof the
geometricalparticleimagewith thepoint spreadfunctionof thelenssystemhasto beconvo-
lutedwith thetwo-dimensionalpoint spreadfunctionof thepixel. Whereasthefirst function
canbe derived analytically for an aberrationfree lenswith a limited spatialbandwidth,the
complexity of therealpixel responserequiresanappropriatemodel.To simplify matters,the
ideal intensitydistribution in the imageplanewill be weighedwith a linearpixel sensitivity
functionwith a positiveslopeandvaluesbetweenzeroandonein thedomain¹ÒÑ � Ñ�¹ yÓ*
for all ¹ÕÔ×Ö accordingto equation(2.3).Ø >t��B¤� *Ù Í #ÛÚÝÜßÞ^àÕá b >tâ b âäãßB 9# Ù 9 åçæ >nâ b âäã b ¹ B (2.3)

Althougha simplefirst orderapproximationis quitea strongidealisation,it is well suitedto
modelthebasicnoisetermsdiscussedin theprevioussection,likenonconstantimpoverishment-
or metal-oxidelayer, systematicvariationsin thereflectivity or poorlyalignedor manufactured
micro-lenses,for example.Thecontinuousgraphin figure2.10representstheGaussianinten-
sity distributionof thediffractionlimited imageof apointsourcein Fraunhoferapproximation
asa functionof thespatialcoordinate(first factorin equation(2.3)). Thesolid linesshow the
local intensitydistributionweighedwith a linearly varyingpixel responsefunctionaccording
to equation(2.3). The dashedlines indicatethe accumulatedlight for eachindividual pixel
calculatedfrom theunbiasedsignalandthe long-dasheddottedgraphsshow thesamefunc-
tion but calculatedfrom the linearly weighedsignal (dottedgraphs). As the dashedline is
alwaysabove thedasheddottedline, it is obviousthat thelinearresponseof thepixel lowers
thesignalstrengthto a largeextentandthusthecontrastin therecording.As a consequence,
thesignal-to-noiseratiodecreasesandthesizeof theparticleimagemaybereducedwhenthe
light accumulatedat theouterpartsof thedistribution is below thethresholdof digital regis-
tration. Theseeffectscanbepartially compensatedby increasingthelight-sheetintensity, by
changingtheapertureof the imagingsystemor by increasingthe particlesize,for example,
but the modificationof the particle imageshapecausedby the pixel responseresultsin an
erroneousvelocity estimation,ascanbeeasilyseenby calculatingthecentreof gravity over
all intensities.Whentheupperleft graphsareconsidered,theequalintensityvaluesin case
of the unbiasedsignal leadto the conclusionthat the maximumof the continuousintensity
distribution is exactly symmetricwith respectto the interfacebetweentwo adjacentpixels.
Theweigheddistribution,on theotherhand,suggeststhatthemaximumis slightly displaced
to thereallocationasthedifferencebetweenthedashedandthedasheddottedgraphincreases
in positive pixel directiondueto the secondterm in equation(2.3). If the maximumof the
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FIGURE 2.10: Gaussianintensitydistribution of aparticleimage(solid line) andits discreterepresen-
tationasa functionof thefill-f actor, pixel responseandsamplinglocation(upperleft to lower right).
Thedashedlineswithin theGaussiandistribution indicatethecollectedintensitycalculatedfor theun-
biasedsignalasa functionof the linearpixel dimensionandthe long-dasheddottedline themodified
intensityvalue(integrationover thedottedgraphs).

Gaussianintensitydistribution is notsymmetricrelative to theinterfacebetweentwo adjacent
pixels,asshown in thetwo lowerandtheupperright graphsof figure2.10,theunbiasedsignal
increasescontinouslyfrom 0.48to 0.68,in theexample,until thecentreof thepixel coincides
with themaximumof theGaussiancurve(lowerleft graphs).Undertheseconditionsthegrey-
valuesof themeasuredintensityis againcompletelysymmetricwith respectto thecontinuous
distribution so that the exact locationof the original function is identicalwith the discrete
sample.To examinethebehaviour of a smallfill-ratio sensor, theintensityof thedashedand
dasheddottedgraphscanbe comparedat a particularsub-pixel location. A comparisonin-
dicatesthe minor importanceof this parameteras long asthe particle imagesizecoverson
averagethreepixels in eachspatialdirection. Under thesecircumstancesthe measurement
precisionmaybereducedasthedifferencesbetweenneighbouringpixel-intensitiesdecrease
while theinfluenceof any superimposednoiseincreases,but thiscanbecompensatedby using
the appropriatecomponentsfor the experiment. If the particle imagesizeis in the rangeof
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a pixel, eitherdueto the low sensitivity of the sensoror to the noise,the fill ratio becomes
importantasthecompleteimageinformationcandisappearwhentheintensitydistribution is
locatedbetweentwo adjacentlight sensitiveareas.Dueto thestatisticalevaluation,whichwill
bedescribedin thefollowing section,thedisplacementcanstill becalculatedastheprobabil-
ity thatall particleimageswithin an interrogationareaareunpairedis small,but an increase
in noiseis unavoidabledueto unpairedparticle imagesandto the poor performanceof the
centreof gravity approachor relatedmethods,seesection2.4 and 2.4.1. This is different
whenthedisplacementestimationreliesonasingleimagepairasin particletrackinganalysis
or asforcedin [27]. However, undertheseconditionsthemeasurementaccuracy is strongly
affectedby theCCD characteristics.

2.4 Partic le image analysis

In orderto extract thedisplacementinformationfrom the two singleexposedgrey-level pat-
ternsacquiredat ì and ìpí , bothimagesareusuallyevaluatedby meansof statisticalevaluation
techniques,for two reasons.First, individual particleimagepairscannotbe identifiedsuffi-
ciently reliabledueto the high seedingconcentration.Secondly, the statisticalevaluationis
lesssensitive to noiseanddiscretisationeffectsasoutlinedin the previous section. For the
evaluation,thewholeimageis sampledwith anappropriatestep-size,typically half thelinear
dimensionof the grey-level sample

Ø�î âðïòñ"ó
. For eachsamplinglocationa two-dimensional

grey-level sample
Ø�î âðïôñkó

of certainsizeandshapeis extractedfrom thesourceimageasindi-
catedin figure2.1,andit is cross-correlatedwith thecorrespondingsample

Ø í î âðïòñkó from the
searchrecordingaccordingto thefollowing equation1 [52, 105, 109].

õ÷ö´öpøÈî âðïòñ"óúù ûüýÿþ�� û �ü�ôþ�� � Ø�î�� ï�� ó Ø í î���	 âðï
� 	 ñ"ó (2.4)

The discretecross-correlationformula producesone cross-correlationvalue
õ�öÂöpø î âðïòñ"ó

for
eachpossibledisplacementbetweenthe two samplesby calculatingthesumof theproducts
of all overlappingpixel intensitiessothattheoutputof thiscalculationcanbedisplayedin the
form of atwo dimensionalcross-correlationplane,seefigure2.11. Dueto thesymmetryof the
cross-correlationfunctionthetemplate

ØÌî âðïòñ"ó
canbeselectedin eitherof thetwo images,but

thesignof thedisplacementhasto bereversedwhenthetemplateoriginatesfrom the image
recordedat ì 	�� ì . The cross-correlationformula is usuallyproperlynormalisedso that its
amplitudeis invariantunderscalechangesin theamplitudeof

Ø
and
Ø í andthusnotaffectedby

variationsin theparticleimagenumber, sizeandintensity. This allows to quantifythequality
of thesignalwhich is of greatimportancewhenaligningtheexperimentalcomponents,such
aslight-sheetandcameras,with respectto eachother, seefigure2.12.

1As eachsinglegrey-level sampleback-projectedin theobjectspaceandmultipliedby theeffective light-sheet
thickness,givenby theintensitydistributionof thelight-sheetitself, theparticlesizedistribution,theimaging
opticsandsensitivity of theCCD camera,representa fluid volume,thecross-correlationcanbeconsidered
asweighedvolumeaverage.
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FIGURE 2.11: Exampleof the formationof the correlationplaneby direct cross-correlation:herea���
pixel template(grey-square)is correlatedwith a � � � pixel sizesampleto producea � � � pixel

cross-correlationplane.

� öÂöpøÈî âðïòñ"óúù û�ýqþ�� û ���|þ�� � ��� î�� ï�� ó�� ������� í î���	 âðï�� 	 ñkó�� � í �� û�ýÿþ�� û ���ôþ�� � � � î�� ï�� ó�� � �! � û�ýqþ�� û ���|þ�� � � � í î���	 âðï�� 	 ñ"ó�� � í ó �" (2.5)

� í denotesthe meanintensityvalueof the searchwindow calculatedover the portion which
coincidesperfectlywith the

� î�� ï�� ó
and

�
is thecorrespondingmeanintensityfor thetemplate.

It is obviousthat
� í hasto becalculatedfor eachpossibleshift to guaranteethat #%$ � öÂö $'&

(negative valuesareusuallynot consideredas intensitiesarealwayspositive and the mean
value is closeto zero for moderateimagedensities). As a direct implementationof this
formulain thespatialdomainbecomesquitetimeintense,especiallyfor largecorrelationwin-
dows, the computationof the correlationis usuallyperformedin the frequency domainvia
fastFouriertransformation(FFT) basedalgorithms.They arefastassymmetrypropertiesare
taken into accountbut artifactslike aliasing,circular effectsand limitations in the sizeand
shapeof thecorrelationor interrogationwindow maylower thequalityof thevelocityestima-
tion andrestricttheperformanceof themethodfor particularapplications,seechapter3. As
thecross-correlationapproachis basedon the ideathat thelocationof thesignal-peakyields
theinformationaboutthedisplacementof theimagepattern,theconditionsfor thecorrectness
of this assumptionneedto be analysedin detail. Due to the fact that this is mathematically
not tractablewhena singlerealizationof a particle imagepatternis considered,the pattern
is thoughtof asa singlerealizationof a randomprocessandit is assumedthat this particu-
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2 ParticleImageVelocimetry

RD

FIGURE 2.12: Spatialdistributionof thethecross-correlationcoefficientcalculatedoverfiverandomly
locatedparticle imagepairs of varying intensity moving homogeneously(*),+.-0/1�32 pixel 45(*67+-0/1�32 pixel. Thedisplacementcorrelationpeak 8:9 is surroundedby randomnoisedueto otherpairing
possibilities. Whereas8:9 is proportionalto the numberof pairedparticleimagesasonly theseadd
to thesignalstrength,theheightof thenoisepeaksdependson the intensityof the imagesandon the
organisationof theunderlyingpattern.

lar patternrepresentstheentirerandomprocessto which it belongs2. Underthis assumption,
it can be shown by analysingall possibletracerpatternsfor a single flow field realization
thattheparticleimagesmustbeexactly identicalin size,shapeandintensity, homogeneously
distributedandthestructureof thepatternmustbe invariantunderspatialtransformationsto
ensurethat the particle imagedisplacementis directly relatedto the locationof the highest
correlationpeakasassumedin PIV evaluation[2, 52,104]. In practice,of course,therequired
conditionsare only approximatelyrealized,so that experimental,numericaland analytical
investigationsare requiredto analysethe effectsof non ideal conditionsintroducedby the
following: inhomogeneitiesin theparticleimagedistribution,variationsin theparticleimage
sizes,shapeandintensity, imagesampling,grey-level quantisationaswell asnon-linearities
in thepixel responseor light sensitivity, shotnoise,charge leakage,dark-currentnoisein the
CCD andelectronicnoisein theCCD,cameraandframegrabber, gradientsandsoon.

2.4.1 Partic le image density , loss of pair s and velocity gradients

In theprevioussectionsit hasalwaysbeenassumedthatthesignalpeak
õ 9 î âðïòñ"ó is uniquely

defined,reliableto detectandnot affectedby randomnoisesuperimposedon thesignalpeak.
In orderto obtainthis idealconditionsin any realexperiment,thefollowing relationhasto be
takeninto accountwhile settingup theexperiment[2, 52, 104].õ 9 î âðïôñkó<;>= ö!?xö!?�@A?CB

(2.6)= ö
representsthesocalledimagedensitywhich is actuallythenumberof particleimagepairs

in the interrogationdomainwhich contribute to the signal strength.
?xö

and
?�@

denotethe
in-planeandout-of-planeloss-of-pairsasaresultof thefinite sizeof themeasurementvolume
and

?CB
accountsfor thelossof correlationdueto gradientswithin themeasurementvolume.

2For ergodicprocessesit is possibleto derivethedesiredstatisticalinformationabouttheentirerandomprocess
from anappropriateanalysisof asinglearbitrarysamplefunction.
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2.4 Particleimageanalysis

= ö ù D �FE3@G  IHKJLHKM = ö�NPO
(2.7)?xö ù Q & �SR �KT RHKJVU Q & �SR � ñ RHKMWU (2.8)?�@ ù Q & � R �FE R�XE ã U (2.9)?CB ù Y[Z]\ Q � G R ��^ R � ì_a` U (2.10)

Equation(2.6) statesthat theamplitudeof thecross-correlationpeakincreaseswith increas-
ing imagedensity

= öWN�O
anddecreaseswith increasingdisplacement,no matterin which

directionor if the displacementof the particle imagesis not constant.In orderto optimise
theperformanceof theexperiment,thenumberof pairedparticleimagesis of primaryimpor-
tanceasonly theseaddto thesignalstrength.In additionthenumberof correctpairingswith
respectto incorrectcombinationshasto beoptimisedfor increasingthesignal-to-noiseratio
andthusthedetectabilityof thesignal. This canbeachievedeitherby changingtheseeding
concentration,themagnificationof theimagingsystemor simplyby increasingthelight-sheet
thickness,seeequation(2.7). In-planeloss-of-pairs,causedby particlesenteringor leaving
themeasurementvolumeduring the illuminations,dueto themotionof thefluid, canbe re-
ducedby decreasing

� ì or eliminatedwhenthe searchwindow containsthe corresponding
particleimagepatternselectedwith the template.This canbeachievedeitherby correlating
differentlysizedsamplesasdescribedbeforeor by usingwindow-shifting in connectionwith
multi-passinterrogationtechniques[106, 109]. Using this approachtwo equallysizedsam-
ples,separatedby the local particle imageshift arecross-correlatedafter the local shift has
beendeterminedwithin a first evaluation. Sincethe correlationwindows aresymmetrically
shiftedwith respectto eachotherandrelative to theexactmeasurementposition,it becomes
necessaryto determinewherethefootprint of thevectorshouldbelocated(centreor corner).
This is especiallyimportantwhendifferentevaluationmethodsarecomparedbecausethepar-
ticle patternemployed for the evaluationmay be differentfor the samepixel coordinatesof
thedisplacementvector[97]. Out-of-planeloss-of-pairscanbecompensatedby shifting the
light-sheetin thedirectionof themeanparticledisplacement,asproposedin [52], or by using
multi-light-sheetarrangementswhenthe out-of-planemotion is not uniform, seechapter4.
Theeffectof in-planegradientscanbereducedby increasingthemagnificationof theimaging
system,by decreasingthe time-separationbetweenthe two illuminationsor by usingprop-
erly shapedinterrogationwindows whoselineardimensionis reducedin thedirectionof the
gradient.

2.4.2 Signal-peak detection and displacement determination

In orderto increasethe accuracy in determiningthe locationof the displacementpeakfromb #dc�e pixel to sub-pixel accuracy, ananalyticalfunctionis fittedto thehighestcorrelationpeak
by using the adjacentcorrelationvalues[109]. Usually two one-dimensionalGaussianfits
alongthe two coordinatesthroughthehighestcorrelationcoefficient areapplied. The moti-
vationfor this particularfunctionis basedon thefact thatunderideal imagingconditionsthe
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2 ParticleImageVelocimetry

shapeof the signalpeakis of Gaussianshape,like a diffraction limited imageof a particle,
andcloseto 3 pixelsin eachspatialdirectionfor realisticapplicationsof PIV.f î�T ó¤ù D ãgY[Z]\ih
� î�T ãj� T ó  k l (2.11)T ã

indicatestheexactlocationof themaximumand D ã&ï k arecoefficientsof nodirectinterest.
Using this expressionfor the main andthe adjacentcorrelationvaluesandthe fact that the
first derivative of this expressionmustbe zero,the positioncanbe estimatedwith sub-pixel
accuracy. �KT ý ù �m	 npo õ�q ýp�sr�t �vu � npo õwq ýyx�r�t �vuz n{o õ�q ýp�sr�t �|u �~} npo õwq ýpt �vu 	 z npo õwq ýyx�r�t �vu (2.12)� ñ ý ù � 	 n{o õ q ýpt �!�sr�u � n{o õ q ýpt �|x�r�uz npo õ q ýpt �"�sr�u ��} n{o õ q ýpt �|u 	 z n{o õ q ýpt �|x�r�u (2.13)

Unfortunately, differencesfrom this ideal Gaussianshapearenormaldue to the discretisa-
tion, electronicnoise,velocitygradientsandopticalaberrationsandintroduceartefactswhich
reducetheperformanceof this peak-fitandleadto systematicmeasurementerrors.Thepeak-
locking effect for examplewhich is introducedby under-samplingthe particle imagesmay
be amplifiedby usingthis peak-fitdueto the characteristicvariationof the RMS error asa
functionof thesub-pixel locationof thecorrelationpeak.

Betterresultscanbe achievedby fitting a two dimensionalGaussianfunction to a larger
numberof pointsbyusingtheiterativeLevenberg-Marquardtmethodasdescribedin [88]. The
weightingof thevaluesshouldbeaccordingto theFishertransformin orderto compensatethe
non-normaldistribution of thecorrelation-coefficient error (theerror is zerofor valuesequal
1 and increaseswith decreasingamplitude). This peak-finderalsoworks properly for non-
Gaussianshapedcorrelationpeaksandis lesssensitive to sub-pixel displacementscompared
with thethreepointGaussianpeak-fit.

Figure2.13shows the distribution of the measured
T
-displacementsasa function of the

sub-pixel shifts alongthe othercoordinatecalculatedfrom simulatedimageswith a sizeofz # }a��� &3��# z } pixel
 
. The evaluationhasbeenperformedby using the 2nd order accurate

FFT-basedmulti-passinterrogationprocedurewith three-pointGaussianpeak-fitandtheFFT-
basedfree-shapecross-correlationalongwith thetwo dimensionalGaussianpeak-fit. As the
distributionof themeasuredvelocity is nearlyindependentof thesub-pixel locationwhenthe
two-dimensionalGaussianpeakis applied,only thegraphwith thelargestdeviation from the
truedisplacementhasbeenplottedfor comparison.Theenormousvariationof themeasured
displacementasafunctionof thesub-pixel shift in

ñ
-directionshouldbenotedwhenthethree-

pointGaussianpeak-fitis applied,seefigure2.13left. It resultsin astrongpeak-lockingeffect
comparedwith the two-dimensionalGaussianpeakfit analysisdespiteof the large particle
imagediameter(

z c } pixel).
Themeanandstandarddeviationfollowing from thegraphsin figure2.13aresummarised

in table2.1. It shouldbenotedthatthereliability of thethree-pointpeak-fitis stronglylimited,
with respectto thetwo dimensionalGaussianpeak-fit,dueto thevariationof thestandardde-
viation as a function of the sub-pixel location (one order of magnitude). For this reason,
theanalysisof the recordingsacquiredfor the investigationpresentedin chapter5 to 7, was
performedwith the the iterative Levenberg-Marquardtmethodandthedisplacementestima-
tion with sub-pixel accuracy wasperformedwith atwo dimensionalGaussianpeak-fitroutine.
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FIGURE 2.13: Numericalcomparisonbetweentwo-dimensional(solid lines) and three-pointGaus-
sianpeak-fit(graphswith symbols(left column)anddottedlines)with iterative Levenberg-Marquardt
methodfor two fixedparticleimagedisplacements(top: (*)�+7� pixel, bottom: (*)�+�-0/ �� pixel) as
a functionof the 6 -shift. Thegraphrepresentstheprobabilitydensityfunctionsfor a setof simulated
displacementfields(each2000by 16000pixel in size)analysedwith a 2ndorderaccuratemulti-pass
interrogationtechniquewith �3� � �3� pixel interrogationwindow and50%overlap.

Figure2.14showsthedistributionobtainedby analysingexperimentaldata.Thedisplacement
wasachievedby transformingoneimageaswill beoutlinedin the following chapter. It can� ñ

[pixel]
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TABLE 2.1: Comparison
between two-dimensional
(bottom row) and three-
point Gaussianpeak-fit for
two particle image dis-
placementsin ) -direction
(centre column (*) +� pixel, right column (*)K+-0/ �� pixel) asa functionof
the 6 -shift.

33



2 ParticleImageVelocimetry

beseenthat thefunctionaldependenceof thedistributionson thedisplacementagreesnicely
with theresultshown in figure2.13.

For completenessit shouldbe mentionedthat varioustechniqueshave beenproposedin
the pastto optimisethe evaluationprocedurewith regardto accuracy andspatialresolution
andto overcomethe limitationsassociatedwith therequiredimagedensityandthe tolerable
gradients,for detailsthe interestedreadermayconsulttheexisting literature[22, 27, 33, 72,
97]. Theexcellentperformanceof the3-pointGaussianfit whenthelocationof thecorrelation
maximumis exactlysymmetricalrelatingtoapixelstimulatedLecordieretal [72] to makeuse
of theaccuracy by transformingthemeasuredimagein suchaway thatthemeasuredvelocity
becomeszeroafter the transformation,seesection3.2.2. To increasethe spatialresolution
without increasingthe probability that a randomcorrelationpeakwill exceedthe heightof
thedisplacementpeakanddeterioratethevelocitymeasurement,it is possibleto calculatethe
correlationtwice with a small spatialseparationin sucha way that the imagedisplacement
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FIGURE 2.14: Experimentalcomparisonbetweentwo-dimensional(solid lines)andthree-pointGaus-
sianpeak-fit(graphswith symbols(left column)anddottedlines)with iterative Levenberg-Marquardt
methodfor two fixedparticleimagedisplacements(top: (*)�+7� pixel, bottom: (*)�+�-0/ �� pixel) as
a functionof the 6 -shift. Thegraphrepresentstheprobabilitydensityfunctionsfor a setof measured
displacementfields (each1280by 1024pixel in size)analysedwith a 2nd orderaccuratemulti-pass
interrogationtechniquewith �3� � �3� pixel interrogationwindow and50%overlap.
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2.4 Particleimageanalysis

is identical but the noiseuncorrelated[27]. Oncethis hasbeendone,the signal peakcan
beclearlydetectedby calculatinga correlationof thecorrelation(theuncorrelatednoisewill
vanish),but againit shouldbetakeninto accountthatevaluationschemesbasedonfew particle
imagesarehighly sensitiveto noisethatis introducedby thecharacteristicsof digital cameras.
In orderto enhancethesignalquality whenstrongin-planegradientsarepresent,Huanget al
[33] hasproposedto transformthe imagein sucha way that the deformationvanishesafter
themapping,seealso[22]. This approachworksfine aslong astheflow underconsideration
possessesonly in-planegradients( � ^�� � T , � ^�� � ñ and �s� � � T , �s� � � ñ ). In caseof strongout-
of-planegradients( � ^�� � E ) this andmostof theothersophisticatedmethodswill fail, ascan
be easily realizedby consideringa turbulent boundarylayer experimentwith a light-sheet
parallelto theflat plate.Undertheseconditionstheapparentparticleimagegradientscaused
by particlesfrom differentlayerscannotbecompensatedbecauseof arisinginstabilitiesin the
imageanalysis.
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3 Stereo-scopic Partic le Image
Velocimetr y

The conventionalPIV techniquedescribedin the previous sectionsyields reliableresultsas
longastheflow underinvestigationis two-dimensionalandparallelto thelight-sheet.In case
of turbulentflows with a strongvelocity componentbeingnormalto the light-sheet,theout-
of-planevelocitycomponentremainsunknown andthein-planecomponentsarebiaseddueto
theperspectiveerror asindicatedin figure3.1 for a simulatedflow with a pureout-of-plane
velocitycomponent.

FIGURE 3.1: Magnitude
and direction of the
projection-errorasa func-
tion of the imagelocation
for aconstantout-of-plane
displacement.

As this error is directly proportionalto theviewing angle,accordingto figure3.1, theobject
distancemust be increasedto minimise the error while keepingthe field of view. As this
approachrequireslong focal lengthlensesit is obviousthat this approachis not satisfactory.
To overcomethis constraintcompletelyandto obtaintheout-of-planevelocity component,a
stereoscopicobservationarrangementhasto beapplied,which will beoutlinedin thefollow-
ing sections.

3.1 Principles

Using the stereoscopicrecordingtechnique,the imagesof tracerparticlesare recordedsi-
multaneouslyfrom two differentviewing directions,and the correctdisplacement(without
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3 Stereo-scopicParticleImageVelocimetry

perspective error)of theparticleensemblesarereconstructedby usingtheproperequations.
Thebasicrecordingarrangementscanbeclassifiedeitherwith respectto thecameraposition
relative to thelight-sheetor with respectto thepropagationdirectionof the light-sheetplane
accordingto figure3.2. The left drawing revealsa configurationwherebothcamerasarelo-
catedonthesamesideof thelight-sheet.As aconsequence,thisrecordingarrangementcanbe
operatedin forward/backward or ninetydegreeconfigurationwhenthepropagationdirection
of thelight-sheetplaneis considered.An alternativearrangementis shown in therightdrawing
of thesamefigure. In this casethecamerasareseparatedby the light-sheetplanesothat the
pureforward, backward andninetydegreearrangementsarepossible.As long asonly thein-
tensityof thescatteredlight is considered,themostefficient light-sheetcamera-configuration
is thepurely forwardscatteringset-up,accordingto theMiescatteringdiagramin figure2.2,
followedby the forward/backward configuration,purelybackward andfinally ninety degree
case.This maychangewhenthestateof polarisationhasto betakeninto accountbesidethe
intensity(thiswill befurtheranalysedin chapter4 andtheexperimentalpartsof this thesis).

FIGURE 3.2: Stereoscopicrecordingarrangements.The orientationof the principle observation ray
(oblique lines) relative to the light sheet(dark plane)or the propagationdirectionof the light-sheet
plane(indicatedby the arrows) canbe usedto definevariousrecordingconfigurationswith different
properties.Theobservationdirectionfrom onelight-sheetside(left drawing) allows forward/backward
and ninety degree imaging and from oppositesides(right drawing) forward, backward and ninety
degree.

Besidetheabove classification,it is commonpracticeto differentiatebetweenthestereo-
scopicrecordingapproachesregardingto the field distortionsinto translationand angular
displacementmethods,seefigure3.3. In caseof thetranslationmethodthelight-sheetplane,
themainplaneof thelensandtheimageplaneareparallelin relationto eachother. As aresult,
themagnificationfactoris constantacrossthefield of view (e.g. the imageof a regulargrid
appearsundistorted)andtheimageanalysisvariesonly slightly from theanalysisoutlinedin
thepreviouschapter, see[44] for details.Thedrawback,on theotherhand,is thedecreased
performanceof this arrangementfor increasingstereoopeningangles.This happensbecause
of opticalaberrationsandthedecreaseof themodulationtransferfunctiontowardstheedges
of thefield of view (seealsosection4.7)andbecauseof thelimited overlapof theobservation
areasof both cameraswhen the CCD sensoris not shiftedwith respectto the optical axis,
see[44]. For thesereasonsthe angulardisplacementmethodis usually appliedwherethe
light-sheetplaneandthe main planeof the lensintersectin a commonline1. In this config-
urationthemagnificationfactorvariesacrossthefield of view andtypical distortionsappear

1Thetranslationimagingconfigurationcanbeseenasa specialcaseof theangular-displacementarrangement
with the line of intersectionbetweenthe imageplane,the main planeof the lensand the objectplaneat
infinity.
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Lens plane

Image plane

Observation plane Observation plane

FIGURE 3.3: Stereo-scopicimagingconfigurations.Left: translationmethod.Right: angulardisplace-
mentmethod.

asindicatedin figure3.4 for bothcamera-light-sheetarrangementsshown in figure3.2. The
size,shapeandlocationof thedarkareasindicatetheimageof arectangularareain theobject
spaceasa functionof thecameraarrangement.Thedifficultiesassociatedwith thiseffectand
possiblesolutionswill befurtheranalysedin section3.2.

FIGURE 3.4: Linearfield distortionsof a regulargrid dueto theobliqueobservationdirectionsfor two
angulardisplacementcameraarrangements.Left: both camerasare locatedon the samesideof the
light-sheetaccordingto theleft drawing in figure3.2). Right: camerasareseparatedby thelight sheet
(right drawing in figure3.2).

3.1.1 Error analysis

It is obvious from our experiencewith the visual systemof the humanbeing,that the mea-
surementerrorfor theout-of-planecomponentandtheaccuracy of theperspectivecorrection
dependon the openinganglebetweenthe two cameras.LawsonandWu have derived from
geometricalconsiderationsthatfor a symmetricaltranslationarrangementtherelativeout-of-
planeerror � B��[� � B J asa functionof theoff-axisposition

T
is givenby� B��� B J ù &� î�T�� _ ãßó  	�î �g� _ ã`ó  (3.1)

where
_ ã

denotestheobjectdistanceand
z �

indicatestheshortestdistancebetweenthelenses
[71]. Theupperleft graphof figure3.5shows thevariationof this relative out-of-planeerror
asa function of the off-axis position for various

T�� _ ã
given by equation3.1. The slopeof
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3 Stereo-scopicParticleImageVelocimetry

the graphsimplies that the relative measurementerror canbe significantly improved within#%¡ T�� _ ã ¡¢#dc{& by increasingtheopeninganglebetweentheobservationdirectionswhereas
for larger

T�� _ ã
this effectbecomesweaker.
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FIGURE 3.5: Uppergraphs:Variationof this relative out-of-planeerror asa function of theoff-axis
positionfor thetranslationmethod(left column)andtheangulardisplacementarrangement(right col-
umn). Lower graphs: Dependenceof the error for the principal observation rays from the viewing
angle.

For thecentreof thefield of view (
T ù # ) therelative out-of-planeerrorasa functionof the

openinganglereducesto equation3.2.Thisdependence,whichgivestheappropriateopening
anglebetweenthe principle raysfor a desiredout-of-planeerror, is shown in the lower left
plot of figure3.5.2 � B��� B J ù &_ ã �a� (3.2)

2As theperformanceof thestereoscopicapproachdecreaseswhentheobjectdistanceis largewith respectto
the lensseparation,the visual systemof the humanbeingchangesfrom the stereoscopicapproachto the
interpretationof theperspective(relativemagnitudeof known objectsandtheirpositionrelativeto eachother
- remoteobjectsappearhigherthancloseones),shadow sizes,imagecontrast(absorptionof light increases
with increasingdistance),degreeof accommodationandotheraids.
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In caseof theangulardisplacementarrangementthevariationof therelativeout-of-planeerror
asa function of the

T
coordinateis givenby expression3.3. Comparedwith the translation

set-up,thedependenceis ratherweakascanbeseenby comparingtheupperplotsof figure
3.5.

� B��� B J ù ¨y©«ªa¬  � � ¬v® o   ¨v¯ J°²±0³  ©«ªa¬  �µ´«´�¶·¬v® o  ¨ & 	 ¯ J° ± ³  ©«ªa¬  µ´�¶· (3.3)

By substituting
T ù # in equation3.3 it turnsout that the relative out-of-planeerror at the

opticalaxisis thereciprocalof thetangentsof theoff-axisangle


, accordingto thefollowing
equation,and for

 ù } e�¸ (openingangle ¹ ù �a#a¸ ) the out-of-planeerror � B�� becomes
comparablewith the in-planeerror � B J at thecentreof thefield of view, seelower right plot
of figure3.5. � Bm�� B J ù &º"» o  (3.4)

3.1.2 Scheimpflug condition

Unfortunately, large openinganglesareoften not feasibleby usingstandardequipmentdue
to the limited depthof focus,seesection4.7 for further details. For a typical configuration
with

f ù e¼c�� ï G ù #dc�e and ½ ù e�� z nm, for example, the depthof focus is only ¾ � ùz fÀ¿ _
diff
î�G 	 & ó �ÁG  ÃÂ b #]c���e mm. To overcomethesedifficulties, the conditionswhich

improvetheimagingwhentheobjectplaneis tilted relative to themainplaneof thelens,will
bebriefly derived.
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FIGURE 3.6: Scheimpflugcondition:Theimage-,object-andmainplaneof thelensneedto intersect
in a commonline for idealimaging( Ä r +�Ä  ).
Assumingthat the main-planeof the lensintersectswith theobject-andimage-planesat Å r
and Å  respectively accordingto figure3.6, it follows from geometricalconsiderationsthat
the distancefrom the centreof the lens to the points of intersectioncan be expressedasÆ Å r �0Ç ã ùÉÈ �ÁÇ

and
Æ Å  ��E ã ù�ñ ��E . î �ÊÈ¤ï0� Ç ó denotesthecoordinatesof anon-axialobject-

point (measuredfrom the intersectionof the optical axis of the lenswith the objectplane)
and

î ñ\ï E ó
arethe correspondingimagecoordinates.Using the definition for the transversal
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magnification
GiË ùgñ � È ù E ã �0Ç ã

andtherelation
E ù GÃÌsÇ ù G  Ë Ç

for the longitudinal
magnification,it turnsout thatthetwo pointsof intersectioncoincide.Æ Å  ù E0Í ñE ù GiËmÇ<Í"GiË ÈÇ*G  Ë ù Ç<Í ÈÇ ù Æ Å r (3.5)

Thus the image-, object- and main planeof the lens needto intersectin a commonline
for ideal imaging. Although this relation was proven theoreticallyby the Frenchmathe-
matician Girard Desargues(1591–1661),and experimentallyin 1901 by JulesCarpentier
(PatentGB 1139/1901),thisconditionis namedaftertheAustrianaerialcartographerTheodor
Scheimpflug(1865–1911),who hasderivedthis relationsfrom theoptical laws in his British
Patent(GB 1196/1904)from 1904. However, it shouldbe notedthat this Scheimpflugcon-
dition is only a necessaryconditionwhich requiresin additionthat the objectdistance

_ Í
is

larger thanthe focal length
f

of the imagingsystem. For practicalpurposesthis condition
becomessignificantfor ¾ � $'Î º"» o  where


denotestheanglebetweentheopticalaxisof

thelensandthelight-sheetplane,¾ � is thedepthof focusand Î is thesizeof thefield of view.
For smallapertureor long focal lengthimaging,theadjustmentof theimageplanecanbene-
glectedfor awide rangeof openinganglesbetweenthetwo camerasin stereo-scopicimaging
configuration.

3.2 Evaluation of stereo-scopic image pair s

The advantageof theangular-displacementtechniquewith respectto the translationmethod
is thatoptical aberrationsaswell asintensitylosses,dueto the decreaseof the modulation-
transferfunctiontowardstheedgesof thefield of view, canbeneglected,seesection4.7. The
inherentdrawback,on theotherside,is thecharacteristicvariationof themagnificationfactor
acrossthefield of view dueto theobliqueviewing direction.Besidea variationof thespatial
resolutionacrossthe field of view anda varying particle imagedensity(numberof particle
imagepairsper unit area)additionalerrorshave to be taken into account,especiallywhen
both camerasare locatedon onesideof the light-sheet. In this case,the sizeof eachof a
pair of measurementvolumesconsideredfor thecalculationof the third velocity component
is inverselyproportionalto eachotheraccordingto figure3.4.

3.2.1 Determination of the mapping function

For conventionalPIV (singlelight-sheetsinglecameraconfiguration)thevariationof themag-
nification factorover thefield of view is usuallynegligible becausethe image-planeandthe
main planeof the imagingsystemareparallel to the light-sheet.To ensurethat the interro-
gationwindows from eachof a pair of stereoscopicrecordingscorrespondto the sameflow
region andalso,that themagnificationis constantfor all positionswithin the image,thedis-
tortionsalongwith possibledifferencesin the field of view have to be carefully determined
beforethe line-by-line evaluationprocedure,describedin section2.4, can be applied. For
this processimagesof a regular calibrationgrid (or dot pattern)with a known line-spacing
areusuallyacquiredprior to themeasurementswhile thecalibrationtargetmustbeperfectly
alignedwith the centreof the light-sheetplanesin order to avoid systematicmeasurement
errors,comparesection3.3. Accordingto theprocedureproposedin [108] eachimageis in-
vertedandcross-correlatedwith anappropriatecorrelationmask(+ in thecaseof acalibration
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3.2 Evaluationof stereo-scopicimagepairs

grid and Ï whenadotpatternis used)in orderto determinethecoordinatesof theline crossing
with sub-pixel accuracy3. After this steptheimagingfunctionbetweentheimage-andobject
planecanbe changedfrom a discreteinto a continuousrepresentationby meansof fitting a
standardleastsquaressurfaceto eachof the image-objectpoint sets,so that the first order
projectionmatrix canbecalculatedfor eachobservationdirectionalongwith thetranslation,
rotationandmagnificationfactor, [108].Ð ù Ñ r�r T�	 Ñ r  ñ 	 Ñ r�ÒÑ Ò|r TK	 Ñ Ò  ñ 	 & (3.6)È ù Ñ  r T�	 Ñ  � ñ 	 Ñ  ÒÑ Ò|r TK	 Ñ Ò  ñ 	 & (3.7)

In orderto take into accountaberrationsof higherorderandothernon-lineardistortions,the
secondorderprojectionin form of equation(3.10) hasto be applied. For this purposethe
coefficients of the first order projectionmatrix have to be usedas an initial estimateto a
Levenberg-Marquartnon-linearleastsquaresfitting algorithm.Ð ù Ñ r�r TK	 Ñ r  ñ 	 Ñ r�Ò 	 Ñ r�Ó T  	 Ñ r�Ô ñ  	 Ñ r�Õ T ñÑ Ò|r TK	 Ñ Ò  ñ 	 Ñ Ò�Ò 	 Ñ Ò
Ó T  	 Ñ Ò�Ô ñ  	 Ñ Ò�Õ T ñ (3.8)È ù Ñ  r TK	 Ñ  � ñ 	 Ñ  Ò 	 Ñ  Ó T  	 Ñ  Ô ñ  	 Ñ  Õ T ñÑ Ò|r TK	 Ñ Ò  ñ 	 Ñ Ò�Ò 	 Ñ Ò
Ó T  	 Ñ Ò�Ô ñ  	 Ñ Ò�Õ T ñ (3.9)Ñ Ò�Ò ù &
As bothsetsof transformationequationsdescribejustamappingbetweentwo planardomains
withoutany three-dimensionalinformation,thelocationof theimagewith respectto theobject
hasto beknown in addition.This canbedoneeitherdirectly, by measuringtheexactcamera
positionsrelative to thecentreof thefield of view, or indirectly by usingthefollowing setof
equations,see[56] for mathematicaldetailsor [95] for theapplicabilityin PIV.Ð ù Ñ r�r TF	 Ñ r  ñ 	 Ñ r�Ò E�	 Ñ r�ÓÑ Ò|r TF	 Ñ Ò  ñ 	 Ñ Ò�Ò E�	 Ñ Ò
Ó (3.10)È ù Ñ  r TF	 Ñ  � ñ 	 Ñ  Ò E�	 Ñ  ÓÑ Ò|r TF	 Ñ Ò  ñ 	 Ñ Ò�Ò E�	 Ñ Ò
Ó (3.11)

Theappearanceof the
E
-coordinaterequiresthatthecalibrationprocedurehasto berepeated

for different
E

locationsin order to determineall unknown coefficients. This is especially
usefulwhenthepositionof thecamerasis not accessibleor for applicationsin water, where
theair-glass-waterinterfacehasto betakeninto account.

3.2.2 Image warping

Oncethereconstructioncoefficientshavebeenproperlydetermined,thetransformationequa-
tions canbe appliedto deformeachacquired,single-exposedimagein sucha way that the
magnificationfactoris constantacrosstheback-projectedimageandthefield of view is iden-
tical for all acquiredimages.Usingthis techniqueopticalparameterssuchasthefocal length

3As this methodis quite time consuming,Houghtransformationmethodsareusuallyappliedin this thesisto
find thecoordinatesof theline crossings,see[18].
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3 Stereo-scopicParticleImageVelocimetry

and the magnificationfactornever needto be determined,andnon-lineardistortionsintro-
ducedby the transparenttest-sectionwall or other optical componentsin a non-collimated
beamcanbeaccountedfor, whenthe transformationequationsareextendedto higherorder.
Furthermore,thesimplifiedstereo-equationscanbeappliedto calculateonethree-component
displacementfield from apair of two-componentsetsasthemagnificationfactoris constant.��Ð ù �KT  º"» o  r 	Ö�KT r º×» o   º"» o   	 º"» o  r (3.12)� È ù � ñ  º×» oÙØ r 	Ö� ñ r º"» oÙØ  º×» oÙØ  	 º"» oÙØ r (3.13)�ÚÇ ù �KT r � �KT  º×» o   	 º×» o  r (3.14)

As thegrey-level valuesareonly definedat integerpixel locationswithin theimage,a spatial
transformationbasedon equation(3.6) to (3.11)causesa mappinginto locationsfor which
no grey levels aredefined. Thus, it becomesnecessaryto infer what the correctgrey-level
valuesat thoselocationsshouldbe,basedon thegrey-level valuesat integerpixel coordinate
locations.To validatetheperformanceof differentimageinterpolationmethods,two particle
imagefields,createdfrom onemeasured(or simulated)singleexposedgrey-level patternby
usingthe transformationcoefficients( Ñ r�r ù #dc����a� , Ñ  � ù & , othercoefficientszero)for the
first imageand( Ñ r�r ù & , Ñ  � ù & , othercoefficientszero)for thesecondimage,wherecross-
correlated[39]. As the truedisplacementlinearly variesby two pixelsover a rangeof 2000
pixels(referenceline in figure3.7) a correlationbetweenthetwo back-projectedimageswill
yield informationaboutartefactsdueto non-properlychosensub-pixel increments(numberof
grid pointsperpixel consideredfor calculatingthegrey-valuein theback-projectedimage)or
dueto interpolationprocedureswhich have beenchosenimproperly. The simplestschemes
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FIGURE 3.7: Systematicdeviation of the measureddisplacementà*á for different interpolation
schemes.A linearlyvaryingparticledisplacementappearsasastepfunctionaftertheimagede-warping
hasbeenperformedwherebythestep-sizedecreaseswith increasingperformanceof the imageinter-
polationscheme.

basedon nearest-neighbourapproachare easyto implementbut undesirableartefacts like
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3.2 Evaluationof stereo-scopicimagepairs

distortionscanbehardlyavoidedandsystematicerrorsappearasindicatedin figure3.7. The
socalledde-samplingmethodyield betterresults,providedeachpixel is subdividedin at least
four sub-pixel or the bilinear interpolationwherethe grey levelsof the four nearestintegral
neighboursof anonintegralcoordinateareconsultedto determinetheappropriatevalue.More
sophisticatedapproacheslike fitting a ¬v®pâäã�åÀã typesurfacethrougha muchlargernumberof
neighbours(cubic convolution interpolationmethod)yield muchsmootherresultsbut at the
costof computationaltime. For this reasonthebilinearapproachwasappliedfor theanalysis
of theresultsshown in chapter5 to 7.

3.2.3 Vector field warping

As theproperde-warpingin theimagespaceis time consumingandrequiresa redistribution
of theoriginal images,whichdoesnot increaseconfidence4, thede-warpingcanbeperformed
in thevectorspaceassoonastheconventionalline-by-line interrogationprocedurehasbeen
applied.Usingthisapproachtheequallyspacedgrid pointsin theobjectspacearetransformed
into theimagespaceaccordingto thetransformationequations(3.6)and(3.7),andthevelocity
ateachimagegrid point is calculatedby meansof linearinterpolation.In orderto minimiseor
avoid theinterpolationprocedure,theacquiredimagescaneitherbeevaluatedwith a smaller
step-sizeor interrogatedat theproperpositionsgivenby thegrid pointsin theobjectspace.

Theinherentdrawbackof thisapproachis thefactthatthemagnificationfactorvariesover
thefield of view aswell asthemeasurementerrorandthedetectability[51, 52]. Furthermore,
if the camerasystemis symmetricaland locatedon oneside of the light-sheet(left image
in figure 3.4), the interrogationwindows from eachof a pair of stereoscopicimagesback-
projectionin the physicalspacemay differ substantiallyin size,which meansthat in effect
differentflow volumesareconsideredfor the calculationof the third velocity component5.
The significanceof this statementwill be consideredin the section3.3. For applicationsin
large wind tunnelsthe problemis further increaseddueto unequalobjectdistancesor non-
symmetricstereoscopicPIV set-ups.

3.2.4 Interr ogation windo w warping

In order to avoid any modificationof the measuredgrey-level distribution itself and to be
independentof interpolationalgorithmsin the vectorspace,an alternative approachcanbe
implementedbasedon a local distortionof the sizeandshapeof the interrogationwindow
in sucha way that the numberof particle imagesremainsconstantover the field of view
and the shapevariesin a way that the back-projectionof the local interrogationareasinto
theobjectspaceis alwaysthebestapproximationto a squareor otherdesiredshapes6. This
canbeeasilydoneeitherby calculatinga directcorrelation,which is not restrictedto radix-2
sizedinterrogationwindow dimensionswith rectangularshapeastheconventionalFFT-based

4An initially circularparticleimagefor examplemayappearelliptically after thetransformationhasbeenper-
formed.Thisartifactcanbiasor lower theprincipalmeasurementaccuracy.

5In thecaseof a symmetricalsetupwith a light-sheetbetweenthetwo cameras(dashedconfigurationin figure
3.2 and right imagein figure 3.4) the fluid elementsconsideredfor the calculationof the third velocity
componentareequalin sizebut thespatialresolutionremainsa functionof theimagelocation.

6Theinformationconcerningtheposition,sizeandshapeof theinterrogationwindow is known from thecali-
brationgrid analysissimplyby substitutingall desiredvaluesof theobjectplaneinto theequationsandusing
anearestneighbourapproachto find theappropriatepositionin theimageplane.

45



3 Stereo-scopicParticleImageVelocimetry

correlationalgorithm [109], or by using the FFT-basedfree-shapecross-correlationwhich
combinestheadvantagesof thedirectcorrelation(free-sizedandfree-shapedwindows, high
accuracy) andthewidely usedFFT-basedcorrelation(high speedevaluation)[88]. Although
thecomputationaltime is increasedby usingthisevaluationtechniquethetotalcomputational
time is comparableto the de-warping techniqueas the time consumingimagede-warping
canbeavoidedandmulti-passtechniquesarenot required.Dueto thediscretenatureof the
imagesthe interrogationwindows from eachof a pair of stereoscopicimageswill never be
exactly identicalbut dueto thestatisticalapproachsmalldifferencesdo notaffect theresult.

3.3 Calibration validation

To ensurethat the interrogationwindows from eachof a pair of stereoscopicimagescorre-
spondto the sameregion of flow, the propertiesof the imagingmustbe constant,whenthe
measurementstake place,andidenticalwith the calibrationcondition. Unfortunately, inter-
ruptingtheexperimentandenteringthetestsectionof awind-tunnelfor thecalibrationproce-
duremayleadto differentboundaryconditions,andmechanicalor thermalvariationduringthe
experimentcanbehardlyavoided,especiallyin industrialenvironments.To demonstratethe
effectof nonproperlyalignedcalibrationgridsor poorlyperformedevaluation,let ussuppose
that the displacementfields from the left andright cameraare identicalapartfrom a phase
factorandsimilar to the streaky flow patternaspresentin the nearwall region of turbulent
flows. æ ã�çéè ê|ë{âµì�ã�í (3.15)

æ ãgîïè ê|ë{âµì�ãKðòñ�í (3.16)

By changingthe phase ñ the effect of a simple translationbetweenboth imagescan be
simulatedwhile ñ'è ó correspondsto zero out-of-planedisplacementaccordingto equa-
tion 3.14. Figure3.8 shows the artificially introducedout-of-planedisplacementfor ñôèódõ|öµå�÷dõ|öCåÀøùõ|öCåaú¼õ|ö . The openinganglebetweenboth observation directionsis û óaü and the
objectdistanceis assumedto belargesothattheperspectiveerroris negligible.

FIGURE 3.8: Artifical out-of-planedisplace-
mentintroducedby anonproperlyalignedcal-
ibrationgrid or poorlyperformedevaluation.
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It canbeseenthattheerrorincreaseswith increasingmisalignmentandbecomescomparable
to the true in-planedisplacementfor ñÖèIö so that the misalignmentcanbeeasilydetected
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3.3 Calibrationvalidation

by meansof fluid-mechanicalconsiderations.This is almostimpossiblefor small ñ , espe-
cially whenthe relationbetweenthe componentspossessessomeobvious symmetrywhich
may focusthe attentionin the wrong direction. This is clearly visible in figure3.9 wherea
Rankinevortex with a tangentialparticle imagedisplacementof � ø pixel is displayed.The��� ú � ��� ú pixel imageshavebeenanalysedwith � ú � � ú pixel interrogationwindows,eachof
themcontainingapproximately25 particlesgeneratedat randompositionswithin the Gaus-
sianshapedlight-sheetof finite thickness.Thecurvatureof theparticletrajectoryis takeninto
account,suchthatparticleimagescloseto thecoreof thevortex actuallyorbit thecoreat the
sameradiusbut centrifugalforcesarenotconsidered.Beforetheanalysishasbeenperformed
thesimulatedparticleimagepatternhasbeenduplicatedandproperlyshiftedin oppositedi-
rectionsby choosingthe valuesof the coefficient � ç
	 and � î�	 and the sub-pixel increment
properly. Theopeninganglebetweentheassumedobservationdirectionsis againû óaü andthe
object-distance

� óaóaóaó pixel (20 timesthefield of view) to avoid projectioneffects.

x16_avg.sm

−untitled−

−untitled−

FIGURE 3.9: Spatialdistribution of theout-of-planedisplacementintroducedby nonproperlyaligned
calibrationgrid or poorly performedevaluation(averageover 20 fields). The line spacingin thecon-
tour plots is incrementedin stepsof ���� pixel anddifferent line stylesindicatedifferentout-of-plane
directions.

The rangeof the out-of-planedisplacementsasa function of the in-planeshift dependson
both,magnitudeanddirectionandcanbequitelargewith respectto all othererrorsourcesin
PIV accordingto table3.1. Figure3.9shows thespatialdistribution of theerror. Theshift is
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3 Stereo-scopicParticleImageVelocimetryæ ã è ���
pixel for theupperleft image,

æ � è ���
pixel for thelowerright and

���
pixel in each

directionfor thelowerleft sample.A surprisingresultis thecompletelydifferentsymmetryas
only thedisplacementsin ã -directionaccountfor theout-of-planecomponent.This explains
thedifferent ��� for identicalshiftsin orthogonalspatialdirection,seetable3.1.

TABLE 3.1: Artificial out-
of-planedisplacements� Z as
a function of the magnitude
anddirectionof the in-plane
misalignment. Maximum
in-plane displacement: 4.2
pixel

In-planeshift [pixel] Out-of-planeerror[pixel]æ ã èÉ÷ æ � è¢ó �Êó�� � ú�ó � ��� � ó��1ø�÷�úæ ã è ��� æ � è¢ó �Êó�� � ÷�÷ � ��� � ó�� � ó �æ ã è � ú æ � è¢ó � � ��ó�ø û � ��� � � � � ó ûæ ã èÉ÷ æ � è¢÷ �Êó�� � � � � ��� � � � � ø �æ ã è ��� æ � è ��� �Êó���÷�úÀø � ��� � � � � ú �æ ã è � ú æ � è � ú � � � � ú�ó � ��� � ú���ó � �æ ã èÉó æ � è¢÷ �Êó���ø � � � ��� � � ��ó � �æ ã èÉó æ � è ��� �Êó�� � óaú � ��� � � � �����æ ã èÉó æ � è � ú �Êó�� û � û � ��� � ú���ó�ø û
To validatetheboundaryconditionsa cross-correlationbetweenthede-warpedsingleex-

posedimagesfromthecamerapairin stereoscopicimagingconfiguration,acquiredatthesame
instantof time,hasto becalculatedin orderto obtainthelocalmisalignmentbetweentheim-
ages.As theilluminatedparticlesarealmostidentical,especiallyfor pureforward,backward
and û óaü degreeobservationdirection7, andtheir differentimagepositionhasbeencorrected
by the appliedwarping,basedon the analysisof the calibrationgrid, the outputmustbe a
zero-displacementfield. Any seriousmisalignmentdueto translation,rotationor deformation
(magnificationchangeof oneimage)will becomeobvious in thedisplacementfield andcan
be correctedby calculatingthe mappingfunction betweenboth samplesandcombiningthe
coefficientsof this transformationwith the coefficientsdeterminedwith the calibrationgrid
analysis[44]. This non-intrusive approach,basedon the particle imagefields itself, canbe
appliedto eachacquiredimagepair to guaranteethateverythinginvolvedin themeasurement
is unaffectedby wind tunnelvibrations,thermaldistortionse.g. for thedurationof themea-
surement[44]. This becomesimportantin noisyenvironmentsor for long acquisitiontimes.
Unfortunately, an equaldisplacementof both camerascannot be detectedby usingthis ap-
proach,exceptif a mark is presentin both imagessuchasa bright modelreflectionor a tiny
darkshadow within thelight-sheet.

7Dueto thefinite apertureof theimagingsystemthisapproachis alsofeasiblefor nonsymmetricalobservation
directionsor forward/backwardconfigurationsbut the quality is slightly reduceddueto possibleunpaired
particleimages.
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Velocimetr y

The Stereo-scopicParticle ImageVelocimetry(PIV) describedin the previous chapterhas
becomeawidely usedtechniquefor investigationswherethespatialdistributionof theveloc-
ity is neededto understandthe flow physics. Unfortunately, the distribution of the velocity
within onesingleplane,capturedatoneinstantin time,doesnotyield alwaystheinformation
requiredto answerfluid-mechanicalquestions.In caseof turbulentflows,for example,space-
timecorrelationstogetherwith thespectrumof thefluctuationsareimportantin thestatistical
theoryof turbulenceasthereis a link betweenthesequantitiesandthedecompositionof the
flow field into a seriesof harmonicmodes.For theidentificationof themostenergeticveloc-
ity structures,theproperorthogonaldecompositionis awell suitedtechniquebut in generalit
requiresspatialandtemporalinformationabouttheflow field. Theeigenvaluesof thevelocity
gradienttensorarealsoincreasinglyusedto describevariousflows becausethesequantities
play a role in thetheoryof dynamicalsystemsandtopology. Thevorticity vector(all compo-
nents)is anotherimportantquantitydueto its Galileaninvarianceaswell astheacceleration
in its LagrangianandEulerianform in orderto studytheformationandinteractionprocesses
of moving flow structures.

In order to retrieve the desiredinformationaboutthe spatio-temporalflow unsteadiness
other sophisticatedimaging techniqueshave beendevelopedsuchas the phase-conjugate
holographicsystem, thescanninglight-sheetPIV, or the3D particletrackingtechnique[5, 10,
101]. Despitethehigh level of developmentof eachcitedtechniquetheinformationaboutthe
spatial-temporalflow unsteadinessremainslimited andfor applicationsin largewind tunnels
whereacquisitiontime,opticalaccessandobservationdistancesareconstrained,their imple-
mentationremainschallengingdueto their complexity, costsandmanpowerdemand[30].

To overcometheselimitations a stereoscopicPIV basedtechniquehasbeendeveloped
which is well suitedto determinemany fluid-mechanicalquantitieswith high accuracy and
spatialresolution[45, 39, 46]. This techniqueis reliable, robust andeasyto handle. Fur-
thermoreit is basedon standardPIV equipmentandevaluationproceduresso that available
PIV systemscanbeeasilyextended.In thefollowing sectionsthis techniquewill bereferred
asmultiplanestereoPIV in order to emphasiseits flexibility in spatio-temporallight-sheet
positioningdependenton thevaluein question.

4.1 Principles

ThemultiplanestereoPIV system,developedfor applicationsin air flows,consistsof a four-
pulselasersystemdelivering orthogonallypolarisedlight, two pairsof high resolutionpro-
gressivescanCCDcamerasin anangularimagingconfigurationwith Scheimpflugcorrection,
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4 MultiplaneStereoParticleImageVelocimetry

two high reflectivity mirrors anda pair of polarisingbeam-splittercubes,eachconsistingof
two cementedright-angleprismswith an appropriateinterferencecoating in between,see
figure4.1.
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FIGURE 4.1: Schematicsetupof therecordingsystem.1-4digital cameras,5 lens,6 mirror, 7 polaris-
ing beam-splittercubewith dielectriccoatingbetweenthetwo right-angleprisms,8 absorbingmaterial,� openingangle.

After theillumination of thetracerparticleswith orthogonallylinearly polarisedlight, the
polarisingbeam-splittercube(7) separatestheincidentwave-frontscatteredfrom theparticles
into two parts. The light which passesstraightthroughthe cubeemergeslinearly polarised
with the planeof the electric field vectorparallel to the planeof incidencedefinedfor the
multi-layer film (p-polarised).The light emerging from the cubeat right-anglesto the inci-
dentwave front (having beenreflectedinside the cubeat the dielectric multi-layer film) is
orientedorthogonallyto theplaneof incidence(s-polarised).Theseparationbasedon polar-
isationworks perfectlyas long asthe radiusof the sphericalparticlesis comparableto the
wavelengthof thelaserlight andtheobservationdirectionis properlyalignedto thedirection
of the polarisationvector [8]. In order to avoid contrastreductionin the imageplanedue
to backgroundlight emerging from theoppositebeam-splitter-camerasystem,onesurfaceof
eachcubeis coveredwith anabsorbingmaterial(8).

Before enteringthe lens the s-polarisedlight coming from the polarisingbeam-splitter
cubeis reflectedto achieve identical orientationof the imageplanefor all cameras.This
simplifies the matchingof the four observation areasandsavescomputingtime during the
evaluationof theimages.Thepolarisationcharacteristicsof thesemirrors is not importantas
only the intensityof the scatteredlight is neededafter the polarisingbeam-splittercubehas
beenpassed.

Theorthogonallylinearlypolarisedlight emerging from thepolarisingbeam-splittercube
is finally recordedby meansof high resolutionprogressive scanCCD camerasin anangular
imagingconfiguration.Due to the obliqueviewing 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-laserSystem

focusedparticleseverywherewithin the imageplane. Therefore,eachcameralensmustbe
connectedto aspeciallydesignedone-axistilt-adapter(Scheimpflug-adapter).Theaxisof ro-
tationshouldcoincidewith thecentrelineof theCCD sensorto ensurethatall particleimages
alongthisaxisremainin focusunderrotation.Thissimplifiestheinstallationof thesystemand
thefocusingprocesssincetheimagelocationof thecentrelinein objectspaceandtheopening
anglebetweencorrespondingcamerapairs remainconstantunderScheimpflugadjustment.
For magnificationand field of view adjustments(necessaryfor maximisingthe amountof
stereoinformation)all Scheimpflug-adaptersshouldbe mountedon a two-axis linear trans-
lation stagewhich allows high precisiontranslationsby thumbscrews. In orderto simplify
the adjustmentprocedurewithout restrictingthe flexibility of the systemthe left and right
recordingsystemscanbeconnectedto differentbase-plateswith individual rotationstage.

4.2 Four -pulse-laser System

For the illumination of the tracerparticlesthe beamsof four independentlaser-oscillators
needto becombinedin sucha way that the linearly polarisedlight-sheetscanbepositioned
independentlywith respectto eachother. This canbeeasilyandpreciselydoneby the four-
pulsesystemshown in figure4.2. The lasersconsistof a Neodymium-Yttrium-Aluminium-
Granatrod embeddedin an unstableresonatorwith a variablereflectivity outputmirror (the
transmissiondecreasesfrom thecentreto theedgein orderto eliminatetheintensitymaxima
of higherordersintroducedby the unstableresonator)anda white light flash-lampfor the
excitationof thecrystal-atoms[60]. Themonochromaticunpolarisedradiationspontaneously
emittedby thelasermaterial(1) immediatelyaftertheexcitationof theatomswill belinearly
polarisedwhenit emergesfrom thedielectricGlan-Laserpolariser(6) andcircularlypolarised
behindthe retardationplate(5) which consistsof a plane-parallelslice cut out of a uniaxial
crystalsuchthat the cut-planeis parallel to the crystallineoptic axis. The thicknessof the
plateis suchthat the phasedifference(retardationof the slow ray in comparisonto the fast
ray at emergence)is � å�ø for normal incidentanda given wavelength(here � è � ó � ø nm).
The directionof propagationof the circularly polarisedbeamis reversedby reflectionin a
mirror (2) andthusthesenseof thecircularpolarisationaswell (dueto the

� ÷aóaü phaseshift
inducedby themirror) beforethesecondtransformationinto linearlypolarisedlight. Thus,the
linearlypolarisedwaveof thereflectedbeam,asit finally emergesfrom itssecondpaththrough
the retarder(5), is orthogonalto the incidentlinearly polarisedwave andcanbe rejectedby
meansof the dielectric polariser(6) constructedfrom an air-spacedright-angleprism pair
with paralleloptical axis. In this configurationthepolariserquarter-wave platecombination
actsasanisolator(or closedswitch)whentheanglebetweentheplaneof linearpolarisation
andthecrystallineopticalaxisequalsexactlyeither � ø � ü (for otheranglesthetransformation
is from linear to elliptical polarisationdue to the different amplitudesof the ordinary and
extraordinarybeambehindtheretardationplate).For thestimulatedemissionof radiationthe
electro-opticalblock(4) canbemadeequivalentto aquarter-waveplateby appropriatechoice
of block length,biasvoltageandsuitableorientationwith respectto the quarter-wave plate
suchthat thebeamcanpasstheGlan-Laserpolariserwhenthe populationinversionreaches
its maximum. Using this optical arrangementthe laserpower canbe increasedby reducing
thepulsedurationandtheoutputenergy of thelaseris adjustableby changingthetime delay
betweentheflash-lampandthePockelscell biasvoltage.

In figure4.2 thelinearly orthogonallypolarisedinfra-redbeamsreleasedby theresonator
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4 MultiplaneStereoParticleImageVelocimetry

pair arecombinedusinga dielectricpolariserat the Brewsterangle(8a) which reflectsthe
p-polarisedlight partially at every dielectric interfacewithin the multi-layer coatingwhile
transmittingthe s-polarisedlight with almostno reflection. A retardationplate behindthe
Brewsterwindow (5) transformsboth linearly polarisedbeamsinto circularly polarisedlight
beforethey entera properlycut andtemperaturestabilisedhighly dopedKD*P (Kaliumdihy-
drogenphosphat)crystal(10) for polarisationselectionandgenerationof thesecondharmonic
(532nm) from the fundamentalwavelength(1064nm), see[70] for details. To separatethe
two wavelengths,ahighenergy harmonicseparator(9) is usedconsistingof aspeciallycoated
substratewhich reflectstheharmonic ì  max at 532nm) andtransmitsthe fundamental( ! max

at 1064nm) wave. As thelinearly polarisedlight emerging from thefrequency doublerspos-
sessesthesamestateof polarisation,a � åaú retardationplate(11)hasto beinsertedbeforethe
superpositionof thefour beamsby meansof anotherdielectricpolariser(8c) cantake place.
As theorientationof thefrequency doubler(10)affectstheefficiency of thesecondharmonic
generationandmay changethe anglebetweenthe incomingandoutgoingbeam,problems
suchasdifferentoutputenergy may occurwhenusinga systemwheretwo beamspassthe
samefrequency doublercrystal.
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FIGURE 4.2: Four-pulsefour frequency dopplerlasersystem.1 Pumpcavity, 2 Full reflective mirror,
3 Partially transmittingmirror, 4 Pockelscell, 5 "�#%$ retardationplate,6 Glan-Laserpolariser, 7 Mirror,
8 Dielectricpolariser, 9 Dichroicmirror, 10Frequency doublercrystalwith phaseangleadjustment,11"�#�& retardationplate,12 Beamdump.

An alternativesystemwhich hasbeentestedaswell is shown in figure4.3. Therecombi-
nationtakesplacebehindthefrequency doublerin thevisible wavelengthrangesothateach
beamenergy canbeoptimisedindependentlyby appropriateorientationof thefrequency dou-
bler crystal. The superpositioncanbe adjustedagainusing the dielectricpolariser8c. As
the light from eachlaserpair is linearly orthogonallypolarisedthe Q-switchesof the outer
oscillatorpair in figure4.3areconnectedwith aPockelscell (4) in thefour beamcombination
optics. Whentheseoscillatorsdeliver the light, the correspondingPockels cell is switched
simultaneouslyandturnsthestateof polarisationof theincidentbeamby anangleof û ó�ü . The
advantageof thelasersystemshown in figure4.3 lies in its ability to maximisetheoutputen-
ergy for eachlaserindependently. Thepriceis two extra frequency doublersandPockelscells
andslightly morecomplicatedcombinationoptics. In additionasthe beamstake the same
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4.2 Four-pulse-laserSystem

pathbehindthefirst dielectricpolariser(8a,b),but needdifferentPockelscell voltagefor exit,
thecavities of eachlaserpair cannotbefired simultaneously. This is usuallynot a restriction,
asonly orthogonallypolarisedlight needsto be deliveredsimultaneouslyfor multiple plane
stereorecording.
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FIGURE 4.3: Four-pulselasersystem.1 Pumpcavity, 2 Full reflective mirror, 3 Partially transmitting
mirror, 4 Pockelscell, 5 "�#%$ retardationplate,6 Glan-Laserpolariser, 7 Mirror, 8 Dielectricpolariser,
9 Dichroicmirror, 10Frequency doublercrystalwith phaseangleadjustment,11 "�#�& retardationplate,
12 Beamdump.

4.2.1 Performance of spatial light-sheet separation

The appropriatemethodof adjustingthe displacementbetweenthe orthogonallypolarised
light-sheetsdependson the desireddistance. Small separationsbetweenthe orthogonally
polarisedlight-sheetpairs(up to a few millimetres)canbegeneratedby a simplerotationof
mirror 8c in there-combinationopticsaroundtheaxisperpendicularto thelaser-beamplane.
This is possibleasthe divergencebetweenthe s- andp-polarisedbeamsis negligible when
theseparationis smallwith respectto thedistancefrom themeasurementpositionto mirror
8c. A translationof mirror 8c on the otherhandcannotbe appliedin order to separatethe
orthogonalpolarisedbeamsasthefocal lensin thelight-sheetopticswill superimposeparallel
raysat thefocal point. Therelativeseparationbetweenthebeamscanbeeasilycontrolledby
meansof a target locatedat themeasurementpositionwhich is slightly tilted with respectto
thelight-sheetsin orderto increasetheresolution.

For awider rangeof light-sheetspacings(up to a few cm) andindependentpositioningof
both beam-pairs,it is useful to remove mirror 7b alongwith the beamdump(12) suchthat
two spatiallyseparatedlaserbeamswith orthogonallypolarisedradiationemerge. Usingtwo
separatelight-sheet-optics(onefor eachpolarisation)eachwith a ø � ü mirror behindthe last
lens,all positionsarepossibleby moving themirrors. Oncecalibrated,theactualpositionof
eachpair of light-sheetsis givenby a micrometerscale. For the conservation of the polari-
sationthe mirror needsa dielectricbroad-bandcoatingoptimisedfor 532nm and ø � ü angle
of incidenceto provide a 99 % reflectancein boths- andp-planesalsowhentheangleis not
exactly ø � ü . In addition,a high damagethreshold( ' � ó J/cmî for 15 ns pulseduration)is
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4 MultiplaneStereoParticleImageVelocimetry

necessaryto minimisetheprobabilityof laserinduceddamage.Dueto thethermalsensitivity
of thelasermaterialandtheunstableresonator, thepreviously mentionedadjustmentsshould
beperformedunderthermalequilibriumconditions.

4.2.2 Generation and contr olling of the timing sequence

In orderto triggerall necessarycomponentsquickly andeasilya 16 channelsequencer-board
with anoutputfrequency between0.01Hz and1 MHz hasbeenused.Thewidth of eachpulse
is freely adjustableaccordingto the specificationsof the usedequipment.The delayof all
outputtriggerpulseswith respectto theinput triggercanbeselectedin therangefrom 50 ns
up to 140s with a resolutionof 50 ns(12.5nsjitter). Figure4.4shows theuser-interfacefor
thegenerationandoperationof theappropriatetiming-sequence.

FIGURE 4.4: Window-interfaceto selectandcontrolthelaser- andcamera-timing

The first two sliders locatedat the top of the window control the pulseseparationfor
both laserpairs separatelywhereasthe third one determinesthe time-interval betweenthe
first pulsesof eachlaserpair. Thus,all pulsecombinationsdescribedin section4.3 and4.4
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4.3 Modesof OperationI – In-planeflows

for multiple-planerecordingcanbe easilygenerated.Slider 4 to 7 from the top specifythe
delaybetweenthe flash-lampsandthe Pockels-cellsin order to adjustthe outputenergy of
eachlaserindividually andwith slider8 the time for the read-outof thefirst cameraimages
can be adjustedwith respectto the first laserpulse. In the centremenuin the lower half
of figure 4.4 the specificationsof the laser-system(Quantel,BMI) canbe chosenaswell as
themodeof operation(high or low energy, flash-lampsonly to keepthe lasermaterialat the
appropriatetemperature,laseroff). All otherpossibilitieslikecamerasonly (for field of view
adjustments)or cameras together with only one oscillator (for checkingthe separationby
meansof thepolarisation)canbeselectedin thelower left menuby amouseclick on theright
bottom. After selectingthe appropriatesetof parametersthe sequencehasto be sentto the
electronicboardandcanbeactivatedusingthestartbottomat thelowerright of figure4.4and
afterwardsterminatedwith theneighbouringstopbottom.Thisuser-friendly interfaceenables
theuserto performall alignmentsandcalibrationswithin reasonabletime.

4.3 Modes of Operation I – In-plane flo ws

Onceinstalledthemultiplanestereosystemis well suitedto determinedifferentfluid-mech-
anicalquantitiessimply by changingthe time sequenceor light-sheetposition. For constant
pulseseparation(

æ ( è ( î)� ( ç è ( 	)� ( î�è (�* � ( 	 ) andoverlappinglight-sheets,a time
sequenceof threevelocity fields canbe measuredat any repetitionrateby cross-correlating
the first acquiredgrey-level distribution with the second,the secondwith the third and the
third with thegrey-level distribution from the last illumination, seefigure4.5. By increasing
thetime delaybetweenthesecondandthird illumination (

æ ( è ( î+� ( çäè (�* � ( 	-, ( 	.� ( î )
thefirst orderestimationof theaccelerationfield in its LagrangianandEulerianform canbe
calculatedin orderto studythe dynamicbehaviour andthe interactionprocessesof moving
flow structures[36]. TheLagrangianaccelerationof a moving fluid-elementis definedasthe
temporalderivativeof thevelocityandcanbesimply implementedasa differencequotient�0/21 3 ì ( í<è 4 /51 3 ì (�6 6 í7� 4 /51 3 ì (�6 í( 6 6 � ( 6 (4.1)

whereby
(�6

and
(�6 6

aredefinedasthemeanbetweenthecorrespondingilluminationse.g.
(�6 èì ( îÁð ( çvívåaú and

( 6 6 è ì (�* ð ( 	!ívåaú respectivelyand89/51 3 denotethevelocityof afluid volumeatany
time

(
(theindices : õ�; denotethediscretelocationin themeasurementplane).Equation(4.1)

statesthat in casethat 89/51 3 ì ( í is continuousin
( 6 � ( � ( 6 6

anddifferentiablein
( 6 , ( , ( 6 6

thereexistsa
(

in thespecifiedtime-interval for which theaccelerationis givenby expression
4.1.Theexacttime

(
is unknown exceptfor thecaseof a linearvariationof thevelocityduring

thetime interval. In caseof theEulerianacceleration� ì ã õ ( í è < 4 ì ã õ ( í< ( ð 4 ì�ã õ ( í7=?> 4 ì ã õ ( í (4.2)

thefirst termon theright handsidecanbeapproximatedby< 4 ì ã õ ( í< ( è 4 ì�ã õ ( 6 6 í@� 4 ì�ã õ ( 6 í( 6 6 � ( 6
with thefluid velocities

4 ì ã õ ( 6 í and
4 ì�ã õ ( 6 6 í measuredat ã andat times

( 6
and

( 6 6
respectively.

Thenonlineartermon theright handsideof equation4.2canbeapproximatedto:
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4 MultiplaneStereoParticleImageVelocimetry

FIGURE 4.5: Timing diagram
for the temporallyseparatedde-
terminationof all threevelocity
components. Different shading
of thelight-sheetprofile indicates
differentstatesof polarisation.
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where R / with ( : è � õ!ú]õ � í indicatesthe threeunit vectors.By fitting eachcomponentof the
spatialvelocity gradientat a givenpoint to its two adjacentvelocity vectorsalongtheaxisof
thegivencomponentthepartial velocity gradientscanbedeterminedfrom a pair of velocity
fields.Thetwo productscontainingthepartialvelocitygradientsaredeterminedfrom eachof
thevelocityfieldsandareaveragedtogether, for detailssee[36].

Besidesof measuringthe accelerationthe temporalbehaviour of the moving flow struc-
turescanbeestimatedaswell whichyieldsinformationabouttheformationanddecayof flow
structures.Furthermore,threedimensionalspace-timecorrelationscanbemeasuredsimplyby
increasingthetimedelaybetweenapairof imagesbeingacquired(

æ ( è ( î@� ( ç è (�* � ( 	+S( 	T� ( î ) with
4 / ì�ãµõ � í èVUXW/�Y ç 4 / ì�ãµõ � õ ( ívå[Z . ]\_^`\ba ì æ ãµõ æ � õ æ ( í è cU/�Y ç WU3dY çfe 4 / � 4 /2g e 4 3 � 4 3�gh cU/�Y ç WU3dY ç e 4 / � 4 /2g î cU/�Y ç WU3dY ç e 4 / � 4 /2g î (4.3)

When the light-sheetpairs with equal polarisationare spatially separatedas indicatedin
figure4.6 further importantinformationabouttheflow field canbeachieved. For smallsep-
arations(or partially overlappinglight-sheets)themultiplanestereoPIV techniqueallows the
determinationof all threecomponentsof thevorticity vector– PIV andStereo-PIVoffer only
onecomponent– or thedivergenceof thevelocity field, accordingto equations4.4and4.5.

rot
4 èi> � 4 è N <kj< � � <ml<on P+R p ð N < 4<on � <kj< ã P+R q ð N <kl< ã � < 4< � P+R r (4.4)

div
4 èV>s= 4 è < 4< ã ð <kl< � ð <kj<on (4.5)

This requiresthat thedifferentlypolarisedlight-pulsesarefired simultaneously(
( çÊè ( 	 and( î è (�*

) asshown in figure4.6.
Thesamedatacanbeanalysedin termsof critical point theorywhich 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.Thisanalysis,whichallowsvortex identificationto bemademorereliable,
involveslocatingcertaincritical points,linearisingtheequationin its vicinity andexamining
thetopologicalfeaturesof thesolutiontrajectories.This leadsto theclassificationof possible
critical pointswhichmaybedisplayedin a (P,Q,R)-diagram[82].

For calculatinggradientsnormal to the light-sheets(i.e.
< 4 /
� <on with : è � õ!ú¼õ � ) it is

obvious that either the forward- or backward-differenceschemehasto be appliedas other
extrapolationtechniquesrequirethreeor moregrid points in eachspatialdirection. This is
not a disadvantage(especiallyin termsof spatialresolution)aslong asthespacingbetween
the light-sheetsis sufficiently largeso that thedataenteringin the formula is not correlated.
For the in-planederivatives (e.g.

< 4 /�� <�� and
< 4 /
� < � with : è � õ!ú¼õ � ) the threeor even

five point differenceschemeis moresuitedespeciallyfor 50 percentinterrogationwindow
overlapanalysisin orderto reducethetruncationor randomerrorsin thevaluesof thevelocity
function[109].

By increasingthe spacing

æ n
betweenthe light-sheetpairs andvarying the time delay

betweenthe secondand third illumination, all componentsof the four dimensionalspatio-
temporalcorrelationtensor

 ]\_^�\ba
canbemeasuredaccordingto ]\_^�\da ì æ � õ æ � õ æ n õ æ ( í è cU/�Y ç WU3dY çfe 4 / � 4 /`g e 4 3 � 4 3�gh cU/�Y ç WU3bY ç e 4 / � 4 / g î cU/�Y ç WU3bY ç e 4 / � 4 / g î (4.6)

Furthermorethedirectionof avortex whichcrossestheseplanescanbedeterminedfor

æ n��èÉó
and

æ ( è¢ó (this is especiallyvaluablefor aircraftwakevortex investigations)andmany other
quantitiesnot mentionedherewhich are helpful for the understandingof fluid-mechanical
problems,see[46, 49].

4.4 Modes of Operation II – Out-of-plane flo ws

Threedimensionalflows with a wide rangeof differenttime andlengthscalesalwayscause
problemsbecausethetime delaybetweenthetwo illuminationshasto bereducedin orderto
keeptheout-of-planeloss-of-pairsatanacceptablelevel. As thisresultsin ashortin-planedis-
placementbetweencorrespondingparticleimagepairs(oftenlessthanonepixel)accompanied
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4 MultiplaneStereoParticleImageVelocimetry

by avanishing(or not resolvable)displacementvariation,peak-lookingeffects(introducedby
theunder-sampledparticleimagesandamplifieddueto thepeak-fitfor sub-pixel accuracy in
thecorrelationplane[105]) becomedominantandmayleadto misinterpretationof thedata.In
orderto avoid any artificial softwarebasedsolutionswhichrequireapriory knowledgeandare
not basedon physicalgrounds,themagnificationof theimagingsystemneedsto bechanged
suchthat small variationsin the objectplaneyield resolvablevariationsin the imageplane.
Usingthemultiplanetechnique,thisproblemcanbesolvedwithout reducingthefield of view
by rearrangingthelinearlyorthogonallypolarisedlight-sheetsin anappropriatewayasshown
in figure4.7. In thecaseof a stronglyvaryingout-of-planecomponentin only onedirection
(mainflow perpendicularto thelight-sheetalong

n
), all four light-sheetsshouldbeseparated

(notnecessarilyequallyspaced)asshown in figure4.7.Thiscanbeeasilyperformedby rotat-
ing mirrors8aand8b in figure4.2 or 4.3 slightly in oppositedirectionsandmirror 8c in one
direction.

FIGURE 4.7: Optimised light-
sheetpositioningto reduceloss-
of-pairs inducedby out-of-plane
motion for a cross-flow in only
onedirection. Differentshading
of thelight-sheetprofile indicates
differentstatesof polarisation.
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Theadvantageof this light-sheetpositioninglies in theability to determinethreedifferent
time scalesor threedifferent length scalesnearly independentlyfor a given time delay or
pulsesequence.Theresultis a setof threedifferentdisplacementfields– by correlatingthe
first acquiredgrey-level distribution of a sequencewith eachof thefollowing singleexposed
fields – from which one optimiseddisplacementfield can be calculatedby comparingthe
correlationcoefficientsfor eachlocation(

� õ � ) in all threedisplacementfields.This technique
canbeseenasanextensionof thewell known multi-passinterrogationtechniqueinto thethird
dimension.Forexampleletall particlesselectedduringthefirstexposureat

( ç movein positiven
-directionduringthetime interval

( / � ( ç (i=2,3,4).When
( îäè ( 	�� (�*

(
( 	:è (�*

is impossible
asbothlight-sheetspossessthesamestateof polarisation)acorrelationbetweenthegrey level
distributionfrom the1stexposurewith theothersgivesahighcorrelationcoefficientin regions
wheretheparticledisplacementmatchesthe light-sheetdisplacement.In thecaseof

( ç�è ( 	
and

( î è (�*
, on theotherhand,theaccuracy of vorticity andaccelerationmeasurementscan

be significantly increasedfor out-of-planeflows andthe case
( ç�, ( î�, ( 	F, (�*

may help
to reducethepreviously mentionedpeak-lockingeffect. Time correlationscanbeperformed
with the samelight-sheetconfigurationor alternatively using the arrangementin figure 4.5
alongwith theTaylor hypothesis.
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4.5 Simplified recor ding system

For someexperimentsit might besufficient to replacethecomplex recordingunit outlinedin
figure4.1 by a simplestereoscopicPIV system.Whenthe first two illuminationsarestored
onto the first fields of the progressive scanCCD camerapair in stereoscopicarrangement
andthesecondtwo illuminationsonto the lastfield of bothcameras,eachof thefour double
exposedimagescanbeanalysedusingtheconventionalevaluationmethodbasedon theauto-
correlationtechnique[109]. By combiningthecorrespondingdisplacementfields, two inde-
pendentthree-componentdisplacementfieldscanbeobtained.The time separationbetween
thesedisplacementfieldscanbechosenarbitrarily dependingon thequantityin question(ac-
celeration,space-timecorrelationor properorthogonaldecompositionarerelevantvaluesfor
example). For constantpulseseparationandoverlappinglight-sheets,a third displacement
field canbecalculatedaswell by cross-correlatingthetwo doubleexposedimagesfrom each
camera. For overlappinglight-sheetarrangementsthereare almostno drawbackswith re-
spectto thepolarisingbeam-splitterbasedsystemexceptthereducedspatialresolutiondueto
theevaluationtechniqueandthedirectionambiguity[51]. In the caseof spatiallyseparated
light-sheetpairstherearetwo drawbacks. Firstly, the simultaneousmeasurementin time is
excluded,sothevorticity andthevelocitygradienttensorbasedvaluescannotbedetermined.
Secondly, thespatialseparationbetweenthelight-sheetsis limited by thedepth-of-focusof the
imagingsystemasthesamelenshasto beusedfor themeasurementin bothplanes.Thelatter
restrictioncanbeinfluencedby theapertureandfocal lengthof theimagingsystem.Although
thepower of this four-pulsetechniqueis limited with respectto thepreviously describedar-
rangement,it providestheuserwith muchmorefluid-mechanicalinformationcomparedto a
conventionaltwo pulsestereoscopicPIV system.

4.6 Polarisation effects

WhentheMultiplane StereoPIV techniqueis appliedit is importantto keepvariousoptical
effectsinto accountin orderto maximisetheperformanceof themeasurementtechnique.The
first two undesiredeffectstheexperimentalisthasto dealwith resultsfrom themultiple reflec-
tionsbetweenopticalcomponents,becausethey reducethecontrastin thecapturedimageand
the light scatteredin theobjectdirectionis lost. To avoid theseeffects,theopticalelements
arecoatedwith a thin layerof materialthat reflectionsfrom theoutersurfaceof thefilm and
theoutersurfaceof thesubstratecanceleachotherby destructiveinterferenceor interferecon-
structively in orderto produceahighly efficient reflector. Therequirementsto createanexact
cancellationof thereflectedbeamswith a singlelayercoatingarethat thepathdifferenceof
thereflectionsis exactlyanintegralnumberof half wavelength(

� ÷aóaü outof phase)andof the
sameintensity. The first requirementis automaticallyfulfilled asduring external reflection
the light wavesundergo a

� ÷aóaü phaseshift (no suchphaseshift occursfor internalreflection
exceptin thecaseof total internalreflection).To fulfil thelastrequirement,thecoatingmate-
rial mustbechosenin sucha way that therefractive index Z air and Z film areequalfor a given
wavelengthZ air � Z film èsZ film � Z substrate. For Z air è �

follows Z film è�� Z substrate. Assumingthe
last conditioncannotbe fulfilled by any known materialor the reflectanceby a singlelayer
is not sufficient enoughfor theapplication,a multi-layercoatingis necessary. V-coatingsare
alternatehigh andlow refractive index films, eachonehaving an optical thicknessof 1/4 of
a wave (at thedesignwavelength),which reducethereflectionof a componentto near-zero.
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4 MultiplaneStereoParticleImageVelocimetry

The disadvantageof thesefilms is their extremesensitivity to both wavelengthandangleof
incidence(the effect of increasingtheangleof incidenceequalsto a shift to slightly shorter
wavelengthandan increaseof the long wavelengthreflectance).Sincemultiple-planestereo
PIV applicationsinvolve otherthannormalanglesof incidenceandhigh numericalaperture
(low f-number)optics,it is betterto usea broadbandanti-reflectioncoating.Thesearemulti-
layer films, comprisingalternatelayersof variousindex materials,which reducethe overall
reflectanceto anextremelylow level for thebroadspectralrangecovered.

Polarisationeffectsarenormally not consideredfor anti-reflectioncoatingsas theseare
nearlyalwaysusedat normal incidencewherethe two polarisationcomponentsareequiva-
lent. High reflectanceor partially reflectingcoatings,which work on thesameprinciplesas
dielectricanti-reflectioncoatings,arefrequentlyusedaway from normal incidence,particu-
larly at ø � ü for mirroring or beam-splittingpurposesandthe polarisationplaneis arbitrarily
orientatedwith respectto the planeof incidence. Under theseconditionsthe maximums-
polarisationreflectanceis alwaysgreaterthanthemaximump-polarisationreflectancedueto
thedifferencein effective refractive index of the coatingfor thes- andp-componentsof the
incidentbeamascanbe seenfrom Fresnelequationsor figure4.8. Thus, the reflected(or
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FIGURE 4.8: Reflectanceand transmissionof a planemonochromaticwave with "�������& nm at a
planarglassinterfaceasa functionof theangleof incidence� andstateof polarisation.

transmitted)beamis still linearlypolarised,but theoscillationplaneof theelectricfield vector
hasrotatedrelative to theplaneof incidenceasthemagnitudeof both reflectedcomponents
is different.By observingtheilluminatedflow undera certainangleof incidencethroughthe
polarisingbeam-splittercube,the intensityvariationover the field of view (increasingfrom
the centreto the edge)canbe easilyobserved for appropriatechoiceof polarisedlight and
beam-splitterorientation. Theseeffectshave to be taken into accountbeforearrangingthe
multiple-planestereoPIV, especiallyfor thelargefield of view applications.

Sincethepolarisationof thescatteredlight, asa functionof theobservationangle,mainly
dependson thediameterof the particles(for spheresof finite conductivity andfinite dielec-
tric constant),the separationof the light usinga polarisingbeam-splittercubemight not be
accurateenoughwhenthevarianceof theparticlediameteris large,andthespacingbetween
the light-sheetsis of the orderof the depth-of-focus(for larger distancesthe weakly depo-
larisedparticlesareoutof focusandthusfarbelow thedigital registrationthreshold).Weakly
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reflectedghost-imagessuperimposedon thedesiredimageresultin a reducedsignal-to-noise
ratio accompaniedby a lower correlationcoefficient. To solve this problem,the time sepa-
rationmethodcanbeappliedaslong astheseparationbetweenthefirst orthogonalpolarised
light pulsepairis negligible,e.g.thepositionof theparticleimageremainsconstantin termsof
digital registration.In this case,which holdsfor a wide rangeof flow velocities,a difference
betweeninstantaneousand time separatedmeasurementscannotbe observed. Technologi-
cally, this canbedoneby transferringthefirst imageright behindthefirst illumination.

4.7 Monoc hromatic aberrations

Before the light scatteredby the particlescanbe recordedit interactspartially with optical
elementslike glass-window, mirror, beam-splitterandvariouslensesin orderto alter theori-
entationof thefield, to separatethe incominglight accordingto thestateof polarisationand
to generatean imageof thetracerparticles.Besidea possiblelossof light dueto absorption
or reflection,thesecomponentsintroduceaberrationsof differenttype,directionandmagni-
tudewhich may limit the measurementaccuracy [8]. Although it is impossibleto eliminate
all aberrationscompletelyin any realsystemof finite aperture,a basicunderstandingof their
origin anddependencefrom opticalparametersis thekey to reducetheseundesirableeffects
underthe resolutionof the recordingmediumor to eliminatecertainaberrationscompletely
by acceptingaberrationsof othertypeswhich areof no harmin PIV. Thelastpoint is of pri-
mary importancebecausehigherorderaberrationslike distortion1 andcurvatureof the field
just influencethepositionandform of theimagebut donot lower theresolution.They canbe
completelyeliminatedby calculationsaccordingto section2.4anddo not needto beconsid-
eredhere.Primaryaberrationsontheotherhandlikesphericalaberration,comaandespecially
astigmatismdeterioratetheimageandaltertheshapein acharacteristicway. This leadsto an
increasedmeasurementerrorastheperformanceof thepeak-fitfor sub-pixelaccuracy strongly
decreasesfor particleimagediameternotequal2-3pixel. Beforetheopticalaberrationscanbe
reducedor eliminated,they have to beidentifiedfirst. UsingthePIV equipmentthis is easily
possibleashigherorderaberrationsbecomeclearlyvisibleby analysingtheimageof aregular
grid, accordingto section3.2, whereasthe main primary aberrationscanbe easilyobserved
by examinationthe image-symmetryof small particleswithin a thin light-sheet. For three
differentfield-coordinatesfigure4.9 shows the imagesof olive-oil droplets,with ��  è ��¡

m,
througha tilted BK7 glass-plateof constantthickness(10mm). Themoststriking featureis
thevariationof themagnitudeanddirectionof thedominantaberrationby probingcontinually
throughfocusandacrossthefield of view.

Whenthe optical systemis perfectlyalignedandthe aberrationsarebelow digital regis-
tration,thediffractionlimited imageof aparticleappearsasabright circularcoresurrounded
by several rings of rapidly diminishingbrightness.This is shown in the centralcolumnof
figure4.9but thesmallvariationsof theintensitydistributionaresmearedout by thelow res-
olution of theusedCCD sensor. As theobjectmovesfurtheroff-axis, thediffractionlimited
particleimagepatternaltersfrom a bright centralareasurroundedby darkandbright ringsto
a darkcentralareasurroundedby bright anddarkringsasshown in thelower image.On the
otherhand,particles,locatedanappreciabledistanceapartfrom theopticalaxisdeforminto a
line of certainorientationdueto thetilted glass-window, seeouterimagepair of top row. By

1Distortionoccurswhenoff-axispointsarenot formedat thelocationpredictedby theparaxialequations.
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4 MultiplaneStereoParticleImageVelocimetry

FIGURE 4.9: Imagesof tracerparticles( ¢   �£��¤ m) observed througha tilted glass-plate(BK7) of
constantthickness10 mm for threefield locationsasa function of the focus. The lines of constant
intensity(isophote)arecircularnearthecentreof thefield but have a morecomplex form in theouter
partof theimage.Thesizeof eachsampleis 128pixelî .
changingthefocusthis line becomeselliptical andout-of-focuseffectsstartto occurlike the
decreasedbrightnessandthe intensitygapin thecentreof theparticle-image,compareouter
imagepairsof figure4.9.

The mentioneddeformationis the main aberrationthe experimentalisthasto dealwith
in praxis. It appearsalreadywhena non-collimatedlight-front entersor passesplanaroptical
elementsof differentindex of refraction,suchasglasswindowswhichseparatethetest-section
from the laboratory, andit becomeseven morepronouncedfor curved interfaceslike lenses
[6]. Althougha detailedanalysisof aberrationsrequiresthe theoryof diffraction in orderto
accountfor theintensitydistribution,themainfeaturesbecomeevidentby usingtheprinciples
of geometricalopticswhich identify theimageby thepointsof intersectionof thegeometrical
rayswith the imageplane.Using this approximation,thestartingpoint of this consideration
is the law of refraction ZCç]ê|ë2¥]¦�çÙèsZmîgê|ë2¥§¦0î which describesthedirectionof a light ray after
diffraction at the planar interfacebetweentwo homogeneous,isotropic mediaof differing
index of refraction. To obtainthe imageposition

n
of an object locatedon the optical axis

at ¨ , this law hasto be appliedfor eachray emerging from this point. Using the relations¦�ç è©�«ª ç and ¦0î è¬�]ªCî accordingto figure4.10, thefollowing formulacanbederived.n è Zmî ¨ZCç�¯®�êoª<ç h � �±° ZµçZ�î ê|ë5¥§ª ç�² î (4.7)

Thisequationimpliestheappearanceof aberrationasthegeometricalpictureof anobject-
point doesnotpossessauniqueimagepoint. For eachaperture-angleª ç thereexistsacertain
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intersection-width
n

whoseexact location dependson the object-distancë and the index
of refractionof the two media. In addition,themagnitudeof theaberrationsis proportional
to the angleof incidence,becausethe variationof the intersectionwidth ³ n increaseswith
increasingapertureangle. The limit ¨µ´ ¶ is importantasall rays intersectin only one
point locatedat infinity andno aberrationsoccurat all. This situationcanbegeneratedeither
by using an optical collimator which forms parallel rays or by stoppingthe lens in a way
that all rays are nearly parallel beforethey enterthe planarinterface. The last possibility
is frequentlyusedin PIV but its applicability mainly dependson the output energy of the
laser, on thecross-sectionof the light-sheet,on the scatteringbehaviour of theparticlesand
finally on thesensitivity of theCCD camera.It shouldbeemphasisedthat in contrastto the
refraction,reflectionsat a planarinterfaceareaberrationfree,becauseall light raysfrom an
objectperfectlyintersectin onevirtual imagepoint independentof theangleof incidenceon
themirror. This is differentfor nonplanarsurfaceswherecausticscanbeobserved.
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FIGURE 4.11: Schematicrepresentationof theimagesizeandorientationfor a non-axialobjectpoint
asa functionof thelateralpositionafter[6].

Whenthesituationis consideredwhereanobjectpoint lies a considerabledistanceaway
from the optical axis, as indicatedin figure4.11, the incident coneof rays will strike the
lens in an asymmetricalway. As a result, the focal length in this planewill be different
aswell dueto the differentoptical path. In effect the meridionalraysare tilted morewith
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4 MultiplaneStereoParticleImageVelocimetry

regardto the lensthanthesagittalraysandthey have a shorterfocal length. This resultsin a
significantchangein symmetryasafunctionof theimagedistance.Theinitially circularcross
sectionof thebeam,emerging from the lens,becomeselliptically with themajor axis in the
sagittalplaneanddegeneratesinto aline (primaryimage)atthetangentialor meridionalfocus.
Beyond this point the beamcross-sectionrapidly expandsuntil it is againcircular (circle of
leastconfusion). Moving further away from the lensthe beamcross-sectionagaindeforms
into a line (secondaryimage)while theorientationof this line is rotatedby ½¿¾�À relative to the
primary image.This behaviour is similar to thatshown in figure4.9 andcanbestudiedbest
by probingthroughoutthefocuswhile observingnon-axialparticleimages.

Aberrationsintroducedby meansof the optical componentswithin the laser, asthe fre-
quency doublercrystalor for the generationof the light-sheet,aremoredifficult to observe
but of similar importancefor PIV. Bothsystemshaveto becarefullyalignedin orderto obtain
thebestpossiblesignalin the image-planeasinformationlossin this stagecannotberecon-
structed,especiallynot by softwaresolutions.Thefirst testingprocedureon any lens,after it

FIGURE 4.12: Top row: Intensitydistribution of a Nd:YAG beambehinda tilted converging lensfor
threedifferentanglesof rotation.Bottomrow: dependenceof thelight-sheetprofile on themagnitude
anddirectionof theaberration.

hasbeensetup in thelight-sheet-optics,is to rotatetheopticalelementsabouttheir own axis
while examiningtheimage.If thereshouldbeany de-centreingor tilt, lateralasymmetriesin
thepoint imagewill appearto rotatewith thelens.This is shown in thetoprow of figure4.12
for threedifferentanglesof rotation. The bottomrow of the samefigure revealsthe same
operation,but a fixed cylindrical lenswasplacedbehindthe rotating lens in order to high-
light thedirectdependenceof the light-sheetprofile from themagnitudeanddirectionof the
aberration.Generatingan extremelythin light-sheet,which is necessaryfor high resolution
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4.8 Feasibilitystudy

experimentsin turbulentboundarylayersfor instance,requiresthateitherno aberrationsare
presentor themajoraxisof theaberrationcoincideswith therespectiveaxisof thecylindrical
lens.Otherwisetheperformanceof thelight-sheetis biasedby theaberration.

4.8 Feasibility stud y

To studytheaccuracy of thelight separationandthereliability of themultiplanestereosystem
describedin theprevioussections,theacousticreceptivity of a laminarboundarylayeralong
a flat platewith zeropressuregradientwasexamined. The measurementwasperformedin
the opencircuit low turbulencewind tunnelat DLR, which possessesa contractionratio of
15:1 anda crosssectionof ¾�ÁÃÂÅÄÇÆ�ÁÉÈ mÊ , seefigure4.13. To obtainreproducibleconditions
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FIGURE 4.13: Low turbulencewind-tunnelat DLR Göttingen(TUG). Top: Sideview. Bottom: Top
view. 1engine,2 fan,3honeycombandscreens,4 settlingchamber, 5sidewindow, 6 seedinggenerator,
7 recordingsystem.

for thegenerationanddevelopmentof small disturbances,anacousticexcitationdevice was
appliedin theform of aspan-wiseslotpair, Ë0¾�¾ mmin lengthand ¾�ÁÌÂ mmin width, whichwas
connectedto anamplifierloudspeakersystemin suchawaythatspan-wiseandobliquewaves
could be generatedsimultaneously, for detailssee[107]. By changingthe amplitudeof the
disturbance,differentstagesof Í -vorticescouldbegeneratedfor a givenfree-streamvelocity
(12m/s)andfrequency of theacousticexcitation(150Hz), seefigure4.14. Theslot pair was
located200mmbehindtheelliptically shapedleadingedgeof thesmoothplateandembedded
with highaccuracy to minimiseuncontrollabledisturbancesof theflow. Thedimensionof the
plate in stream-wiseandspan-wisedirectionare Æ�ÆÏÎ�È mm ÄÐÆ�È¿¾�¾ mm to avoid sideeffects
introducedby thewallsof thewind tunneltest-section.

To generatea homogeneousseedingandto avoid artificial flow disturbancesdueto the
injection of the tracerparticles,the whole laboratorywasseededbeforestartingthe experi-
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4 MultiplaneStereoParticleImageVelocimetry

FIGURE 4.14: Development of Ñ -vortices
along a flat plate (side and top view). The
rectanglesrepresentthelight-sheetpositionand
field of view.
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ment. For the illumination of the ÆÖÕ m olive oil droplets,generatedby meansof multi-hole
nozzlesdescribedin section2.2,afour pulseNd:YAG laser-system(QuantelBrillant B) in the
configurationshown in figure4.2 with an outputenergy of 320mJ per pulseat ×ÙØÚÈ¿Â0Û nm
wasused. Due to the small boundarylayer thicknessat the beginning of the measurement
position( ÜÝØVÈ mm) acombinationof four lenses(focal lengthin mm: -150(bi-concave),200
(bi-convex), 60 and100(bothplanarconvex)) wasnecessaryto form a sufficiently thin light-
sheet( ¾�ÁÌÈ mm) nearlyconstantin thicknessfor over morethan Æ m. For therecordingof the
particleimagesfour PeltiercooledPCOcameraswereusedwith Æ�Û¿Þ�¾ÝÄFÆ�¾0Û[Ë pixel resolution
and12Bit dynamicrangeat12.5MHz readoutfrequency. Theread-outnoiseof thePCI inter-
faceboardis lessthan8 electrons.Thepixel sizeis ß�ÁÉÎ@Õ mÊ andthedimensionof thechip isÛ�à¿Â?á á . For magnificationandfield of view adjustments(necessaryfor maximisingtheamount
of stereoinformation)all Scheimpflug-adaptersweremountedonatwo-axislineartranslation
stagewhich allows high precisiontranslationsby thumbscrews. Theopeninganglebetween
thecameraswas âãØäË0¾ À andthemagnificationfactoron theopticalaxisM=0.1 for all cam-
eras.For theimagingfour 60mmmacroplanarlenses(CarlZeiss)wereusedwith anaperture
of 8 to avoid optical aberrationsintroducedby the optical componentsin a non-collimated
beamaccordingto section4.7. After thebeam-splitterandthe ×mà�Û plateshadbeenproperly
aligned,polarisationchangesduring thescatteringprocess(at very largeparticlesor particle
clusters)or thediffractionat the test-sectionwindow asoutlinedin section4.6 couldnot be
observed undertheseconditions. Usually the intensityof ghost-imagesdue to polarisation
changesduring thescatteringprocessis far below theminimumsensitivity level of theCCD
sensor(for smallparticles).However, whenpolarisationeffectsoccurtime separationcanbe
appliedaswell, aslong astheseparationbetweenthefirst orthogonallypolarisedlight pulse
pair is negligible, e.g. thepositionof theparticleimageremainsconstantin termsof digital
registration. In this case,which holds for a wide rangeof flow velocities,a differencebe-
tweeninstantaneousandtime separatedmeasurementscannotbeobserved. Technologically,
this canbedoneby transferringthefirst acquiredimagesright behindthefirst illuminationso
that thesecondillumination with differentlypolarisedlight cannotbe recordedby meansof
theprevioussystem.

To triggerall necessarycomponentsquickly andeasily, a16channelsequencer-boardwith
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FIGURE 4.15: Instantaneousvelocity vectorfield (left) andvorticity (right) with Ñ -vorticesrecorded
simultaneouslyin two planesparallel to the wall but at differentheights(lower field closerto wall).
Theflow directionis from left to right.

anoutputfrequency between0.01Hz and1 MHz wasused.Thewidth of eachpulseis freely
adjustableaccordingto the specificationsof the equipmentused. The delay of all output
triggerpulseswith respectto the input triggercanbeselectedin the rangefrom 50 nsup to
140s with a resolutionof 50 ns(jitter 12.5ns).

Themeandisplacementof correspondingparticle-imageswas8pixel for ³æå�Ø©Þ¿¾çÕ s and
theheightof thecorrelationcoefficientwas0.6for Â�Û)ÄèÂ0Û pixelÊ interrogationwindows. The
evaluationtechniqueof thestereoscopicimagesis basedonthesecondorderwarpingto ensure
thattheinterrogationspotsfrom eachof apairof stereoscopicimagescorrespondto thesame
region of flow andthemagnificationis constantfor all imagepositions[108]. For theevalu-
ationof thedatatheFFT-basedfreeshapecross-correlationwasemployed,which combines
theadvantagesof thedirectcorrelation(free-sizedandfree-shapedwindows, high accuracy)
andthesimpleFFT-basedcorrelation(high speedevaluation),seesection2.4 for details.For
sub-pixel accuracy thetwo dimensionalGaussianfit usingtheLevenberg-Marquardtmethod
hasbeenappliedto find the positionof the correlationpeakand the Fishertransformation
to determinethe weight for eachvalue,seesection2.4.2for details. Figure4.15shows the
in-planevelocity (left) andout-of-planevorticity distribution (right) for two distancesfrom
the wall measuredsimultaneously. The flow direction is from left to right and a constant
convectionvelocity of ÈOÁÉÎ�È m/shasbeensubtractedfrom bothvectorfields in orderto show
thedistribution of thevelocity structuresmoreclearly. Theobservationareastarted265mm
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FIGURE 4.16: Instantaneousvelocity (left) andvorticity (right) field with Ñ -vorticesrecordedin two
planesparallelto thewall but atdifferentheights(lower field closerto wall) andseparatedin time.

behindthespan-wiseslot andthedistancebetweentheorthogonallypolarisedlight-sheetsis¾�ÁÌÈ mm. The measurementpositionof the lower picturewasat a heightof ¾�ÁÌÞ mm from the
wall (thevelocity fluctuationsreachtheir maximumat this position)andtheupperfield was
recordedÆ�ÁÌÂ mmabovethewall. This investigationis well suitedto determineexperimentally
theorientationof thecounterrotatingvortex pair axisandits variationwithin the lifetime of
thestructureandthe intensityof theacousticexcitation. As similar structuresplaysa domi-
nantrole in turbulentboundarylayersaccordingto chapter1, the resultsarealsoinstructive
from this point of view, see[44] for example.Figure4.16shows velocity andvorticity fields
in thesamerepresentationasfigure4.15but thelowerfield wasrecorded0.0013s earlierand
theintensityof theacousticexcitationwasslightly increased.

This experimentdemonstratesclearly the reliability androbustnessof the measurement
techniqueandnumericalproceduresthatweredevelopedto overcomethebasicproblemsof
existing PIV methodsfor the investigationof turbulent flows. In the following chaptersthe
mainturbulentboundarylayerresultsmeasuredwith this techniquewill beoutlinedin detail.
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5 Investigation of the xy-plane

5.1 The statistical description of turb ulence

Themoststrikingcharacteristicsof all turbulentflowsis thecomplex spatio-temporalvariation
of the fluid mechanicalvariables.Even understationaryboundaryconditionsthey fluctuate
without any apparentregularity with different amplitude,wavelengthand orientation[76].
From the presentpoint of view the detailsof turbulent flows seemto be neitherpredictable
nor reproduciblebecausethe finestdetailsof the flow dependvery muchon the initial and
boundaryconditions,whichareneverknownexactly, andin additionthey arestronglyaffected
by instabilitiesdueto smalldisturbances.However, asthefinestdetailsof theturbulentmotion
areonly of academicinterest,becausenoseriouspracticalapplicationis conceivablewhereall
detailsof theflow arerequired,themajority of informationbeingpresentin a turbulentflow
field canbereducedto atreatableform by applyingtheformalismof statisticalmechanics[23,
64,65]. Thestrengthof thisapproachis well establishedby thekinetic theoryof gases,where
theeffectof themolecularmotiononthemacroscopicfluid canbedescribedby thekinematic
viscosity é , provided the intermoleculardistanceê m, given by the meanfree path lengthof
themoleculargas,is muchsmallerthantheKolmogorov micro-scalesê k which representthe
wavelengthof thesmallestmacroscopiceddies,whosesizedependsonly on thetotalenergy ë
andtheviscosity. ê m ì ê k Øµí é�îëÝïñð�òôó (5.1)

In this approximation,the macroscopicfluid motion, representedby a fluid element, is con-
sideredasa largescaleperturbationof themolecularchaoswhich becomesvisible whenthe
molecularmotionis approximatedby acontinuousvelocityfield. In principle,thiscanbedone
by averagingthevelocitiesof all moleculesin theneighbourhoodof aparticularposition.The
basicfeatureof thestatisticalapproachto turbulenceis thetransitionfrom theconsiderationof
asingleturbulentflow to theconsiderationof thestatisticalensembleof all similarflows. Each
flow suppliesa uniquerealizationof the randomvariables(velocity õ , pressureö , density ÷
andtemperatureø ) andeachparticularresultrepresentsoneof ù possibleresultswhichmight
haveoccurred.For thecharacterisationof thephysicalphenomenon,thestatisticaltheorysup-
plies basicallyfour quantities,namelythe meanvalue,the variance,the probability density
functionandtheauto-correlationfunctionof therandomvariable.Themeanvalue,definedin
equation(5.2),canbeseenasa staticmeasureof the intensityof thesignalandthevariance,
definedin equation(5.3),possessesinformationconcerningthedynamicsof therandomsig-
nal underinvestigation.Theprobabilitydensityfunction,definedin equation(5.4), furnishes
informationaboutthepropertiesof thedatain theamplitudedomainandtheauto-correlation,
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5 Investigationof thexy-plane

definedin equation(5.5),yieldscomparableinformationin thefrequency domain.ú õæû
ü ýdåbþdÿ Ø Æù ����� ð õ � û
ü ýdåbþ (5.2)��� Ê	� Ø Æù ����� ð
� Ê� û
ü ýdåbþçØ Æù ���
� ð

� õ � û ü ýdåbþ� ú õæû
ü ýbåbþdÿ�� Ê (5.3)

PDFû � þ Ø ��������	������� � �!� � û
ü ýdåbþ �!�#" ³ �%$³ � (5.4)& �'� û ü ý�³ ü ýdå ý�³æåbþ Ø ����� ð
� � û
ü ýdåbþ � � û
ü " ³ ü ýdå " ³æåbþ (5.5)

Whentherelationbetweentwo randomvariablesis considered,two additionalfunctionsbe-
comeimportantnamelythe joint probability densityfunction, definedin equation(5.6), and
the normalisedcross-correlation function, seeequation(5.7). The joint probability density
functiondescribestheprobabilitythattwo randomvariableswill assumevalueswithin a cer-
tain rangesimultaneouslyandthecross-correlationfunctiondescribesthedependenceof one
variableof a randomprocessto the other process.This is importantfor the detectionand
recoveryof deterministicdata,which might beembeddedin a randombackground,or for the
determinationof timedelaysor spatialshiftsbetweentwo correlatedrandomsignals.

PDFû � ý)(�þ Ø ������*�,+ �*-.���/��� � �!� � �0�1" ³ �32 ( � ( � � ( " ³1( $³ � ³1( (5.6)& �'- û
ü ý�³ ü ýdå ý�³æåbþçØ ����� ð
� � û
ü ýdåbþ4( � û
ü " ³ ü ýdå " ³æåbþ (5.7)

Thepowerof thestatisticalapproachbecomesevidentwhenthebasicconservationequations
of mass,momentumandenergy arereformulatedby usingthestatisticalfunctions. This ap-
proach,which allows thephenomenaof turbulenceto beviewedfrom differentperspectives
asonly smoothlyvaryingaveragequantitiesareconsidered,providesimportantrelationslike
the well known law-of-the-wallthe log-law or the five-third law, see[76, 89] for details. In
caseof a steady, two-dimensionalflow alonga flat platefor example,thepropagationof the
meanmotion of an incompressiblefluid of density ÷ andkinematicviscosity é is described
by the Reynoldsequationin boundarylayer approximation(5.8). It shouldbe notedthat in
equation(5.8) the ensembleaveragedvaluesare replacedby the time averagedoncefor a
betterreading. This is always possiblefor stationaryflows accordingto the ergodic theo-
rem. õ Ø�õ5� � and 6 Ø768�0( arethemeanvelocity componentsin stream-wise( 9 ) and
wall-normal( : ) directionand

�
and ( arethecorrespondingvelocityfluctuations.õ<; õ; 9 " 6=; õ; : Ø©õ>@? õ>? 9 " ;; : í é; õ; : � � ( ï � ;; 9BA � Ê � ( Ê)C (5.8)

This equationimplies that for boundarylayer flows only threecomponentsof the general
Reynoldsstresstensor �§÷ �EDF�HG areimportantfor the turbulent mixing, namely ÷ � Ê , ÷ ( Ê and�§÷ � ( . For attachedflowswithout separationthestream-wisegradientsof thenormalstresses÷ � Ê and ÷ ( Ê in thesecondordertermcanbeneglectedaswell relative to theshearingstress
component�§÷ � ( becauseof the strongvariationof the fluid mechanicalquantitiesin wall-
normaldirection[89]. For the analysisof the turbulent mixing in wall boundedflows it is
usefulto differentiatebetweenthefollowing quantitiesaswill beseenin thelater.
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5.1 Thestatisticaldescriptionof turbulence

�JI ¾ and ( I ¾ Q1or Outward interaction (5.9)�J� ¾ and ( I ¾ Q2or Ejection (5.10)�J� ¾ and ( � ¾ Q3or Inward interaction (5.11)�JI ¾ and ( � ¾ Q4or Sweep (5.12)

Thecomplexity of equation(5.8) canbe further reducedby assumingthat theproductionof
turbulence,due to the conversionof the kinetic energy of the meanmotion into turbulent
fluctuations,is in equilibriumwith thedissipationdueto themolecularstresses:¾ Ø ;; : í ÕK; õ; : �Ù÷ � ( ï or é1; õ; : � � ( Ø7L w÷ (5.13)

As the turbulent shearingstresscomponent�§÷ � ( becomeszero at the wall the following
expression

�����M �N� ÕO; õ; : Ø L w (5.14)

canbe usedto determinethe integrationconstantL w. With the friction velocity definedby�QP ØSR L w à[÷ andtheassumptionthat �]÷ � ( ØV¾ holds,thefollowing relationcanbededuced
from equation(5.13) õ�QP Ø : �EPé (5.15)

In theliteraturethissocalledlaw-of-the-wallis usuallywritten in nondimensionalwall-unitsõUT and : T definedby õVT�Ø õ�QP and : T Ø : �EPé (5.16)

It is clearthatthelaw-of-the-wall is only approximatelyvalid in thevicinity of thewall ( : T �È ) where �§÷ � ( is smallrelative to themolecularstresses.This flow domainis usuallycalled
viscoussub-layerof theboundarylayer[90]. Anotherimportantrelationcanbededucedfrom
equation(5.13)by assumingthatthemolecularstressesaresmallrelativeto theturbulentones.
In this case

� ÊPXW � � ( holdsandthe velocity profile becomesindependentof the Reynolds
numberprovidedthevelocitiesandspatialdimensionsarenormalisedwith

�QP
and é�à �QP . This

is clear from the analysisof the dimensionsbecause? õ-à ? : canonly dependon
�QP

and : .
Thusit follows from ? õÝà ? :1Y �QP àZ: with thevonKármán constant[õ T Ø Æ[ ��\�: T "0] (5.17)

Thissocalledlog-law is valid for : T I Â�¾ until theeffectof intermittencybecomesimportant
( :�à¿Ü I ¾�ÁÌÛ ). Theregionbetween: T W È and : T W Â�¾ ontheotherhand,wherethemolecular
andturbulentstressesareof equalorder, is calledbuffer-layer.

For adeeperunderstandingof theturbulentmotiontwo moreequationsneedto beconsid-
ered.Theconversionof thekinetic energy of themeanmotiongivenby equation(5.15)and
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5 Investigationof thexy-plane

(5.17),into turbulentfluctuationsis describedby thefollowing equation,which follows from
equation(5.8)afterthemultiplicationwith õ ,

ÆÛ ^_ õ ; õ Ê; 9 " 6 ; õ Ê; : �Çõ> ? õ]Ê>? 9 `ab ced f
lossof kineticenergy of themeanmotion

� A � Ê � ( Ê)C ; õ; 9 � � ( ; õ; :b c�d f
productionof turbulence

"
" ;; 9hg õ A � Ê � ( Ê CZi " ;; :jA õ � ( C � é Û ; Ê õ Ê; : Êb ced f

transferof kinetic energy

" é í ; õ; :)ï Êb c�d f
directdissipation

Ø ¾ (5.18)

andthegeneration,transportanddecayof
� ( canbederivedfrom theNavier-Stokesequation

whentheequationfor the
�

componentis multiplied by ( andaddedto theequationfor the (
componentmultipliedby

�
beforeaveraging.õ ; � (; 9 " 6 ; � (; :b c�d f

convection

Ø Æ÷ ö�í ; �; : " ; (; 9 ïb c�d f
redistribution

� ( Ê ; õ; :b ced f
production

(5.19)

� ;; : A � ( Ê " � ökà[÷ Cb ced f
diffusion

" é A (4k Ê �1" � k Ê ( Cb ced f
dissipation

Unfortunately, theremainingmathematicaldifficulty, associatedwith thestatisticalapproach,
is thatthedynamicalequationsareunder-determineddueto thenon-linearityin themomentum
equations. In caseof equation(5.8), for example,a relation betweenthe meanmotion õ
andall dominantcomponentsof thegeneralReynolds-stresstensor

�QDF�lG
have to beassumed

beforea numericalintegrationcanbe performed. From the presentpoint of view it seems
unlikely that this socalledclosure problemcanbesolvedfrom first principles,becausemost
of thedevelopedmathematicalapproximationmethodsfail for two reasons.Firstly, turbulent
shearflowsappearasanon-homogeneous,non-isotropic,multi-scaleproblemwithoutany real
scalingsimilarity rankingfrom thelargestto thesmallestscales.Secondly, turbulentflowsare
generallyglobalandnot local,which meansthat thelocal propertiesarenot governedby the
meanmotion. For thesereasons,it is evident that the functionaldependenceandstatistical
structureof

�QDF�lG
must be determinedexperimentally. This will be the prime issuein the

following.

5.2 Experimental set-up

Theprincipleset-upof thedoublestereo-scopicPIV systemutilisedfor theinvestigationin the
wind-tunneldisplayedonpage8, is shown in figure5.1. Becauseof thesizeof thelarge-scale
structuresin stream-wisedirectionandtherelatively smallvelocity variationswhich mustbe
properlyresolved, the systemis installedsideby side. The actualobservation anglesâ and
distances?nm along with the exact coordinatesof eachcamerasensor, relative to the centre
of the correspondingobservation area,aredisplayedin table5.2. For the registrationand
storageof the particle imagesfour Peltier cooledhigh resolutionPCO cameraswith 1280
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FIGURE 5.1: Schematicset-upof thedoublestereoscopicrecordingsysteminstalled18 m behindthe
leadingedgeof theflat platefor theinvestigationin thestream-wisewall-normalplane(not in scale).
Fourdigital cameras(1-4),mountedonScheimpflug-adapters,observe the o�pQq tracerparticleswhich
areilluminatedfrom below thetestsection( r
s À scatteringangle)by meansof four synchronisedlasers
whichdeliver two intensegreenlight pulseswith t#uBv�w�o nm.

by 1024 pixel resolutionand 12 Bit dynamicrangehave beenemployed, eachconnected
with a Scheimpflug-adapterin orderto adjustpreciselytheanglebetweentheimage-,object-
andmain-planeof the lensaccordingto section3.1.2. The imagingof thefield of view was
performedby meansof 180mmCarlZeisslenseswith anapertureof 8 in orderto avoid depth
of focus effects and optical aberrationsintroducedby the 10 mm glass-walls of the wind-
tunnel,seesection4.7. This allows to benefitfrom the high performanceof the correlation
algorithms,accordingto section2.4,astheparticleimagesappearasbrightcircles,2-3pixel in

camera 9 [mm] x [mm] ?nm [mm] â [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: Positionandobservation distanceof the four cameraswith respectto thecentreof each
field of view (intersectionpoint of optical axis) andobservation angles.Distancebetweencentreof
adjacentobservationareas:85 mm. Distancebetweencameraoneandthree:156mm.
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5 Investigationof thexy-plane

diameter, surroundedby a darkbackground.Thelossof light associatedwith this settingwas
compensatedby combiningtheoutputbeamsof four independentNd:YAG lasercavities(BMI
model5013DNS10),eachapproximately255mJoutputenergy perpulseat ×XØ È¿Â0Û nm(see
figure4.2on page52) andby triggeringthesystemin sucha way thatalwaystwo differently
polarisedpulsesleave the laser-headssimultaneously. It is clear that alwaysa delayof the
orderof the pulselengthmustexist betweenthe two pulsesto avoid laserinduceddamage
of the frequency doublercrystaldueto thehigh peakintensity, which might occurwhenthe
two beamsinterfere.Usually, this is automaticallyrealizedbecausethetime accuracy of the
PIV triggeringsystemsis not suitedto superimposeexactly two Æ�ÁÌÈ m long light pulses( È ns
pulsedurationassumed)travelling with speedof Â�ÄÐÆ�¾zy m/s. The ¾�ÁÃß mm light-sheetwas
formedby threeappropriatecylindrical andsphericallensesmountedin anopticalbenchand
directedinto the test-sectionby usinga properlycoatedmirror, seesection4.6. To ensure
that themeasurementplaneis alignedwith respectto thestream-wisewall-normalplane,the
cylindrical lenswasrotateduntil the light-sheetreflectionat the ceiling wasparallelwith a
markindicatingthecentrelineof thewind-tunnelandthemirror wastilted in sucha way that
theweaklight-sheetreflections,comingfrom theceiling-andfloor-window of thetest-section,
coincideon themirror with thelight-sheetcomingfrom theopticalsystem.

The tracerparticlesgeneratedfor this experimentweredeliveredfrom a smoke genera-
tor which produceshigh concentrationsof monodispersepoly-ethylene-glycolparticleswith
a meandiameterof Û@Õ m accordingto figure2.4 on page18 or [47]. To obtainideal condi-
tions for accuratePIV measurements,the closedcircuit wind-tunnelwascompletelyseeded
andcontinuouslyoperateduntil no seedinginhomogeneitiescould be observed at all. Dur-
ing this procedureall diffusewall reflections,causedby theinteractionof thelaser-light with
tracerparticlesstickedon thewall, wereremovedwith appropriateliquidsandpressurisedair
while thewind-tunnelwasrunningat a moderatespeed.Theoperationof thewind-tunnelis
essential,andshouldnever bestoppedbeforetheexperimentis finishedin orderto avoid any
settlingof thetracerparticleswhich might deterioratetheperformanceof themeasurements.
As theseparticlesfollow theflow precisely, no settlingof theparticlesor otherdiffusereflec-
tionscouldbeobservedon theacquireddatawhile theexperimentwasrunning. Only a tiny
bright line of thewall reflection( Â pixel wide)wasvisibledueto theglass/ air interface.After
the experiment,this line wasdetectedby usingcorrelationalgorithmsin orderto determine
thepositionof thewall with sub-pixel accuracy.

For the evaluationof the stereo-scopicimagesthe secondorderwarpingtechnique,out-
lined in section3.2,wasappliedalongwith thecalibrationvalidationprocedureto ensurethat
the interrogationspotsfrom eachof a pair of stereo-scopicimagescorrespondexactly to the
sameregion of the flow, seesection3.3. The interrogationof the datawasperformedwith
the FFT-basedfree shapecross-correlationand for the peakdetectionwith sub-pixel accu-
racy thetwo-dimensionalGaussianfit wasapplied.Thispeakfinding methodis lesssensitive
to sub-pixel displacementscomparedwith the threepoint Gaussianpeakfit, seefigure 2.13
and2.14. For the calculationof the velocity vectors Â0ÛÓÄ�Â0Û pixel and ß¿ËFÄ Æ�ß pixel inter-
rogationwindows wereselected.Becauseof the increasedspatialresolutionof thestretched
windowsin wall-normaldirectionspatialaveragingeffectscouldbeeasilyestimatedfrom the
performedevaluation. It shouldbe notedthat an aspectratio of 4 betweenthe stream-wise
andwall-normaldimensionsof themeasurementvolumeis relatively moderateregardingthe
typicalvalueswhichareappliedin numericalflow simulations.Theevaluationof thedatawas
performedin parallelon aneightprocessorhigh performanceSGI computer, anda raid sys-
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5.3 Statisticalpropertiesof theflow

temwasavailablefor thestorageof thedata.Thenumberof obviously incorrectvectorsis on
averagelessthan0.1%with thefollowing conditions( ¾�Á`Æ pixel

�<{ 9 � Û¿¾ pixel|
�§Ë pixel
�{ : �}" Ë pixel| { 9 D � { 9 D T ð � È pixel), theaverageheightof thecorrelationcoefficient is

above0.8andthebandwidthof particleimagesdisplacementsvariesbetweenzeroat thewall
and18 pixel on averagefor a light pulsedelayof

{ L Ø Â�¾�¾ Õ s for the 3 m/s investigation
and

{ L Ø Æ¿Æ�¾ Õ s for the7 m/scase.The following tablesummarisesthebasicinformation
neededfor thecharacterisationof theexperiment.&�~
� Î¿Þ¿¾�¾ Æ�È¿¾�¾�¾ [1]&�~
� Î�Á Ë ÄãÆ�¾ ó Æ�ß Ä Æ�¾ ó [1]&�~�� Â�ÁÃß ÄãÆ�¾z� Þ�Á Ë Ä Æ�¾z� [1]õ> 3 7 [ m/s]�QP

0.121 0.263 [ m/s]Ü 0.37 0.34 [m]Ü T 3000 5980 [1]
field of view Æ�ß�¾ Ä È�Û Æ�ß�¾ Ä È�Û [ mmÊ ]
field of view ¾�Á Ë�Ë Ä ¾�Á`Æ�Ë ¾�Á Ë ÎæÄ ¾�Á`ÆÏÈ [ ÜÏÊ ]
field of view ÆÏÛ¿½�Þ ÄFË Û�Æ Û¿Þ�ÆÏÛæÄ ½�Æ�Ë [

{ 9 T { : T ]
spatialresolution Â�ÁÃß Ä ¾�ÁÌ½ Ä ¾�ÁÃß Æ�ÁÃÞ Ä Æ�ÁÃÞ Ä ¾�ÁÌß [ mmî ]
spatialresolution Û¿Þ Ä Î Ä È Â�Æ�ÁÌÞ Ä Â�Æ¿ÁÌÞ ÄãÆ�¾�ÁÉÈ [

{ 9 T { : T { x T ]
pulseseparation 300 110

� Õ s�
dynamicrange Æ¿Á2ÆÏÈ �h{ 9 � ÆÏÛ�ÁÃß ¾�Á`Æ �!{ 9 � Æ�Þ [ pixel]

vectorspersample 4592 4644
numberof samples 2450 2450

TABLE 5.2: Relevantparameterfor thecharacterisationof theexperimentperformed18 m behindthe
leadingedgeof theflat platein the �l� -planeof theturbulentboundarylayerflow.

5.3 Statistical proper ties of the flo w

5.3.1 Single point statistics

To validatethe flow characteristicsandthe performanceandaccuracy of the doublestereo-
scopicPIV system,themainstatisticalpropertiesof theturbulentboundary-layerflow, mea-
sured18 m behindthe leadingedgeof theflat platein theflow facility displayedon page8,
werecalculatedfrom the velocity dataandcomparedwith the theoreticalresultspresented
in section5.1 and the hot-wire anemometrymeasurementsin [11, 21]. The hot-wire mea-
surementwasperformedby Bruns,DengelandFernholzin 1992in the largewind-tunnelat
theHermannFöttingerInstitute(HFI) in Berlin at a similar Reynoldsnumberbut different 9
and õ> . Themeasurementpositionwas ß�ÁÉÎ m behinda V-dymotapetripping device andthe
thicknessof theboundarylayerat themeasurementlocationwas Ü W ¾�Á`ÆÏÎ[Ë m and ¾�Á`ÆÏÈ¿Â m at
freestreamvelocitiesof õ> W Æ�Æ m/sand Â�¾ m/s. ThecorrespondingReynoldsnumberbased
on themomentumthickness� wascomparablewith thePIV experimentslisted in table5.2,
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5 Investigationof thexy-plane

namely
&�~
� W Î�Æ�Ë0¾ and16080.Thefriction velocity

�QP Ø�õ> R ] f à�Û wasdeterminedfrom

theparameterR ] f à�Û in equation(5.20)to ¾�ÁÃË0Û¿½�ß0Î m/sand Æ�ÁÃ¾�Þ�Æ�Þ0Î m/s.õõ> ØiÛ�ÁÃË¿Ë�� ] fÛ ��\J� õ>U:é � ] fÛ�� " ÈOÁ2Æ�� ] fÛ (5.20)

Figure5.2revealsthemeanvelocityprofileof theturbulentboundarylayerflow in outer- and
inner-law scaling. The agreementbetweenthe stereoscopicPIV resultswith the analytical
law-of-the-wallandthe log-law, derivedon page71, is excellentandalsothehot-wiremea-
surementsmatchnicely. Only for : T I Þ�¾�¾ a progressingdepartureof theHWA resultsfrom
the presentPIV investigationcan be observed in the semilogarithmicrepresentation.This
effect is causedby thefactthattheboundarylayersthicknessat HFI is only half of thethick-
nessobtainedatLML. However, this is not relevantfor thepresentinvestigation,becausehere
only the near-wall phenomenabelow :�à¿Ü � ¾�Á2ÆÏÈ will be consideredandnot the outer-flow
effectscausedby intermittency. Remarkableis theaveragedynamicwhich couldbereached
with thePIV-systemandthespatialresolutionin wall-normaldirection. The locationof the
first measurementpoint, locatedat : T W Û�ÁÃÂ , is comparablewith the nearestwall location
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FIGURE 5.2: Comparisonof themeasuredmeanvelocity profilesin outer- (left) andinner-law scaling
(right) with thehot-wireresultsby Brunsetal [11, 21] for two Reynoldsnumbers.
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5.3 Statisticalpropertiesof theflow

for thestream-wisevelocity in [55] but herethevelocity couldbedetermineddirectly with-
out a sophisticatedcalibrationprocedureasrequiredin caseof the hot-wire investigationto
compensatetheadditionalheat-lossinducedby thesolidwall. Whenthewall-normalvelocity
componentis considered,thefirst measurementpoint obtainedwith thehot-wiretechniqueis
fartheraway from thewall by oneorderof magnitude,comparedwith thepresentPIV inves-
tigation,dueto theorientationandsizeof thesensorappliedin [55]. Thedomaincoveredby
thePIV investigationis nearlyconstantwhenconsideredin outervariables( � � :�à[Ü � �4���,� )
becauseof theweakdependenceof theboundary-layerthicknessÜ on theReynoldsnumber.
However, whenconsideredin innervariableson theotherhand,it canbeseenthat theinves-
tigationat

&�~
� Ø±Î¿Þ��z� roughlycoversthedomainfrom � � : T ��� ��� andat
&�~
� Ø��,�z�����

the range ��� � : T ��� ��� , becausethe log-law region increasesin thicknesswith increas-
ing Reynoldsnumberwhenconsideredin wall-units. This allows to examinethe near-wall
structureat

&�~
� Ø Î¿Þz��� , Reynolds numbereffects within the logarithmic region between��� � : T �h� ��� andlarge-scaleflow structuresat
&�~
� Ø��,�z����� . Thesizeof theregion,where
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FIGURE 5.3: Left: Non-dimensionalrms-profilesof the threevelocity fluctuationsfor ¡N¢ �¤£¦¥
§ s�s
(top) and ¡N¢ �U£©¨ v
s�s�s (bottom). Right: Dependenceof theanisotropy parameterª «Z¬® ¯4¬®°²± ò ¬ on the
wall coordinatein inner-law scalingfor bothReynoldsnumbers.
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5 Investigationof thexy-plane

the log-law holds,is quite large for both casesso thata direct interactionbetweenthe near-
wall flow structurewith the intermittentflow region cannot take place. Thusthe turbulent
flow statecanbe consideredasfully developed.Fully developedflows arecharacterisedby
a Kolmogorov cascadeincludinganinertial rangeover at leastoneorderof magnitudein the
wavenumberspace[78]. Thisconditionimpliesunsteadiness,rotational,three-dimensionality,
non-deterministic,diffusion anddissipation,e.g. attributeswhich are generallyreferredto
characteriseturbulentflows. Thedynamicof thevelocity signalasa functionof thewall dis-
tancecanbe estimatedfrom figure5.3 which shows the normalisedrms valuesof the three
velocity fluctuationsfor both flow cases.It canbe seenthat the maximumcanbe properly
resolvedwith state-of-the-artPIV systems,providedthemagnificationof theimagingsystem
is well adjustedrelativeto theflow structuresandtheproblemsassociatedwith thestrongwall
reflectionsaresolved.Thelow Reynoldsnumberresultsagreequitewell with theHWA mea-
surementskindly providedby Prof. Dr. Fernholz.Only thefirst two measurementpointsnear
thewall areoverestimated.This is naturaldueto thefinite sizeof themeasurementvolume.
WhenthehighReynoldsnumberresultsareconsideredthedeviationincreasesbut theincrease
of thesecondpeakwith increasingReynoldsnumberis clearlyvisible andin agreementwith
the literature[21]. To validatethe degreeof anisotropy betweendifferentvelocity compo-
nentsin turbulentshearflows, theratio betweenorthogonalvelocity fluctuationsis shown in
theright graphsof thesamefigure.As theenergy from themeanmotionis first transferredinto
thestream-wisevelocityfluctuationbeforethetransferinto the ³ and ´ componenttakesplace
by meansof pressurefluctuations,thevalueof theanisotropy parameteris usuallyaround0.6
for large wall distances.In addition,it canbe seenthat µ ³ ¬'¶ ·E¬'¸ ±º¹ ¬ increasesgraduallywith
the wall distance.Figure5.4 shows the turbulence-level definedas µ · ¬ ¸ ±º¹ ¬ ¶ » for both flow
cases.Theagreementwith thehot-wiremeasurementsperformedat ¼ ~
½¿¾7À � � � and ��Á���Â��
is excellent.Only thefirst PIV measurementpoint in theleft graphis faraway from theHWA
result,which is aroundÃ · ¾ �4� � for Ä4Å<ÆÇ� . However, this is associatedwith the increas-
ing measurementerrorwhenthedisplacementof theparticleimagesbecomesverysmall,see
chapter2 for details.
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FIGURE 5.4: Turbulence-level ÉÊ¯1Ë!Ì ¯4¬® Í measuredat two Reynoldsnumbers.
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5.3 Statisticalpropertiesof theflow

5.3.2 Spatial auto- and cross-correlation functions

It is obvious that the singlepoint statistics,presentedin the previous section,do not cover
any aspectsassociatedwith the organisedflow motion outlinedin chapter1. However, it is
shown in section5.1thatfor theturbulentmixing in wall-boundedflows this coherentmotion
mustbe of primary importance.This canbe deducedfrom the presenceof the singlepoint
correlationsterms · ¬ , ³ ¬ andespecially Î · ³ in equation(5.8). For this reasonthe spatial
correlationsof thevelocity fluctuations,introducedin section5.1,will beinvestigatedin this
section. The investigationof the spatialcorrelationsof the velocity fluctuationsfurnishes
quantitative information aboutthe averagedimensionsof the turbulent flow structuresand
allows to deduceseverallengthandtimescaleswith physicalmeaningsuchasthedissipation
or the integral lengthscales,which play a dominantrole in the transportequationsderived
in [90]. However, dueto theanisotropicnatureof wall-boundedflowsaccordingto figure5.3,
the lengthscalesarenot uniquelydefinedasin thecaseof isotropicturbulence.In addition,
it shouldbe kept in mind that the generalinvestigationof the correlationfunction might be
quitecomplex in shear-flows becausethis functiondependson theflow variablesconsidered,
aswell astheir mutuallocation,separationandtime delay. For simplicity, only theprimary
spatialcorrelations¼ÐÏ'Ï , ¼ÐÑ�Ñ and ¼ÐÒHÒ of the velocity fluctuationwill be consideredin the
following,alongwith somedoubleandtriple correlationswhichareimportantfor theturbulent
mixing accordingto equation(5.20).Thedependenceof theprimarycorrelationsin aturbulent
boundarylayeralongthethreecoordinateswasextensively investigatedby Grantin 1958by
usinga pair of hot-wire probesÓ m behinda trip fenceat »Ô ¾ Á4�ÕÓz� m/s and Ö ¾ ��� mm.
Althoughhecouldconfirmthehigh degreeof orderpresentin theflow field by analysingthe
large-scaledependenceof variouscorrelationsalongtheprinciplecoordinates,hewasforced
to concludethat the variouscorrelationsare incompatiblewith the idea of energetic eddy
structuresconvectingdownstream.Sinceit is impossibleto predicta uniquesetof vortical
structuresfrom thecorrelations,themotivationfor this conclusionwasbasedon thedifferent
sizeof the primary correlationsin stream-wisedirectionandthe small extendof ¼ÐÑ�Ñ along
the span-wiseone. However, due to the small thicknessÖ of the boundarylayer, it is not
yet evidentif this strongdifferencein thevariouscorrelationsis a realshear-flow propertyor
maybecausedby theentrainingmotions,whichdonotbelongto themainturbulencestructure.
For this reasonthepresentinvestigationfocuseson the functionaldependenceof thespatial
correlationsin thenear-wall regionandtheirvariationwith theReynoldsnumber. Of particular
interestis the correlationin the vicinity of the maximum,asthis information is difficult to
achieve by usingintrusive measurementtechniquesbecausethesignalfrom a singleprobeis
affectedby approachingthesecondprobeandthevaluesalongthestream-wiseaxis is biased
becausethe measurementvaluesof the down-streamprobeareaffectedby the wake of the
upstreamprobeaspointedout in [24, 100].

In the following thesizeandshapeof theprimarycorrelationfunctionswill beanalysed
becausethesevaluesfurnishtheinformationabouttheaveragedimensionsof themoving flow
structures,their degreeof organisationandtheir propagationdirection relative to the mean
motion.Thisbecomesobviouswhenfigure5.5andfigure5.6areconsideredwhich revealthe
primarycorrelationof thestream-wisevelocity fluctuationsfor variouswall distancesof the
fixedpoint (comparelocationof themaximumor the ÄHÅ valuein the legend)at ¼�× ½V¾}À Â��z�
and15000.Thecontoursof thefollowing plotsarespacedin intervalsof 0.05for theprimary
correlation(excluding0.05and1) andthepositionandamplitudeof theminimumandmax-
imum are includedfor comparison.Continuouslines indicatepositive correlation. Clearly
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5 Investigationof thexy-plane

visible is the elliptical shapeof all correlatedarea,with the principal axis slightly inclined
with respectto the á -axis,andthevariationof thecorrelationsizefrom theexact locationof
the fixed point. The elliptical shapeof the structuresandtheir inclination canbe explained
by the stronggradientsin wall-normaldirection,which tendto elongatethe flow pattern(a
circularcloudembeddedin a shearflow for instancewould appearelliptical 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 ( ÄHÅ ¾ 100, 200, 300, 400). Qualitatively, the agreementis quite good
whenthescalein thelegendis considered.Figure5.7 andfigure5.8show thefunctionalde-
pendenceof the ¼âÒ4Ò correlationon the Reynolds numberandon the locationof the fixed
point. The two-dimensionalstructureof this correlationfunction revealssurprisingfeatures
which werenot known previously. Especiallythe differentdependenceof thecorrelationin
up-streamanddown-streamdirectionon thefixed-pointshouldbenotedaswell asthe incli-
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FIGURE 5.9: ç Ï'Ïlè ØUÚ Å/ÛeÜ�ÅÛeÜÝÅ¿Þ Ø Ü�Åêé , ç Ñ�Ñzè ØUÚ Å/ÛeÜ�Å/ÛeÜÝÅëÞ Ø ÜÝÅ%é and ç ÒHÒ/è Ø�Ú Å/ÛeÜ�Å/ÛeÜÝÅëÞ Ø Ü�Å%é
measuredat çNì ½ ËBí
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5.3 Statisticalpropertiesof theflow

nationof thestructurearoundthemaximumof correlationandfurtheraway from this point.
As this correlationappearscrestfallen, two differentanglesof attackcanbeestimatedwhen
moving on the correlationridge in up-streamanddown-streamdirection,andit canbe seen
that the latter oneis larger with respectto the otheronefor all locationsof the fixed point.
The similarity betweenthe sizeof ¼âÏ®Ï and ¼ÐÒHÒ in stream-wisedirectionandthe elliptical
shapearoundthemaximum,accompaniedby thegeneralvariationof theanglewith increas-
ing wall distanceof thefixedpoint, impliesa relationbetweenbothfluctuations.This might
be a resultof a complex velocity structure(not necessarilya vortex structure)moving with
the fluid, but the exact relationcannotbe seriouslydeducedfrom the correlationfunctions.
However, when the one-dimensionalrepresentationsalong the two coordinatesthroughthe
maximumof correlationin figure5.9 andfigure5.10arecompared,this similarity vanishes
astheorientationof theprincipalaxisof theellipsearoundthespan-wisecoordinatediffers
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5 Investigationof thexy-plane
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5.3 Statisticalpropertiesof theflow

to a largeextent.This illustratesclearlythedifficulty associatedwith theinterpretationof the
one-dimensionalcorrelations.Nevertheless,this representationallows a convenientcompari-
sonof thevariouscorrelationsandtheir dependenceon thelocationof thefixedpoint relative
to the wall. Especiallythe different size of the structuresalong the coordinatesis clearly
visible (notedifferentscale).Figure5.11revealsthetwo-dimensionalcorrelationfunctionof
the wall-normalvelocity fluctuations¼ÐÑ�Ñ andthe correlationfunction of the span-wisevor-
ticity component¼ ø,úýø,ú for different locationsof the fixed point. It canbe clearly seenthat
the ¼âÑ²Ñ correlationsarerelatively small with respectto ¼ÐÏ'Ï andalsostronglydeformedfor
wall locationsbelow Ä Å ¾ÿþ���� . For Ä Å�� þ���� , this deformationvanishesascanbe seen
from the line representationsin figure 5.9 andfigure 5.10. Remarkableis the extensionof
the overhangregion which goesin stream-wisedirectionwhenthe fixed point is below 40
wall-unitsandin up-streamdirectionfor largerwall-distances.Thevorticity structuresshown
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5 Investigationof thexy-plane

in theright columnof figure5.11arestronglyelongatedcloseto thewall andit canbeseen
thata remarkableregion of negative correlation(dashedline) existsabove theregion of pos-
itive correlation(solid line). For larger wall distancessucha region of negative correlation
canbe observed below the main structurebut with reducedintensity. In addition it canbe
seenthatthemainstructureis slightly inclinedrelative to thestream-wisecoordinateandthat
theinclinationangleincreasesin stream-wisedirection.Figure5.12shows a comparisonbe-
tweentheinvestigationsperformedat ¼�× ½ ¾5À Â ��� (solid symbols)and ¼�× ½ ¾©þ	�
���
� (opaque
symbols). The left columnrevealsthe stream-wisedependenceof the primary correlations
measuredat Ä Å ¾ þ��
��� Ó ����������������
� andthe right columnthe correspondingdependence
on the location of the fixed point from the wall. Although the generaldependenceof the
correlationsagreesfairly well whencomparedin wall-units,thecorrelationvalueof thehigh
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FIGURE 5.13: ç Ï®Ïlè ØUÚ Å/ÛeÜÝÅÛeÜ�Å�Þ Ø ÜÝÅ*é , ç Ñ�Ñ�è ØUÚ Å/ÛeÜÝÅ�ÛeÜÝÅ�Þ Ø ÜÝÅ�é and ç Ò4Ò/è ØUÚ Å/ÛeÜ�Å/ÛeÜÝÅöÞ Ø Ü�Åêé
(left), ç�� Ï'Ï�� � Ï®Ï�� è ØUÚ Å ÛeÜ Å ÛeÜ Å Þ Ø Ü Å é , ç�� Ñ�Ñ�� � Ñ�Ñ�� è Ø�Ú Å ÛeÜ Å ÛeÜ Å Þ Ø Ü Å é and ç���� è Ø�Ú Å ÛeÜ Å ÛeÜ Å Þ Ø Ü Å é
(right) measuredat çNì ½ ËBí
î ß�ß . Themaximumof correlationindicatesthepositionof thefixedpoint
(samesymbolsasin figure5.9).

88



5.3 Statisticalpropertiesof theflow

Reynoldsnumberinvestigationis sometimesup to
þ����

above thevaluesof thelow Reynolds
numbermeasurements.Furthermoreit shouldbe notedthat the largestdifferenceappears
for the ¼ÐÒ4Ò correlation. However, no uniquestatementcanbe given whetherthis is a real
Reynoldsnumbereffect or a resultof the tilted natureof thecorrelations,becausein caseof
non-isotropicturbulenceit is not well definedhow the correlationsmustbe comparedwhen
theReynoldsnumbervaries(it is conceivablethatonly themainaxisof theellipsecollapses).
Figure5.13 and figure5.14 finally display a line representationof the variousdouble-and
triple-correlations,which areassociatedwith theproductionof turbulenceaccordingto equa-
tion (5.18)and(5.20),namely ¼ � Ï®Ï�� � Ï'Ï�� , ¼ � Ñ�Ñ�� � Ñ�Ñ�� , ¼ ��� , ÎÐ¼ÐÏ'Ñ , ÎÐ¼ÐÑ�Ï , ¼ � Ï'Ñ�� � Ï'Ñ�� , ¼ � Ï'Ï®Ñ�� � Ï'Ï'Ñ�� ,¼ � Ï'Ñ²Ñ�� � Ï'Ñ�Ñ�� and ¼ � Ñ�ÒHÒ�� � Ñ�Ò4Ò�� measuredat ¼�× ½X¾ À Â ��� . It canbe clearly seenthat the width
of the correlationsat a particularvaluedecreasesin generalwith increasingcomplexity of
thecorrelations¼ÐÏ'Ï � ¼ � Ï'Ï�� � Ï'Ï�� � ¼ � Ï'Ï'Ñ�� � Ï'Ï'Ñ�� . This impliesa decreasingimportanceof the
higherordercorrelationsandestablishesthesimplificationsusuallyappliedin theformulation
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5 Investigationof thexy-plane

of conservationequationsfor theReynoldsstresses[37,89]. Of primaryinterestarethe ÎV¼ÐÏ'Ñ
and ÎÐ¼ÐÑ�Ï correlationsandtheirdependenceon thewall distance,becausethesefunctionsare
mainly responsiblefor theturbulentmixing in wall-boundedflows accordingto theReynolds
equationin theboundarylayerapproximationon page70. For the interpretationit is impor-
tantto keepin mind thatthefirst subscriptindicatesthevelocity componentat thefixedpoint
while the secondone indicatesthe componentwhich is spatiallyshiftedfor the calculation
of the cross-correlation.Therearetwo surprisingresults,namelythedifferentheightof the
correlationin the vicinity of the wall andthe shift of the maximumtowardsthe wall (when
thestream-wisevelocitycomponentis fixed)or awayfrom thesolidboundary(whenthewall-
normalvelocity componentis fixed).This resultwill befurtherexaminedin chapter6.

5.4 Proper ties of coherent velocity structures

The multi-point correlationspresentedin the previous sectionfurnish informationaboutthe
averagesize,shapeandcoherenceof theflow structuresbeingpresentin the flow field, and
they provide valuabledetailsrequiredfor the interpretationof near-wall turbulencein terms
of Reynoldsequationandmulti-point correlationequations.However, astheflow structures
have a historyof developmentwhile they aretransporteddownstream,thespatialcorrelation
functionsinclude realizationsof a large numberof structuresat variousstagesof their life
history. As thedetailsaboutthe individual flow structuresareaveragedout by thestatistical
approach,theorganisationof theindividualcoherentflow structures,theirsignificancefor the
productionof turbulenceand their relationwith respectto proposedvortex modelswill be
investigatedin thefollowing. Unfortunately, this is not a trivial taskbecausetheselectionof
typicalstructuresis subjectiveastheoutcomeof suchanapproachis alwaysstronglycoupled
with thespecifiedcriteria. In otherwords,it is alwayspossibleto find structureswhichnicely
matchwith themodelsproposedin thefirst chapteror structureswith otherdesiredproperties.
In order to minimise this well known problem,several techniqueshave beensuccessfully
exploited in the past,suchas the variable interval time averaging (VITA) method,which
comparestheshorttermvarianceof a flow variablewith respectto a chosenthresholdlevel,
or the variable interval spaceaveraging (VISA) method,which allows to detectstructures
with similar spatialstructure.However, thesemethods,which weremainly developedfor the
analysisof time-resolvedhot-wiremeasurements,arenot well suitedfor theanalysisof PIV
velocityfields.Thereforeflow structureswill beinvestigatedherewhichappearfrequentlyand
with sufficient strengthin theessentialReynoldsstresscomponent.Thefirst criterionselects
structureswhich aredominantwith regardto their occurrenceandthe secondoneidentifies
structureswhich aredominantin termsof turbulentmixing andproductionof turbulence.

5.4.1 Shear-layer

The basiccoherentflow structurethat canbe easilyobserved in the áEÄ -planeof a turbulent
boundarylayer (stream-wisewall-normal) is the so calledshear-layer. Whenmoving with
theappropriateconvectionvelocity, or aftersubtractingthelocal meanvelocity, this structure
appearsasa slightly-inclined low-speedregion, often several thousandwall-units in length
andsome100wall-units in height(their width is largely unknown). Theinclinationangleof
theshear-layersrelative to thewall wasthesubjectof severalstudies[9, 28,50, 62,80]. The
generalconsensusis thatthis angledependson thedistancefrom thewall, asindicatedby the
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5.4 Propertiesof coherentvelocitystructures

resultsin figure5.5 and5.6, but theexact valuesarestill a point of discussion.The results,
basedon theanalysisof space-timecorrelationmeasurements,vary between4 and7 degrees
in theviscoussub-layerand11 and20 degreesin thebuffer region [63]. This observation is
fully consistentwith theaverageresultspresentedin section5.3.2.On thetopof theselayers,
vorticeswith astrongspan-wisevorticity componentcanbeobservedfrequently[74, 38], but
it is anopenquestionwhetherthesevorticesarearesultof aKelvin-Helmholtzinstability, like
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FIGURE 5.15: Velocityfluctuationsmeasuredat çNì ½ ËBí
î ß�ß (  is colour coded).
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5 Investigationof thexy-plane

spirallingKelvin-Helmholtzvorticesin a mixing layer, or relatedto theheadsof a family of
loop-shapedstructuresasassumedby many authors.Figure5.15shows a typical pair of in-
stantaneousvelocityfieldsmeasuredsimultaneouslywith thedouble-stereoscopicPIV system
18 m behindtheleadingedgeof theflat plat at ¼�× ½V¾©À Â ��� (themeasurementdomainof the
lower vectorfield is locateddown-streamof theupperone,asindicatedby the á -scale).The
meanflow directionis from left to right andthelocalmeanvelocity is subtractedto displaythe
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î ß�ß (  is colour coded).

92



5.4 Propertiesof coherentvelocitystructures

turbulentvelocity fluctuations· µÙá � Ä ¸ , ³*µ á � Ä ¸ and ´1µÙá � Ä ¸ . In this representation,theshear-
layer appearsasslightly-inclined low-speedregionswith the geometricaldimensionsgiven
above. Although the exact anglevariesstrongly in the instantaneousvelocity fields, it can
beclearlyseenthat theanglebetweenthewall andtheshear-layer increaseswith increasing
wall distance,seealsofigure5.16. This canbe explainedby the differentshapeof the low
momentumstructuresdueto thestrongflow gradientsandthepresenceof thewall. While the
near-wall regionbelow Ä4Å ¾!�
� is dominatedby low-speedstreaks,whichwill beconsidered
in the next chapterin detail, the log-law region above ÄHÅ ¾"�
�

is dominatedby large-scale
shear-layerswithout any obviousstructuralregularity in contrastto thestreaks.Anotherre-
markableresultis thefact that the low momentumstructuresbelow Ä Å ¾#�
�

areusuallynot
aslongasthetotal lengthof thelarge-scaleshear-layer. However, asthelow-speedstreaksare
only 30 wall-unitsin width andnot oftenperfectlyparallelto themainflow direction,aswill
beseenlater, only acut throughthestreakcanbeobservedin the áEÄ -planewhile thelengthof
thecut dependson theorientationof thestreakwith respectto themeasurementplaneandits
geometricalproperties.In figure5.16for example,across-sectionof astreakcanbeobserved
from á Å ¾}þ	�$� to 400,500to 800andanotherstartsat á Å ¾Sþ Ó ��� . Thelowervectorfield of
thesamefigureandtheupperoneof figure5.15indicatethaton thetop of theseshear-layers
vorticescanbefrequentlyobserved.Thesignificanceof thesevorticesfor theturbulentmixing
will beinvestigatedin thefollowing.

5.4.2 Ejection

Sincethepioneeringnear-wall flow visualisationexperimentsby Kline etal. (1967),Corino&
Brodkey (1969)andKim etal. (1971),it is well establishedthatthecoherentstructures,which
canbeidentifiedin theflow field, run throughquitecomplex cycles.Themoststriking cycle
or process,which could be observed,wasthe movementof elongatedlow velocity regions,
designatedaslow-speedstreaks,out in thebuffer region. Thismotionawayfrom thewall was
associatedwith anoscillationof thelow-speedflow structureandaviolentbreak-upinto small
scaleturbulence. A schematicrepresentationof this processalongwith the typical velocity
profilesis shown in figure1.2onpage6. Thisnear-wall process,whichwasobservedto occur
suddenlyandabruptly, wasdesignatedasejectionandit wasspeculatedthat a large part of
the turbulenceproductionwasassociatedwith this observation. This becomesevident from
theproductiontermshown in the following equation.Due to the fact that themeanvelocity
gradient % »¿¶ %EÄ is quite large closeto the wall, accordingto figure 5.2, andthe productof
thetwo orthogonalvelocity fluctuations· and ³ is negative,becausethestream-wisevelocity
fluctuation· is negativefor low-speedstreaksandtheirwall-normalvelocitycomponentpos-
itive accordingto theobservations,thetotal termbecomespositivewhenmultiplied with the
negativesign.Thismeansthatturbulenceis producedaccordingto equation(5.18).

Î�& · ³ % »%QÄ ¾ turbulenceproduction (5.21)

Basedontheseconsiderationsquantitativeexperimentswereperformedto determinethefoot-
print of this ejectionprocessin detail. It was found that the typical velocity signal from
theprocesswasquiteregularprovidedthescalesandintensitywerenormalisedproperly(an
exampleof the signal is shown on page133). Figure5.17 revealstwo characteristicveloc-
ity fieldswith significantpeakintensitiesin theReynoldsshearstresscomponent· ³ ¶Z·(') . In
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5 Investigationof thexy-plane

caseof the uppervectorfield the rangeis ÎUÓ ��*+�-, · ³ ¶Z·(') , À.* Ó andfor the lower imageÎVÓzÁ * Ó , · ³ ¶Z·(') , Á *ÕÀ . In both casesthe region wherethe productionof turbulencetakes
place(redcolour)is embeddedin thetypical low-speedregionscloseto thewall, andit should
benotedthaton top of the low-speedregion a vortex canbeobserved,asalreadymentioned
at theendof theprevioussection.It is evidentthatthesevorticespumplow-speedfluid away

y+

y+

x+

700 750 800 850 900 950 1000 1050 1100 1150 1200 1250 1300
0

50

100

150

200

250

300

350

400

 

x [???]

y [???]

700 750 800 850 900 950 1000 1050 1100 1150 1200 1250 1300
0

50

100

150

200

250

300

350

400

 

x [???]

y [???] FIGURE 5.17: In-planevelocityfluctuationsanddistributionof theinstantaneousReynoldsshear-stress
(red: /.021 ß , blue: /3054 ß ) measuredat çNì ½ ËBí
î ß�ß .
94



5.4 Propertiesof coherentvelocitystructures

from thewall andthis is associatedwith theproductionof turbulencebecause6(7 is negative.
In additionit becomesvisible thatupstreamof the low-speedregion a well developedshear-
layerappears.Comparedto thepreviouslydiscussedshear-layerangle,heretheangleis large
in relationto thewall.

5.4.3 Sweep

In this sectionthe interactionbetweenthe shear-layer andthe near-wall structureswith the
surroundinghigh momentumflow structurescomingfrom larger wall distancesundercon-
servationof their momentumwill be investigated.Theextendedhigh momentumflow struc-
turesmoving towardsthe wall arecalledsweepsin the literature,seepage71. Figure5.18
shows two exampleswhich wereselecteddueto the strongintensityin the Reynoldsshear-
stressescomponent6(7 that is approximately20 times larger than the averagevalueshown
in figure 5.4. In caseof the top vector field, for example, the non-dimensionalrangeisÎVÓ�Ó * Ó , 6(7.8$6 ') , þ Ó * Ó and for the lower figure ÎUÓ .* Á , 697.8$6 ') , þ Â *:� . It shouldbe
mentionedthat nearlyno measuredvelocity field indicatesa highervaluewhich meansthat
thestructurescanbeconsideredasdominantconcerningtheproductionof turbulence.How-
ever, thesevelocity field representsgeneralfeatureswhich canbe frequentlyobserved even
whenthe peakintensityof the Reynoldsshearstressis lower. It canbe seenfrom both ve-
locity fields thatsweepsarerelatively simplelarge-scaleeddystructureswhich transferhigh
momentumfluid towardsthe wall asassumedin the mixing-lengththeoryby Prandtl. The
word eddy implies a local flow region (or structure)over which the simultaneousvelocity
fluctuationsarecoherentor correlated[89, 100]andnotacirculatorymotion.As thevariation
of the stream-wisevelocity insidethesweepis relatively small, thesignificanceof this flow
structurewith regardto the productionto turbulenceis basicallydeterminedby the velocity
fluctuationin wall-normaldirection.Thisbecomesimportantin caseof boundarylayercontrol
for example,becausea velocity disturbancein wall-normaldirectionis muchmoreefficient
thana disturbancein stream-wisedirection.However, asa largepartof thesweepsis located
fartheraway from thewall, thepotentialartificaldisturbancemustbeintenseenoughto reach
theflow structure.

Theresultspresentedin this chapterclearly indicatetheexistenceof coherentstructures,
their geometricalproperties,andtheir significancefor the turbulentmixing in wall-bounded
flows. In thefollowing chapterstheinteractionof thesestructureswill befurtherexaminedin
orderto find out which structuresarefundamentalandwhichonesareonly secondary, which
onesaredominantandwhich onesareirr elevant.
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6 Investigation of the xz-plane

Oneof the well establishedandwidely acceptedresultsof the turbulent boundarylayer re-
searchis thecharacteristicmeanvelocityprofileandthemaximumof thestream-wisevelocity
fluctuationin thebuffer layerat ��������� , see[21, 55]. This is shown in thelower left graph
of figure6.1 measuredat 	�
����������� with the stereoscopicPIV arrangementdescribedin
chapter5. However, whenthestream-wisefluctuationsaresubdividedaccordingto their sign
beforecalculatingthermsvalues,it turnsout that thenegativefluctuationshave a maximum
at ������� � , while thosewith a positive componentreachthe maximumat ������� � , com-
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6 Investigationof thexz-plane

pare[111]. This is shown in the lower right graph. It is not surprisingthat the maximado
not coincideasthe high momentumflow structureoriginatesstatisticallyfrom ÄHÅ locations
where » ÅFEHGJI Ä4Å while low-momentumflow structureshave their origin in the near-wall
region on average,where » Å E Ä Å holds (seeupperright figure). However, the reason
that the maximumof K 6 ' , with 6 Æ �

, is further away from the wall with respectto K 6 ' ,
with 6 � �

, is not evident. To examinethephysicalprocessassociatedwith this experimen-
tal result, the statisticalpropertiesof a fully developedturbulent boundarylayer flow along
a flat plate is investigatedin stream-wisespan-wiseplaneslocatedat Ä Å ; þ���� Ó � and


�
,

by using the multiplanestereoPIV techniquedescribedin chapter4. First of all, the joint
probabilitydensityfunctionof thevelocityfluctuationsis analysedto determinethebasicsta-
tistical propertiesof thecoherentvelocity structureslike their occurrence,intensityandmain
flow directionrelativeto thewall. Thereaftervariousspatialcorrelation,cross-correlationand
conditional-correlationfunctionsarepresentedin orderto comparethemeansizeandshape
of the dominantflow structuresbeingpresentin the near-wall region of the flow. The dy-
namicof thedominantstructuresis investigatedby meansof spatio-temporalcorrelationand
cross-correlationfunctionsmeasuredin spatiallyseparatedplanes.Finally, characteristicflow
fieldsareconsideredto illuminatetherelationbetweentheinstantaneousflow structureswith
respectto the averagedonesandto estimatethe contribution of the identifiedcoherentflow
structuresto theproductionof turbulenceandtransportof Reynoldsstresses.

6.1 Experimental set-up

Theexperimentalinvestigationwasperformed18 m behindtheleadingedgeof theflat plate
in the temperaturestabilisedclosed-circuitwind-tunnelshown in figure 1.4 on page8. The
multiplanestereoPIV-equipmentappliedfor theinvestigationconsistsof thesameBMI four
pulsedNd:YAG lasersystemasoutlined in section5.2, but in contrastto the configuration
describedonpage72,herethesystemwasarrangedin suchawaythatthedifferentlypolarised
light pulsesleave the laserhousingat differentoutput ports. This allows to cover a wider
rangeof light-sheetspacings(up to a few cm) andanindependentpositioningof bothbeam-
pairs,aspointedout in section4.2. Behindeachport oneoptical benchwas installedwith
threeappropriatelensesanda L98�Ó -retardationplatewhichallows to rotatethedirectionof the
polarisationvectorcontinuously. By usinglong focal lengthlenses,thelaserbeamscouldbe
formedinto sheetsof about

��* Á mm thicknessat themeasurementposition,correspondingtoM Ä ÅN; �
. It shouldbenotedthatthemainproblemassociatedwith thegenerationof a light-

sheetrunningparallelto aflatsurfaceis thelossof energywith decreasingwall distance,dueto
thedarkeningof thelight-sheetby thewall. Thisdifficulty canbesolvedeitherby usingmore
opticalelements,asdescribedin section4.8,or by usinglongfocal lengthlenses(in themeter
range)asappliedhere.Thepositionsof thelight-sheetscouldbesmoothlyadjustedin vertical
directionby moving properlycoatedmirrors,mountedonamicrometertranslationstage.The
determinationof thedistanceof the light-sheetsfrom the wall wasachievedby illuminating
a squaremetal block, placedon the flat plate and coveredwith light-sensitive paper. The
recordingsystemutilised for this investigationis similar to the unit describedin section5.2
apartfrom thelenses,whichwherereplacedby

þ��
�
mmCarlZeisslensesbecauseof theshort

observation distanceO�P (seetable6.1), and the requiredpolarisingbeamsplitter-cubesand
mirrors in front of the lensesaccordingto section4.1. Thearrangementwasinstalledbelow
thewind-tunnel,asshown in figure6.2, atpositionssummarisedin table6.1.Thepositionsof
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6.1 Experimentalset-up

the(virtual) slave cameras1 and2, locatedbehindthemirrors,arenot presentedin thetable
asthesecanbeconsideredasidenticalwith thecorrespondingmastercameras3 and4.

1
3

8

7

6

5

2
4

a

main flow-direction

x

y
b

c
10 wall-units light-sheet separation

~94°

FIGURE 6.2: Experimentalset-upfor Ú�Q -investigation.1-4digital cameras,5 lens,6 mirror, 7 polaris-
ing beam-splittercube,8 absorbingmaterial.

camera á [mm] Ä [mm] O�P [mm] R [deg]

3 628 -573 850 47.1
4 -608 -565 829 47.6

TABLE 6.1: Cameraposition,observation
distancesand viewing angleswith respect
to thecentreof thefield of view.

For magnificationandfield of view adjustmentseachScheimpflug-adapterwasmounted
onatwo-axismicrometertranslationstage,andthepolarisingbeamsplitter-cubesandmirrors
in front of thelenseswereconnectedto two-axistilt-rotationstagesandgimbalmirror mounts.
To obtainidealparticleimagesfor theimageanalysisalgorithms(brightcircles, ÓöÎ  pixel in
diameter, surroundedby a darkbackground),theimagingof thefield of view wasperformed
by meansof 100mm Carl Zeisslenseswith an apertureof 8. This leadsto a completeera-
sureof all opticalaberrationsandout-of-focuseffects. Thearrangementwasinstalledbelow
thewind-tunnel,asshown in figure6.2. Themeanobservationdistancewas S ��� mm andthe
openinganglebetweentheleft andright camerasystemswassetto T ��*:��U to resolvetheout-of-
planemotionwith sufficient accuracy accordingto figure3.5. This is importantbecausethe
out-of-planecomponentis requiredto calculatethe dominantReynoldsshear-stresscompo-
nent V turb W Î�& 6(7 . For thecalibrationof thesystemaregulargrid with Ó mmline spacingwas
gluedon analuminiumplateandattachedwith a micrometertranslationstagein sucha way
thataparallelmotionof thegrid couldbeachievedin verticaldirection.Thisgrid wasaligned
with eachlight-sheetoneafteranotherandrecordedeachtime with thefour cameras(before
andaftertheexperimentin orderto proof theconservationof theboundaryconditionsduring
theexperiment).As any horizontaltranslationof thetargetcouldbeexcludedwith thisdevice,
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6 Investigationof thexz-plane

a particular á9X -positionin a planeat Ä canbepreciselyrelatedto a á9X -positionin a planeatÄZY M Ä . This is extremelyimportantbecauseany uncontrolledmovementof thecalibration
targetwould appearin thecorrelationdataof thevelocity fluctuationsandcouldbiasthe in-
terpretationsof theresults,aspointedout in section3.3.Dueto thesmallspatialseparationof
only tenwall-unitsbetweenthedifferentlypolarisedlight-sheetplanes,it wasnotnecessaryto
move any camerawhenchangingthemeasurementposition,asall effectscouldbeuniquely
determinedby the calibrationtechnique,describedin section3.2, alongwith thecalibration
validationmethoddescribedin section3.3. Only thesharpnesswasslightly adjustedin order
to keeptheimagecontrastandto avoid out-of-focuseffects.Thedeterminationof themapping
functionwasachievedby usingtheHoughtransformationalgorithm[18] andtheevaluation
of thestereo-scopicimageswasperformedon theDLR SUN-clusterby applyingtheproperly
normalisedfree-shapecorrelationdescribedin section5.2 and[88]. It shouldbe mentioned
thatwindow-deformationtechniques,whichareincreasinglyappliedfor theevaluationof PIV
recordings,areof minor valuewhenthe main flow gradientsareperpendicularto the light-
sheetplane. This is dueto the fact that thevariationof theparticleimageshift insidean in-
terrogationwindow is in generalnotasimplefunctionin contrastto thecasewherethestrong
flow gradientscoincidewith the measurementplane. For the displacementestimationwith
sub-pixel accuracy, a two-dimensionalGaussianpeak-fitroutinewasappliedasthis approach
is lesssensitive to peak-lockingeffectsdueto the small variationof the measurementerror
with thesub-pixel displacement,seesection2.4.2.By applyingthefollowing setof band-pass
andgradientfilters (

þ Æ M áJÆ þ Ó pixel; Î � Æ M ÄXÆ � pixel and
M á�[HÎ M á�[ Å]\ Æ � pixel), the

numberof correctmeasurementswason averageabove T�T * T � andno smoothingalgorithm
wasappliedat all. The basicdetailsaboutthe recordingandevaluationaresummarisedin
table6.2.

TABLE 6.2: Relevant
parameterfor the char-
acterisationof the ex-
periment performed18
m behind the leading
edgeof the flat plate in
the Ú.Q -planeof the tur-
bulent boundary layer
flow.

^ ×�_ `
S ��� [1]^ ×�a ` ������� [1]^ ×�b �*:ced þ��
f
[1]g Ô 3 [ m/s]6 ) 0.121 [ m/s]Ö 0.37 [m]Ö Å 3000 [1]h Å W h 6 ') 8�i [1]

field of view
c ` dj�� [ mm' ]

field of view
��*�þ S dN��*:� T [ Ö ' ]

field of view
�k���ld Ó
S � [

M á Å M X�Å ]
spatialresolution

þ
*:� Ó dj�.*+ced þ�*m� Ó [ mmn ]
spatialresolution

þzþ�*o�5dp�3*+�ed þ�þ
*o�
[
M á Å M Ä4Å M X�Å ]

pulseseparation
M h

200 q�r ss
dynamicrangeat ÄHÅ W þ�� þ�*:���

to T *:��� [ pixel]
dynamicrangeat ÄHÅ W Ó � þ�*: ` to

þ�þ�* ` � [ pixel]
dynamicrangeat ÄHÅ W �� Ó *:c4þ to

þ�þ�* S � [ pixel]

vectorspersample 7936
numberof samples 4410
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6.2 Statisticalpropertiesof thebuffer layer

6.2 Statistical proper ties of the buff er layer

6.2.1 Single point statistics

It hasalreadybeenstatedthat the lower right graphof figure 6.1 implies that the dominant
physicalprocesses,which are responsiblefor the turbulent mixing in near-wall turbulence,
changewhenapproachingthewall. Thisbecomesevenmoreevidentwhenthejoint probabil-
ity densityfunctionof thevelocity fluctuations697 and 69t is considered.This canbeclearly
seenin figure6.3 for two characteristicwall distances(left column: u.v ; þ�� , right column:u.v ; Ó � ) by comparingthesizeandshapeof the iso-contourlinesandlocationof themaxi-
mum. First of all, it is evident that the functionsstronglydiffer in sizeandshapefor a fixed
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FIGURE 6.3: Joint probability densityfunctionsof the /.0 and /3 velocity fluctuationsmeasuredatÜ�vxw ÷ ß (left) and Ü�vxwzy ß (right).

wall location,becauseK 6 ' � K t ' � K 7 ' accordingto figure 5.3, andalsothe symmetry
propertiesPDF{|t~} W PDF{�Î�t~} canbeexplainedby thesymmetryof theflow in X -direction.
Secondly, thedecreasingsizeof thedistribution towardsthewall is evidentastheamplitude
of the velocity fluctuationsis dampeddueto the presenceof thewall. The stretchingof the
PDF{�6 � 7.} distribution canbeexplainedby thedifferentasymptoticbehaviour of thevelocity
componentscloseto thewall, see[16,31]. Furthermore,theslightly inclinedorientationof the
PDF{�6 � 7.} functionalongwith thenon-symmetricalshapeclearly indicatesthatflow regions
associatedwith ejection( 6N� � and 7 � � ) andsweeps( 6 � � and 7�� � ) aremorelikely and
dominatefor both wall locationsover the regionswhereboth fluctuationspossessthe same
signsimultaneously. This is necessarybecausethegenerationandmaintenanceof turbulence
requirethat V turb W Î�& 6(7 is positive on averageascanbe seenfrom Reynoldsequationin
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6 Investigationof thexz-plane

boundarylayer approximationand the discussionon page93. However, the displacement
of themaximumto negative 6 -values,with decreasingwall distance,is not evident for both
PDF’s. This impliesthatat u.v ; þ�� mostof thestructures(or thelargeones)show a slightly
negative stream-wisevelocity fluctuationwith a ratherweakamplitude,ascanbeseenfrom
thelocationof themaximum.As themeanvalueof all fluctuationsmustbezeroby definition,
theamplitudesof thestructureswith a positivestream-wisevelocity fluctuationarenecessar-
ily larger in orderto compensatethemaximumat negative 6 . This explainsthe fact that the
maximaat u�v ; þ�� in thelowerright of figure6.1resultfrom thepositivefluctuationsandnot
from thenegativeasexpected.Thepower-of-two operation,requiredfor calculatingtherms-
values,increasestheweightof thepositive large-scalefluctuationswhentheaverageis taken
anddecreasesthecontribution of thenegativehigh frequency fluctuations(theargumentation
canbereversedfor themeasurementsat u�v ; Ó � ). As theasymptoticbehaviour of thespan-
wise velocity amplitudeis weaker with respectto the 7 -component,the displacementof the
maximumcanbeseenmoreclearly in thelower row of figure6.3wherethejoint probability
densityfunctionof thevelocity fluctuationsin stream-wiseandspan-wisedirectionis shown.
Anotherinterestingfeature,appearingin the lower row, is theasymmetryfor the large-scale
fluctuations,expressedby PDF{|6 � t�}��W PDF{�Î�6 � t~} which is visible in theright graph.The
factthatlarge-scalefluctuationsof thespan-wisecomponentt arefrequentlyassociatedwith
positive stream-wisefluctuationsandsmall-scalet -fluctuationswith negative 6 -fluctuations
maybeaneffect associatedwith organisedmotionsin theflow field. This will beconsidered
later. Figure6.4 revealsthesameresultbut in a differentrepresentationin orderto highlight
thedisplacementof themaximumin wall-unitsandtheamplitudeof thesignalasa function
of theparameterindicatedin thelegend.Thegraphwith thethick line-widthin theupperright
plot showsthedistributionof thewall-normalvelocitycomponentwhenthefluctuationin the
stream-wisedirectionis exactly zero(e.g. the instantaneousvelocity componentis identical
with the time averagedone). The function seemsto be symmetricalandGaussianin shape.
If thestream-wisefluctuationsbecomenegative, thedistribution of thewall-normalvelocity
componentdecreasesslowly while the shapeof the graphsbecomesnon Gaussianand the
spectrumaroundthemaximumdecreases.In connectionwith thesignof thethefluctuations,
this againimplies that low-speedstructuresare more frequentlyassociatedwith a positive
wall-normalvelocity componentwhereasthe probability of finding stronghigh-momentum
structuresis relatedto a motion toward thewall. This canbeexplainedsimply by assuming
that turbulentstructurescomingfrom largewall distancesat uZY M u conserve their momen-
tum while travelling wall-ward [91]. Furthermore,thedifferentdecayof themaximumwith
increasingmagnitudeof 6 shouldbenotedasthis indicatesthattheflow structuresassociated
with positivewall-normalmotionseemto bemorecoherentthantheotherstructures.Finally,
the fact is importantthat the magnitudeof the largeststream-wiseandwall-normalfluctua-
tionsareapproximatelytwice aslargeasthecorrespondingrmsvaluemeasuredat thesameu.v -positionbecausethis point supportstheargumentsusedto explain thetwo maximain the
lower right plot of figure 6.1. Whereasthe graphsin the lower plots, which representthe
statisticalstructureof the 7�t fluctuations,arenearlyGaussianandsymmetricalin this repre-
sentation,e.g. PDF{²Î�7 � t�} W PDF{|7 � t~} , thegraphsof thecentrerow possessmoreor less
pronouncedshoulderswhich indicatea complex interactionof the structuresin this region,
but thenatureof theprocessescannotbeidentifiedfrom thesingle-pointstatistics.To deduce
thetypicalflow anglesassociatedwith thetransportof low andhighmomentumfluid towards
andaway from the wall, the probability densityfunction of the absoluteanglebetweenthe
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FIGURE 6.4: Joint-PDFfunctionsof the / v 0 v , / v  v and  v 0 v (top to bottom) measuredat çNì�_��í
î���� andtwo wall-normallocations:� vxw ÷�� (left) and � vxwzy � (right).

instantaneousvaluesof the variousvelocity componentswascalculatedat u.v ; þ������$� and��
. The t�8 g -distribution,shown in thelower left graphsof figure6.5, is exactlysymmetrical

with respectto the centreline,andthe rangeof anglesincreaseswhenapproachingthewall.
This is clearasthemagnitudeof thespan-wisevelocity fluctuationsincreasesslightly toward
thewall accordingto figure5.3. The 7.8 g -distribution on theotherhandis asymmetricwith
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FIGURE 6.5: Probabilitydensitydistribution of theflow anglebetweentheinstantaneousvaluesof the
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a largerangeof scalesfor positiveanglesanda maximumlocatedat negative R in agreement
with [61]. Theright columnof figure6.5showsthedistributionof thecharacteristicanglesfor
the velocity structureswhoseinstantaneousstream-wisevelocity ¦ is below (uppergraphs)
or above themeanmotion(lower graphs).As a stream-wisevelocity which is largerthanthe
meanvelocity indicatesapositivefluctuation§ , thepositivedomainof thelowerright plot in-
dicateshigh-speedflow structureswhich moveaway from thewall, whereasthenegativepart
indicateslarge momentumfluid moving towardsthe wall. The asymmetryof the measure-
mentsclearlyindicatesthattheprobabilityof findingalargemomentumfluid moving towards
thewall (socalledsweepsaccordingto section5.4.3,or ¨�© eventsbasedonthedefinitionson
page71) is quite high relative to high-speedfluid moving away from thewall. This implies
the dominanceof ¨�© eventsover ¨eª whenlarge magnitudeeventsareconsidered,andthe
upperright plotsstatethat ¨ � eventsor ejectiondominateover ¨¬« movements.Furthermore,
it shouldbenotedthatthelargestanglesarealwaysassociatedwith ¨ � and ¨�© events.

Table6.3 revealsthestatisticalpropertiesof theabsoluteflow anglesbetweenthe instan-
taneousvelocitycomponentswith respectto thestream-wisedirectionfor threedifferentwall
locations.Theanglesarequitesmall in relationto valuesfrom otherexperimentsandnumer-
ical flow simulations[86] asherethe instantaneousstream-wiseflow velocity ¦ wasusedto
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6.2 Statisticalpropertiesof thebuffer layer

calculatethe absoluteflow angles.The anglesbecomecomparablewith the literaturewhen
the stream-wisevelocity fluctuation § is appliedfor the normalisation.This will be shown
later. Due to the strongdynamicof the velocity fluctuationsin the buffer layer it is not ev-
ident if the convectionterm in the conservation equationsis large relative to the sumof the
production,diffusionanddissipationterm,asrequiredfor theobservationof coherentstruc-
tures. However, as the statisticalresultsexaminedin this sectionindicatea strongrelation
betweenvariousvelocity fluctuations,it seemslikely that theresultsarerelatedwith themo-
tion of organisedor coherentflow structures.Thesestructures,whoseexistencewasalready
assumedby Prandtlin 1925for thederivationof themixing-lengththeory, canbedefinedas
flowregionsoverwhich thesimultaneousvelocityfluctuationsarecorrelated.

.® ¯
mean °²±�³�´�µ ¯

rms °¶±�³�´�µ
10 0.38 2.57·.¸ ¦ 20 0.23 3.36
30 0.30 3.75

10 1.00 2.86·.¸�¹ ¦»º ¦~¼ 20 1.43 3.76
30 1.59 4.20

10 -0.36 1.90·.¸�¹ ¦»½ ¦~¼ 20 -0.90 2.43
30 -0.87 2.79

10 0.17 9.32¾�¸ ¦ 20 0.14 6.84
30 0.13 6.42

TABLE 6.3: Statisticalpropertiesof the
absoluteflow anglesbetweentheinstan-
taneousvelocity componentswith re-
spectto the stream-wisedirectionmea-
suredat � ® � 10,20,30.

6.2.2 Spatial auto-correlation functions

In orderto link thestatisticalresultsof theprevioussectionwith theconceptof coherentflow
structures,outlinedin chapter1 andsection5.4, thepropertiesof normalisedspatialcorrela-
tion andcross-correlationfunctionswill be consideredin this section,for theoreticaldetails
see[53]. First of all, theaveragedimensionsof thedominantflow structureswill bededuced
from theprimarycomponentsof thedoublecorrelationtensormeasuredin stream-wisespan-
wiseplanes,at  ®<¿ ª�À.Á � À�Á(«�À . Theresultscanbeseenasa completionof thestereoscopic
PIV investigationdescribedin [38, 44], wheretheplanesat .® ¿ «�À�ÁÂª�À�À.Á ��� À wereinvesti-
gatedat Ã�Ä�Å ¿#Æ�Ç À and È
É�À
À . Unfortunately, a quantitative comparisonwith the large-scale
hot-wire investigationby Grant[24] is questionablebecauseof thedifferentflow conditions
andwall locationsasalreadymentionedonpage79. However, hisargumentsfor theinterpre-
tationof theprimarycorrelationswill beappliedandits validity for thenear-wall correlations
will be proven. The contoursof the following plots arespacedin intervals of 0.05 for the
primary correlation(excluding 0.05and1) andthe positionandamplitudeof the minimum
andmaximumare includedfor comparison.Continuouslines indicatepositive correlation
whereasdottedlines assignregionswith negative correlationvalues. Figure6.6 shows the
primary auto-correlationsof the stream-wise(left column)and wall-normal (right column)
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6 Investigationof thexz-plane

velocity fluctuationsmeasuredat .®zÊ «�À�Á � À and ª�À (top to bottom). Clearly noticeableis
thecharacteristicelliptical shapeof bothcorrelations,with theprincipal axis in stream-wise
direction,aswell asthe strongdependenceof the correlationwidth from the wall distances
in accordancewith [44] andthe resultspresentedin section5.3.2. However, the moststrik-
ing feature,which couldnot beestablishedbefore,is thevariationof thesizeandspan-wise
locationof the weaknegative correlationregionsof Ã�ËÌË , whenapproachingthe wall. This
is clearlyvisible in theupperright plot of figure6.7 wherethespan-wisedependenceof this
correlationat Í5Î ® ¿ À is shown in wall-units. The locationof the minima is highlighted
with symbolsandthelegendrevealsthecorrespondingdisplacementof thesymbolsfrom the
maximumof correlation,locatedat ÍeÏ ® ¿ À . Therangeof correlationvaluesindicatesalarge
rangeof scalesandtheminimaimply a span-wiseperiodicitywhosewavelengthstronglyin-
creaseswith increasingwall distance.Fromthenegativecorrelationregions,theexistenceof
stream-wisevorticescanbe concluded.However, it shouldbe notedthat their lengthis not
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(left) andwall-normalvelocity Ð ËÌË (right) measuredat Ó ®ÕÔ×Ö�Ø�ÙÛÚ�Ø and Ü Ø (top to bottom).
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6.2 Statisticalpropertiesof thebuffer layer

as long asexpectedby otherauthorsascanbe seenfrom the stream-wiseextensionof the
negative correlationregion in figure6.6. In caseof the Ã Ñ�Ñ correlation,shown in the upper
left plot of figure6.7, only the function measuredat �®ÝÊ ª�À changesits sign in span-wise
directionandrevealsaweakminimumat Í5Î ® ÊßÞ « , while theothersslowly convergeto zero
with increasingÍeÏ ® . This indicatesadecreasingdynamicvelocityrangewith increasingwall
distance,asexpectedfrom the à §(á profilesin figure5.3,andimpliesthatthecoherentvelocity
regionsrapidly loosetheir identity with increasingwall distance . To deducethestatistical
propertiesof the dominantlow- andhigh-momentumflow structureswhich are convecting
downstream,themeasureddatawassubdividedaccordingto thesignof thestream-wiseve-
locity fluctuationbeforecalculatingthe correlationfunctions. This conditionalcorrelation
approachallows to identify the structuresassociatedwith ejectionandsweepsfor instance.
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6 Investigationof thexz-plane

The left plot of the centrerow of figure 6.7 revealsthe Ã�ê Ñ�ë3ìÌí ê Ñ�ë3ìÌí correlations,denotedbyÃ êïî Ñ�í êïî Ñ�í for simplicity, andtheright plot showstheassociatedcorrelationof thepositiveand
negativewall-normalfluctuationsin theparticularregionswhere § is negative. Thecoherent
velocity regionsselectedin this way show nearlythesamefunctionaldependencearoundthe
maximum(down to correlationvaluesof 0.2 for Ã êïî Ñ�í êïî Ñ�í andnearlyzerofor Ã�ËÛË ¹ §zºðÀ�¼ ),
which indicatesa high degreeof coherencein wall-normaldirection. Whenthe Ã�ËÌË ¹ §-ºñÀ�¼
correlationis consideredthe valueof the minimum increaseswith increasingwall distance.
This is completelydifferentwhenonly the correlationsof the wall-normal fluctuationsare
calculatedwhich canbemeasuredin regionswherethestream-wisevelocity fluctuationsare
larger thanthemeanvelocity, e.g. Ã�ËÛË ¹ §-½ðÀ�¼ asshown in the lower right plot of thesame
figure. In this casethe valueof the minimum decreaseswith increasingwall distance.The
symbolexplanationof the Ã�ËÛË ¹ §òºóÀ�¼ and Ã�ËÌË ¹ §ô½¤À�¼ correlationsin thefiguresindicatesthat
thedistancebetweentheminimaandthemaximumincreaseswith increasingwall distancefor
bothfunctionsbut fasterfor the Ã�ËÛË ¹ §j½õÀ�¼ , especiallycloseto thewall. Moreover, it canbe
concludedfrom the functionaldependenceof the correlationsaroundthe maximumthat the
coherenceof the Ã�ËÛË ¹ §F½öÀ�¼ structuresis ratherweakcomparedto the coherentstructures
representedby Ã�ËÌË ¹ §óº÷À�¼ . Also, thestructureswhich enterin thecalculationof Ã êïî Ñ�í êïî Ñ�í
loosetheir identity to a large extent with increasingwall-distanceasindicatedby thestrong
differencebetweenthegraphs.Theexactvalueof thespan-wiseperiodicityof thestructures,
indicatedby theminimumin thecorrelations,is still apointof discussionin theliterature,es-
peciallyat high Reynoldsnumbers.Onereasonfor this controversyis thedependenceof this
numberonthemethodappliedfor thedeterminationof thewavelength.However, it shouldbe
notedthat theconditionalcorrelationapproach,appliedhere,is fully basedon mathematical
groundsandyieldsonly onewell definedvaluefor thewavelength,insteadof astreak-spacing
distribution from which a meanhasto becalculatedin anappropriateway. Table6.4 reveals
thevaluesmeasuredin air- andwater-facilitiesatdifferentReynoldsnumberby usingvarious
detectionmethods.It canbeseenthat theexactspacingextractedfrom the Ã�ËÌË$Á9Ã�ËÌË ¹ §éº»À�¼
and Ã�ËÌË ¹ §¥½#À�¼ correlationin figure 6.7, doesnot matchwith the valuesfound in the cited
workbut whenthe Ã¬êïî Ñ�í êïî Ñ�í correlationis consideredat .®øÊ ª�À , theagreementis remarkable
with theotherexperiments.

TABLE 6.4: Comparison of streak-
spacing and flow parameters. First
block: air, PIV, conditionalcorrelation
method,Ó ®jÔ Ü Ø , [Presentstudy]. Sec-
ond block: water, hydrogen bubbles,Ó ®ÕÔ×ù , see[93]. Third block: air, probe
rake, Ó ® Ô×Ú�úòû , see[25]. Forth block:
water, hydrogenbubbles, Ó ®üÔþý , see
[92].

Ã�Ä�Å ¦ ÿ [m/s] § � [m/s] Î [m]
� ®�

7800 3.0 0.1210 18.0 92

3160 0.390 0.0155 4.50 96
3310 0.305 0.0121 4.27 104
4180 0.387 0.0150 4.27 93
4940 0.475 0.0181 4.27 97
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 Statisticalpropertiesof thebuffer layer

6.2.3 Spatial cross-correlation functions

For phenomenaassociatedwith theproductionof turbulencethecrosscorrelationÃ�Ë Ñ is more
importantthantheprimarycomponentsof thecorrelationtensor, as Ã�Ë Ñ reflectsthesizeand
shapeof thestructuresbeingresponsiblefor the transportof relatively low-momentumfluid
outwardsinto higherspeedregionsand for the movementof high-momentumfluid toward
the wall andinto lower speedregions. This correlationwasfirst studiedby Tritton in 1967
by usinga pair of hot-wireprobes2.1m behinda trip-wire at free-streamvelocitiesbetweenÞ�� È Ç m/sand È � ª m/s[100]. Theboundarylayerthicknesswas Þ À mm andtheReynoldsnum-
ber Ã�Ä�� ¿	�
� À
À�À . Due to technicalreasonshis resultswereonly measuredalongthe three
principalaxesandat largerwall-locations,sothatadirectcomparisonwith thework presented
hereis questionable.In thefollowing, it is importantto keepin mindthatthecross-correlation
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6 Investigationof thexz-plane

function is not necessarilyan even function with a maximumat Í5Î�� ¿ À in contrastto the
primarycorrelations,but thereexistsstill an importantsymmetrypropertywhentherandom
variables§ and · are interchanged,namely Ã Ñ Ë ¹ Í5Î��|¼ ¿ Ã�Ë Ñ ¹� Í5Î��|¼ . The left column
in figure6.8 shows the Ã�Ë Ñ correlationfunctionwith the · componentfixedand § shiftedin
the two homogeneousdirections. First of all it shouldbe notedthat the sign of Ã�Ë Ñ again
indicatesthat the transportof relatively low-momentumfluid outward into higherspeedre-
gions( §ßºöÀ and · ½þÀ ) andthe movementof high-momentumfluid toward the wall into
lowerspeedregions( §N½¤À and · º¤À ) arethepredominantprocessesin thenear-wall region.
In addition, the strongelliptical shapeimplies that the turbulent mixing in the wall-normal
directionis relatedto thelow-speedstructuresrepresentedby Ã êJî Ñ�í êJî Ñ�í in figure6.7. But ob-
viously only a smallpartof thelow-momentumstructuresshows a correlatedmotionin both

−300 −200 −100 0
ã

100
ã

200
ã

300
ã

∆x� +

−0.6

−0.4

−0.2

0.0

0.2

R
vwè
∆
æ

x
+
=−10

∆
æ

x
+
=−28

∆
æ

x
+
=−35

−300 −200 −100 0
ã

100
ã

200
ã

300
ã

∆x
+

−0.6

−0.4

−0.2

0.0

0.2

R
uw

∆
æ

x
+
=−49

∆
æ

x
+
=−57

∆
æ

x
+
=−57

−300 −200 −100 0
ã

100
ã

200
ã

300
ã

∆x
+

−0.6

−0.4

−0.2

0.0

0.2

R
vuè

∆
æ

x
+
=+ 5

∆
æ

x
+
=−12

∆
æ

x
+
=−17

−150 −100 −50â 0
ã

50
ã

100
ã

150â
∆zä +

−0.4

−0.2

0.0

0.2

0.4

R
vwè

∆
æ

z
+
=−16

∆
æ

z
+
=−24

∆
æ

z
+
=−31

−150 −100 −50â 0
ã

50
ã

100
ã

150â
∆z

+

−0.4

−0.2

0.0

0.2

0.4

R
uw

∆
æ

z
+
=27

∆
æ

z
+
=38

∆
æ

z
+
=50

−150 −100 −50â 0
ã

50
ã

100
ã

150â
∆z

+

−0.6

−0.4

−0.2

0.0

0.2

R
vuè

∆
æ

z
+
=42

∆
æ

z
+
=50

∆
æ

z
+
=68

FIGURE 6.9: One-dimensionalspatialcross-correlationfunctionof Reynoldsstresscomponentsmea-
suredatdifferentwall-normallocation(Solidgraph: Ó ® Ô Ü Ø . Dottedgraph: Ó ® Ô×Ú�Ø . Dashedgraph:Ó ®NÔõÖ�Ø ) asa functionof ��� ® and ��� ® . Thesymbolsindicatethemaximumof correlationandthe
legendthedistancefrom theminimumto theorigin.

110



6.2 Statisticalpropertiesof thebuffer layer

stream-wiseandwall-normaldirectionwith sufficient strength(lower curve of figure6.8) as
thetotal lengthof thelow-speedstructuresareseveralthousandwall-unitsin lengthaccording
to thesizeof the Ã Ñ�Ñ correlation,shown in figure6.5. This is fully consistentwith thesizeof
the Ã�ËÌË correlationandtheresultsin [44]. Thespan-wiseextentof theflow-structuresasso-
ciatedwith theproductionof turbulencecanbeestimatedbestfrom theupperright graphsof
figure6.9andthephaserelationbetweenbothorthogonalfluctuationsfrom thelocationof the
maximumshown in theupperleft graphsof thesamefigure.Apart from thestructuraldetails
of the flow regionsassociatedwith the turbulent exchangein wall-normalandstream-wise
direction,it is importantto considerthecross-correlationwith thespan-wisevelocity fluctu-
ationsbecauseany outflow of fluid inducesanorganisedspan-wiseflow motion towardsthe
lifting structuredueto continuity. In addition,asin isotropicturbulencethis quantitymustbe
zero,thesecorrelationsindicateany departurefrom this ideal situationwhich is mathemati-
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6 Investigationof thexz-plane

cally accessible.Figure6.10shows thetwo-dimensionalspatialcross-correlationfunctionof
fluctuatingstream-wisewith span-wisevelocity componentsÃ Ñ�� ¹ Í5Î ® Á .® Á�Í ® Ï ) (left) and
correlationof wall-normalwith span-wisecomponentsÃ�Ë � ¹ Í5Î ® Á .® Á ÍlÏ ® ¼ (right) measured
at Ã�Ä�Å Ê È
É�À
À and  ® Ê «�À�Á � À�Á�ª�À (top to bottom).First of all, it canbeconcludedfrom the
generalsize,shapeandheightof bothcorrelations,thata very well organisedspan-wisemo-
tion exists,especiallyat .®pÊ ª�À wheretheheightof Ã�Ë � is above the Ã�Ë Ñ correlation.This
organisedmotion impliesthat theconceptof local isotropy, which links theturbulent-energy
dissipationin shearflows with thedissipationof isotropicturbulence,is inadequatein near-
wall turbulence.Secondly, it shouldbe notedthat the degreeof organisationincreaseswith
decreasingwall distancewhile theoppositeholdsfor the Ã�Ë Ñ correlationascanbeestimated
from the intensityof the maximum. Thirdly, the spacingbetweenthe extremais increasing
with larger wall distancesbut also,it canbe seenthat the locationof theseparticularpoints
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6.2 Statisticalpropertiesof thebuffer layer

movesto negative stream-wisedisplacements,particularly if the Ã�Ë � correlationis consid-
ered. For clarity, the two lower rows of figure 6.9 reveal the functionaldependenceof the
correlationsalong the axis of symmetry. This representationallows to comparethe height
of the correlationand the location of the maximumin detail. Figure6.11 shows the two-
dimensionalspatialcross-correlationfunction of negative stream-wisefluctuationswith the
span-wisevelocity componentÃ î Ñ�� ¹ Í5Î ® Á .® Á ÍlÏ ® ¼ (left) andcorrelationpositive stream-
wisefluctuationswith span-wisecomponentsÃ ® Ñ�� ¹ Í Î ® Á �® Á�ÍeÏ ® ¼ (right). Figure6.12dis-
plays the correspondingfunction of positive wall-normal fluctuations(extractedfrom flow
regionswhere§ôºóÀ ) with thespan-wisevelocitycomponentÃ ® Ë � ¹ Í5Î ® Á  ® Á�ÍeÏ ® ¼ (left) and
correlationof negative wall-normalfluctuations(extractedfrom flow regionswhere §!½þÀ )
with span-wisecomponentsÃ�Ë � with ¹|· º»À�¼ (right). Thesestructurespermit to resolve the
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6 Investigationof thexz-plane

processesassociatedwith theorganisedmotion in span-wisedirectionin moredetail. Espe-
cially thevalueof maximumcorrelationshouldbenotedfor differentwall distancesandwith
respectto Ã Ñ$� and Ã�Ë � . In orderto interpretethe variouscorrelationpatternsqualitatively,
it is necessaryto assumea pureflow motion indicatedby thefirst subscript(motion towards
thewall in caseof Ã ê Ë ë3ìÌí ê ��í ) at theorigin of thecorrelationplane. Using this methodit be-
comesevidentthatamotiontowardsthewall is onaverageassociatedwith aspan-wisemotion
away from thestructurewhile theoppositeholdsfor anorganisedmotionaway from thewall
(comparethesignof thestructures).Thelocationof themaxima,on theotherhand,implies
that a phaserelationexists betweenthe two motions. Whenthe flow directionis taken into
account,it becomesapparentthat thespan-wisemotioncanbeconsideredasthefootprint of
thewall-wardmotion. Thus,thespan-wisemotioncanbeconsideredasa secondarymotion.
It is clear that the processesdescribedareassociatedwith two stream-wisevorticeswhose
lengthis determinedby theflow regionmoving in  -direction.For clarity themainfeaturesof
thenon-conditionalfunctionshavebeensummarisedin figure6.9 in form of one-dimensional
graphsextractedat the locationof the maximumof correlationin Î - and Ï -direction. This
representationallows to comparequantitatively theheightof thecorrelationandthe location
of themaximumin wall-units.

6.3 Spatio-temporal buff er layer statistics

In this sectionthespatio-temporalbehaviour of theflow structurespresentin thebuffer layer
will beanalysedquantitatively to examinetheir convectionvelocity andtemporaldecay. The
first investigationof this type wasperformedby Favre et al (1957)who studiedthe spatio-
temporalstructureof thestream-wisevelocity componentÃ Ñ�Ñ at �® ½ü©�À and Ã�Ä�Å ¿ ª Þ À
À ,
by using a pair of spatially separatedhot wire probes[19, 20]. Their measurementswere
performedÀ � È Æ m and ª � Æ © m behinda trippingdeviceat free-streamvelocitiesof ª � m/swith% Ê ª	È mm and

% Ê «
© mm. Here,thestructuresat  ®é¿ «�À andbelow will be investigated
at Ã�Ä�Å ¿ È$É�À�À by analysingtheprimarycorrelations( Ã Ñ�Ñ Á�Ã�ËÌË and Ã �&� ), thedifferentcross-
correlations( Ã Ñ ËkÁ�Ã Ñ$� and Ã�Ë � ) and conditionalcorrelationstaking into accountthe sign
of the fluctuations( Ã ® Ñ Ë$Á Ã î Ñ Ë , Ã ® Ë � Á�Ã î Ë � andothers). The conditionalcorrelationsyield
informationaboutthespace-timestructureof theburstingphenomenonandallow to estimate
themeanconvectionvelocity of thecoherentvelocity structuresin thenear-wall region. This
becomesimportantfor proving thevalidity of Taylor’s hypothesisin thenear-wall region of
a turbulentboundarylayerflow. In otherwords,whenthecharacteristicvelocity of the large
scalestructuremotionsdiffers from thevelocity of thesmall scalestructures,thespace-time
transformation'�§ ¸ ')( ¿  ¦�'�§ ¸ '�Î , usuallyappliedwhenspatialderivativesaremeasuredby
usingahot-wire,becomesquestionable.

All correlationsconsideredso far werecalculatedat a fixed �® location. Here, in con-
trast, the spatio-temporalcorrelationbetweenseparatedplanesis considered.The spacing
is always10 wall-units but the positionof the lower measurementplaneis alteredbetween ® Ê ª�À and20 wall-units. When the temporaldelaybetweena pair of measurementsis
varied,this approachallows to investigatethe structuresmoving toward andaway from the
wall, dependingon the temporalorderof the measurements.In otherwords,whena struc-
ture is moving towardsthe wall, this structurecanbe investigatedbestwhenthe first mea-
surementis performedat +* Í  with Í  ½ À and the secondat  while flow-structures
moving away from the wall yield higher correlationvalueswhen the first measurementis
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6.3 Spatio-temporalbuffer layerstatistics

performedat  and the secondat +* Í  . The basicrequirementfor the interpretationof
the two-dimensionalspatialcross-correlationfunctionsis a clearunderstandingof the sym-
metry propertiesastheir intensity, shapeandpositionmay stronglydependon the order of
thefluctuatingquantitiesconsideredfor thecorrelation Ã Ñ Ë ,¿ Ã�Ë Ñ aswell ason their exact
position Ã Ñ ê.- ®)/ - í Ë ê0- í ,¿ Ã Ñ ê0- í Ë ê.- ®)/ - í . This is highlightedin figure6.13which revealsall pos-
sible combinationsof the two-dimensionalspatialcross-correlationfunctionsof fluctuating
stream-wiseandwall-normalvelocity componentsextractedsimultaneouslyat .® ¿ ª�À and.®1* Í  ¿2� À . The importantparametersfor theanalysisof thecross-correlationfunctions
are their size,shape,intensity, sign and locationof the maximaasthesevaluesfurnish ba-
sically informationaboutthe averagedimensionsof the moving flow structures,abouttheir
degreeof organisationandabouttheir propagationdirectionrelative to themeanmotion.The
particularexampleshown in figure6.13indicatesthat thecorrelationfunction is ratherweak
andrelatively small in spatialextentwhenthe · component,measuredin theplanelocatedat.® ¿ ª�À , is correlatedwith the § componentfrom theplanelocatedat .® ¿3� À (seeupper
figure). The correlationof the ·]¹|.® ¿4� À�¼ with § ¹|.® ¿ ª�À�¼ , on the otherhand,resultsin
a quite strongandwell extendedcorrelation(seelower figure). In the lower left figure, the§ ¹| ® ¿ ª�À�¼ componentis shiftedfor thecalculationof thecross-correlationfunctionandfor
the lower right calculationthe ·]¹��® ¿5� À�¼ componentwasshiftedrelatively to § ¹|.® ¿ ª�À�¼ .
Thefirst seriesof two-dimensionalspatialcross-correlationsshown in figure6.14displaysthe
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FIGURE 6.13: Possibletwo-dimensionalspatialcrosscorrelationfunctionsof fluctuatingstream-wise
andwall-normalvelocitycomponentsextractedsimultaneouslyat Ó and Ó768�~Ó . Ð Ñ ê0- ®)/ - í Ë ê.- í (upper
left), Ð Ë ê.- ®)/ - í Ñ ê0- í (lower left), Ð Ë ê0- í Ñ ê0- ®)/ - í (upperright), Ð Ñ ê0- í Ë ê.- ®)/ - í (lower right).

statisticalrelationbetweenthefluctuatingstream-wiseandthewall-normalvelocity compo-
nents,measuredsimultaneouslyat different .® -locations. The top row displaysthe cross-
correlationÃ Ë ê.-:9<; á ìÌí Ñ ê0-=9&;?> ìÌí (left) and Ã Ñ ê0-=9@; á ìÌí Ë ê0-:9);?> ìÌí (right). Again , it canbestatedfrom

115



6 Investigationof thexz-plane

thenegativesignof thecorrelation,indicatedby thedashedlines,thattheejectionandsweeps
mustbethepredominantprocessesandthedifferentsize,shapeandintensityof thefunctions
( Ã Ë ê0- 9 ; á ìÌí Ñ ê0- 9 ;?> ìÌí ½¤Ã Ñ ê.- 9 ; á ìÌí Ë ê.- 9 ;?> ìÌí ) imply thedominanceof ejectionatthiswall locations.
In additionit canbeestimatedfrom thelocationof themaximumin theupperleft graphthat
thelow momentumregionappearsasashearlayerin  -directionwhile thestrongpositiveside
peaksin thesamefigureindicatethattheoutflow of low-momentumfluid is associatedwith a
secondarymotion. Thecentrerow of figure6.14revealsthesamefunctionsbut measuredat.® ¿A� À and �® ¿ «�À e.g. Ã Ë ê.-:9&;)B ìÌí Ñ ê.-:9<; á ìÌí (left) and Ã Ñ ê0-=9<;)B ìÌí Ë ê0-:9�; á ìÌí (right). Thebottom
row of figure6.14yieldstheconditionalcross-correlationÃ Ë ê.-:9�; á ìÌí Ñ ê.-:9<;?> ìÌí with §p½õÀ (left)
and Ã Ë ê0-:9&;)B ìÌí Ñ ê.-:9&; á ìÌí with §×½ À (right). Especiallytheamplitudeof Ã�Ë Ñ in the lower right
plot shouldbenoted.

∆x+ ∆x+

∆
+ z

∆
+ z

∆
+ z

R +v(y =20) (+u)(y =10))+ R +

R + +v(y =20) u(y =10) R + +u(y =20) v(y =10)

R + +v(y =30) u(y =20) R + +u(y =30) v(y =20)

v(y =30) (+u)(y =20))+

FIGURE 6.14: Two-dimensionalspatialcross-correlationfunctionof fluctuatingstream-wise( � ) with
wall-normal ( C ) velocity componentsmeasuredat Ð���Å+� û���Ø�Ø . Top: Ð Ë ê.-:9&; á ìÌí Ñ ê.-:9<;?> ìÌí (left) andÐ Ñ ê0-=9@; á ìÌí Ë ê0-:9�;?> ìÌí (right). Centre: Ð Ë ê.-:9<;)B ìÌí Ñ ê0-=9<; á ìÌí (left) and Ð Ñ ê0-=9<;)B ìÌí Ë ê0-:9�; á ìÌí (right). Bottom:Ð Ë ê0-=9<; á ìÌí Ñ ê0-=9<;?> ìÌí with �+! Ø (left) and Ð Ë ê0-=9&;)B ìÌí Ñ ê0-=9<; á ìÌí with �+! Ø (right).
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6 Investigationof thexz-plane

Figure6.15andfigure6.16presentthecross-correlationswherethespan-wisevelocity com-
ponentis involved.Thesimilarshapeof thecorrelationsis clearlyvisible,but thelargerextent
of the Ã Ñ�� functionwith respectto Ã�Ë � shouldbenotedandthedifferencein themaximumof
correlationwhichindicatesthatthe Ã�Ë � correlationexceedsthecoherenceof the Ã Ñ$� function.
This is fully in accordancewith theanalysisin theprevioussection.Of fundamentalimpor-
tancearethedifferencesin thefine structureif thecorrelationis consideredasa functionof
thetemporaldelayandthestructuredependentconvectionvelocityhighlightedquantitatively
in figure6.17to figure6.19. Only a line of thedataextractedfrom thetwo-dimensionalcor-
relationfunctionsalongthe Î -coordinatethroughthemaximumof correlationis shown here.
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FIGURE 6.17: One-dimensionalspatio-temporalcorrelationfunction of stream-wisevelocity fluc-
tuation ÐÒÑ�Ñ (top), the low-momentumfluctuationsin stream-wisedirection Ð î Ñ î Ñ (centre) andthe
high-momentumstream-wisefluctuationsÐ ® Ñ ® Ñ (bottom) measuredat Ó ® � Ü Ø (left column) andÓ ® � Ú�Ø (right column) anddifferenttime delaysbetweena pair of measurements( �KJ ® � ú ù solid
line, ��J ® � Ø dottedline, �KJ ® �L6 ù dashedline). Thesymbolindicatesthemaximumof correlation
andthelegendshows theexactpositionin wall-units.
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6.3 Spatio-temporalbuffer layerstatistics

First of all it canbe seenthat the shift of the maximum(indicatedby the symbolsandthe
legend)stronglydependson the sign of the stream-wisevelocity fluctuationconsideredfor
the calculationof the conditionalcorrelationandfrom the wall-distancefor all correlations.
Thisbecomesclearasstructureswhosevelocity is largerthanthemeanvelocityaretravelling
faster. Secondly, it turnsout that the heightof the conditionalcorrelationsis alwayslower
thanthe correlationsbasedon all fluctuations.Finally, it shouldbe notedby comparingthe
valuesin the legendthat the movementof high-speedstructurestowardsandaway from the
wall differsto a largeextent.Sincethedistancebetweeneachof apairof measurementplanes
was10 wall-units, it is possibleto obtain informationaboutthe extensionof the structures
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FIGURE 6.18: One-dimensionalspatio-temporalcorrelationfunctionof wall-normalvelocity fluctua-
tion Ð ËÛË (top), andcorrelationsof wall-normalfluctuationextractedin regionswith �N� Ø (centre) and�O! Ø (bottom) measuredat Ó ® � Ü Ø (left column) and Ó ® � Ú�Ø (right column) anddifferenttime de-
laysbetweena pair of measurements( �KJ ® � ú ù solid line, �KJ ® � Ø dottedline, ��J ® �P6 ù dashed
line). The symbol indicatesthe maximumof correlationandthe legendshows the exact position in
wall-units.
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6 Investigationof thexz-plane

in wall-normaldirection,if thecaseis consideredwherebothmeasurementswereperformed
simultaneously. The angle ¯ > indicatesthe inclination of the dominantflow structuresbe-
tween .®jÊ ª�À  � À and ¯ á between�®ôÊ � À  «�À . Theanglescalculatedfrom theprimary
correlationsarein goodagreementwith theobservationof otherauthors.However, whenthe
wall-normalextentof flow structureswhich areassociatedwith theproductionof turbulence
areconsidered,it turnsout thattheanglesassociatedwith ¨¬© eventsarein generalquitelarge
with respectto theanglesassociatedwith low-speedstreaksmoving away from thewall. An-
otherinterestingfeatureis the fact that theanglesincreaseswhenthewall distancebecomes
larger. This resultcanbe explainedby the strongvelocity gradientsin wall boundedflows.
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FIGURE 6.19: One-dimensionalspatio-temporalcross-correlationfunctionof stream-wisewith wall-
normalvelocityfluctuationÐ Ë Ñ (top), correlationsof negativestream-wisewith wall-normalfluctuationÐ ê Ë í êïî Ñ�í (centre) andcorrelationsof positive stream-wisewith wall-normalfluctuation Ð ê Ë í ê ® Ñ�í (bot-
tom) measuredat Ó ® �óÜ Ø (left column) and Ó ® � Ú�Ø (right column) anddifferenttimedelaysbetween
a pair of measurements( ��J ® � ú ù solid line, ��J ® � Ø dottedline, ��J ® �Q6 ù dashedline). The
symbolindicatesthemaximumof correlationandthelegendshows theexactpositionin wall-units.
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6.4 Propertiesof coherentvelocitystructures

Correlation ¯ > [ ±�³�´ ] ¯ á [ ±�³�´ ] Correlation ¯ [ ±�³�´ ]
Ã¬ê Ñ�í ê Ñ�í 8.88 19.6 Ã¬ê Ë í ê Ñ�í 21.0Ã¬êïî Ñ�í êïî Ñ�í 11.5 19.0 Ã¬ê Ë í êïî Ñ�í 10.5Ã ê ® Ñ�í ê ® Ñ�í 6.63 26.6 Ã ê Ë í ê ® Ñ�í 26.6

TABLE 6.5: Extension of the
structuresin wall-normal direc-
tion

It shouldbe emphasisedthat the angles,calculatedhere,representthe structuralfeatureof
dominantcoherentvelocity structuresin contrastto the resultspresentedin table6.3 which
show theaverageanglescalculatedfrom all structuresbeingpresentin theflow.

6.4 Proper ties of coherent velocity structures

In this sectionthedominantcoherentflow structuresbeingpresentin thebuffer-layerwill be
investigatedin detail. Of primary interestis their sizeandshape,their significancefor the
productionof turbulenceand their mutual interaction. In the first part of the investigation
flow structureswill beconsideredwhich canbelabelledasdominantdueto their occurrence.
Thereafter, flow structuresareexaminedthat canbe characterisedasdominantdueto their
largeamplitudein theReynoldsstresscomponentSR § · . It shouldbenotedthatthesepartic-
ular structuresdo not occurfrequently, accordingto figure6.20wheretheprobabilitydensity
function of the ReynoldsstresscomponentSR § · measuredat �® ¿T� À is displayed(left).
Furthermore,it can be seenfrom the § · PDF(§ · ) distribution in the right figure that their
contribution to thetotal productionof turbulenceis quitesmallcomparedwith thestructures
which aredominantwith respectto their occurrence.However, thesevelocity fields repre-
sentgeneralfeatureswhich canbe frequentlyobserved even whenthe peakintensityof the
Reynoldsshearstressis usuallylower.
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FIGURE 6.20: Distribution of theReynoldsshearstress�<C)X Ó ® � Ú�ØZY (left) and �&C PDF(�<C ) (right).

6.4.1 Low-speed streaks

Low-speedstreaksarethemoststrikingstructuresin thenearwall regionbetween�®øÊ Ç and.®òÊ ©�À  Ç À whichcanbeclearlyobservedin Î9Ï -planescloseto thewall [58, 38,44]. They
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6 Investigationof thexz-plane

appearaselongatedandtwistedlow-speedregions,sometimes1000wall-units in lengthand
on average30 wall-units in width, with a span-wiseperiodicityof about100wall-units. The
dependenceon the Reynoldsnumberaccordingto [25] andthe exact wall distanceis still a
point of discussion.It hasbeenassumedthathairpin-vorticesinducetheselow-speedregion
betweenthe inclined legswhile they aretravelling downstreambut a convincing experimen-
tal proof is still missing[46]. Someauthors[7, 54] proposedthat the low-speedstreaksare
generatedbetweenpairsof relatively weak,but highly elongatedstream-wisevortices,sim-
ilar to the legs of the hairpin model,but the existenceof thesevorticesis still an openand
controversialquestion[94, 44]. Otherauthorsassumethatthestreaksmight originatefrom a
weakverticaloscillationof thefluid layerswhich producesstrongoscillationsin stream-wise
direction[66]. However, ageneralagreementbasedontheexperimentalandnumericalresults
could not be achieved [14]. From flow visualisationexperimentsit is evident that the low-
speedstreaksplayadominantrole in asequenceof eventsreferredto asburstingphenomena.
Kline observedin thenear-wall region of a turbulentboundarylayerthatextendedlow-speed
flow structures,which moveaway from thewall, startto oscillateandburstfinally afteracer-
tain life time into smallscaleturbulence[58]. Theburstingof theselow-speedstructuresmay
be relatedto an inflectional instability which is going to develop in the low-speedregions.
This Kelvin-Helmholtzinstability may causean ejectionof local vorticesabove the streaks
which is associatedwith theproductionof turbulence.However, anotherexplanationis that
theejectionof low-speedfluid from thewall is associatedwith flow structureswhich transfer
momentumtowardsthewall (sweepsor inrushbursts), locateddirectlyupstreamof theregion
wheretheejectiontakesplace[84]. Theconnectionbetweentheburstingphenomenonnear
thewall andthelargescalemotionin theouterpartis oneof thekey questions.In thevertical
plane,thefootprintof thesweep-streakinteractionwouldappearasanear-wall shear-layeras
discussedabove,but of smallerextent in bothwall-normalandstream-wisedirections.From
whathasbeensaid,it is obviousthatthereality andrelevanceof theproposedmodelsrequire
detailedexperimentalinformationof thespatio-temporalflow structurein thenearwall region.
Figure6.21shows two characteristicvelocity fields measuredin the Î9Ï -planeat �® ¿ ª�À .

Theflow directionis from left to right andthe local meanvelocity ¦ is subtractedfrom the
instantaneousvelocity field ¦ to displaythe turbulentvelocity fluctuations§ ¿ ¦  ¦ and¾ . Predominantstructuresarethe elongatedflow regionsthat convectdownstreamwith ap-
proximatelyhalf thelocalmeanvelocity, indicatedby thevectorsgoingfrom right to left. The
shape,extent andspan-wiseseparationof theseslightly tilted flow regionsis in quantitative
agreementwith the literature[86], but it shouldbenotedthat the instantaneousvaluesof the
geometricalpropertiescandeviate stronglyfrom the averagedones,presentedin figure 6.6.
Thewidth of thestructuresvisible in figure6.21for examplevariesbetween20 and100wall
units,but alsobroaderstreakscanbefound.Anotherimportantpropertyof thestreaksis their
extent in wall-normal directionas the statisticalvariationof their height is responsiblefor
the increasingseparationon averagebetweenthestreakswith increasingwall distance.This
canbeconcludedfrom thevelocityfieldsin figure6.22whichweremeasuredsimultaneously
with thevectorfieldspresentedin figure6.21but at  ® ¿[� À . Firstof all, it is obviousthatthe
strongvariationof thestreak-widthvanishes.Whereasthesmallonesin bothfiguresconserve
their geometricalpropertiesto a largeextent, thewidth of thestreaklocatedat Ï ®¤Ê ª Ç À in
the top imagebecomessmallerwith increasingwall distance.This is in agreementwith the
resultspresentedin 6.7. The lower imageon the otherhandnicely shows that the lengthof
theseflow regionsseemsto decreaseaswell with increasingwall distance.However, asthe
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FIGURE 6.21: Velocityfluctuationsmeasuredat Ó ® �óÜ Ø .

streakswhich appearseparatedin stream-wisedirectionat .® ¿\� À belongto thesamestreak
visible at .® ¿ ª�À , thedecreasinglengthof thesestructurescanbeconsideredasanartefact
relatedto thestatisticalvariationof their height. Whenthedynamicof thestreaksis investi-
gated,it turnsout thatthesestructurestendto moveawayfrom thewall, whichcanbededuced
from theout-of-planemotion(bluecontoursdenotea motionaway from thewall · ½ À and
redtowardsthewall · º À ). It is clearthat this processis associatedwith theproductionof
turbulenceaccordingto theReynoldsequationas ] turb

¿ ^R § · becomespositiveon average.
Howeverit is importantto notetheextentof thisverticalmotionis usuallysignificantlyshorter
thanthetotal lengthof thelow-speedstreaksatthesame -value.Thisis in agreementwith the
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FIGURE 6.22: Velocityfluctuationsmeasuredat Ó ® � Ú�Ø (red: C_� Ø ; blue: CG! Ø ).
Ã Ñ Ë correlationin figure6.8and6.9andimpliesthatnopairsof stream-wisecounter-rotating
vorticesflank thelow-speedregionsover their total length,asproposedby someauthors[54].
Otherwise,onewouldexpectto detecta signchangein theout-of-planemotionon bothsides
of thestreaksor at leasta large · variationover thelengthof thestreaks.

6.4.2 Sweeps

The productionof turbulencecausedby the lifting of the low-speedstreaksis one of the
basicprocessesidentifiedin near-wall turbulenceasalreadymentioned.However, dueto the
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FIGURE 6.23: Velocityfluctuationsmeasuredat Ó ® �óÜ Ø .

complexity of the turbulent motion and the limitations of the measurementtechniquesthe
causeanddynamicis still thesubjectof controversialdiscussions.In orderto investigatethis
exchangeprocessesin detail, the interactionof thestreakswith thesurroundingfluid will be
investigatednext. Especiallythe interactionregardingthe high momentumflow structures
which move towardsthewall will beconsidered,asonly thesepossesstheenergy requiredto
altertheturbulencestructureof theflow field effectively.

It is evidentthatthehigh-momentumflow structuresmustbevisible in nearlyeachveloc-
ity field in orderto compensatethe low-momentummovementof thestreaks,but in contrast
to the low-speedstreaksthe variety of thesestructuresis muchlarger. Usually they appear
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FIGURE 6.24: Sameasfigure6.23but measuredat Ó ® � Ú�Ø (red: CG� Ø ; blue: C_! Ø ).

lesselongatedandbroaderthanthelow-speedregionsbecausetheseflow structuresoriginate
statisticallyfrom flow regionswhicharefurtheraway from thewall, seesection5.4.Thiscan
beestimatedfrom thesignof thewall-normalvelocitycomponentwhich is representedby the
contoursin figure6.22.At  ® Ê ª�À thesehigh momentumstructureslook sometimessimilar
to thestreakswith regardto sizeandshapeaccordingto figure6.21but morefrequentlythey
resemblesmallelliptically shapedislands,approximately200wall unitsin lengthandroughly
50to 100wall-unitsin width accordingto figure6.23. It canbeseenfrom theout-of-planeve-
locity component,displayedin figure6.24, thatthesestructures,whicharelabelledassweeps,
transfermomentumtowardsthe wall. Thus,thesestructuresarestatisticallyrepresentedby
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FIGURE 6.25: Velocity fluctuationsmeasuredat Ó ® � Ú�Ø (top) andReynoldsstresscomponent�&C
(bottom).

thecorrelationsshown in figure6.8. If sucha structuremovestowardsa low-speedstreak,as
visible in figure6.24 for example,an interactiontakesplaceandpartsof the streaks,which
aredirectly affectedby thesweeps,areforcedto move away from thewall dueto continuity
(seeblueregion in ellipse). On average,this processis representedby thespatialcorrelation
functionsshown in figure6.10to 6.12.However, it canbeseenfrom thesamplesshown in fig-
ure6.24thattheeffecton thestreaksis quitesmall in thepresentcase.Thiscanbeexplained
by thefactthatthemomentumis insufficientto createastronglifting of thestreak.Figure6.25
shows the sameinteractionbut the momentumtransferredby the sweepsis muchlarger. In
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FIGURE 6.26: Velocityfluctuationsmeasuredsimultaneouslyat Ó ® � Ú�Ø (top) and Ó ® �óÜ Ø .

effect, the streaksmove away from the wall, indicatedby the blue contours,and it is visi-
ble from the lower imagethat this is associatedwith theproductionof Reynoldsshear-stress
(dashedlines indicate § · ºñÀ ). Though,it shouldbenotedthat theproductionof Reynolds
shearstressinducedby the sweepsis quite large ascanbe estimatedfrom regionsdenoted
by Q4 in the lower contourplot. Basedon this experimentalresultit canbeconcludedthat,
in general,thelifting of low-speedstreakscanbeconsideredasa secondarymotionwhich is
inducedby aninteractionbetweena low-speedstreakwith a sweep,andthesizeandstrength
of theregion, which movesaway from thewall, is relatedto themomentumof thesweep.In
additionit canbestatedthatthelifting of low-speedfluid into highermomentumflow regions
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6.4 Propertiesof coherentvelocitystructures

is accompaniedby two weakstream-wisevorticesbecauseany local motion away from the
wall is associatedwith a stream-wisevortex pair, but thesevorticesareproducedlocally and
cannot beconsideredasprimaryvortex structures.Thesimilar stream-wiseextentof sweeps
and regionsof significantoutward motion supportsthis conjecture. The averagelengthof
thesevorticescanbeestimatedfrom figure6.10to 6.12.

Anothereffect associatedwith themovementof thesweepsis thecreationof counterro-
tatingvortex pairs,asindicatedby theredandbluecirclesin figure6.25.Firstof all, it should
benotedthat thesestructuresaredifferentfrom thevortex modelspresentedin thefigure1.3
asthesevortical structurespumphigh-speedfluid towardsthe wall andnot low-speedaway
asimplied by the vortex modelson page6. Besides,it seemslikely that thesevorticesare
generatedwhenthesweepsinteractdirectly with thelow-speedregions.Anotherremarkable
effectwhichcanbeobservedquitefrequentlyis thegenerationof hairpinlikestructureswhen
a sweepinteractsdirectly with thebackof astreak,seeredcirclesin figure6.26for example.
However, it canbe seenfrom the lower imageof the samefigure that thesevorticesdo not
extendinto thenear-wall regiondown to .® ¿ ª�À in thepresentcase.It canbespeculatedthat
this might berelatedto thestrengthof thesweepor that thesweepstreakinteractiondid not
lastlongenoughat thetime theimagewasacquiredto form aclearvortex pair.

6.4.3 Ejection

Figure6.27doesnotrevealany extendedstreakpatternbut theintensityof theReynoldsstress
componentis verylargeascanbeestimatedfrom thelowerimage.However, by visualinspec-
tion of thevelocityfield it canbeseenthattheregionsof strongproductionareassociatedwith
counterrotatingvortex pairs,denotedby thecircles,which indicatethepresenceof a hairpin
like structures,[44]. Moreover it seemsthat thesestructuresareconvectingasa packageas
describedin [112]. It shouldbe kept in mind that accordingto figure 6.20 the occurrence
of sucharrangementsof hairpin like structuresis very low in the near-wall region asonly a
minority of thefluctuationsexhibitsanintensitywhich is typically associatedwith suchstruc-
tures.Figure6.28shows anotherpair of velocity fieldsmeasuredsimultaneouslyat �® ¿`� À
(top) and10. Clearlyvisible arethedifferentstructuresdiscussedaboveandtheir interaction.
In this representationthevortical flow structuresareinclined in stream-wisedirectionasthe
structuresin the lower representationappearslightly upstreamwith respectto the resultsin
theupperimage.Sincethepositionandintensitymaybeaffectedby theparticularconvection
velocity subtracted,thewall-normalvorticity componenta - is shown in figure6.29for both
cases,calculatedfrom theinstantaneousvelocity fields.Whereastheshearlayersbeneaththe
streaksappearclearly in this representation,thevorticesarelesspronounced.However, the
relatively suddenchangein thevorticity componentat thebeginningof astreakmight indicate
thepresenceof hairpinlikestructures.

In thelastdecadesof thepreviouscentury, detailedhotwire investigationswereperformed
in orderto obtainquantitative informationabouttheburstingphenomena.By usingdifferent
patternrecognitiontechniques,mentionedon page90, a quite regular normalisedvelocity
signal could be extractedand it was assumedthat this patternis the signatureof a coher-
entstructurewhich is associatedwith theburstingphenomena[102]. In thenear-wall region
below .® ¿ «�À the patterncould be observed in nearly65 % of the total samples,andby
analysingtheindividual velocity signalit wasfoundthatthelengthof thepatternvariedover
quiteawide range(1:25).To identify thestructureswhichareresponsiblefor thecharacteris-
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6 Investigationof thexz-plane
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FIGURE 6.27: Velocity fluctuationsmeasuredat Ó ® � Ú�Ø (top) andReynoldsstresscomponent�&C
(bottom).

tic velocitypattern,thevelocitystructureof thePIV measurementsis analysedin stream-wise
directionfor variousspan-wiselocations.For thecomparisonit is importantto keepin mind
that in the PIV experimentthe spatialvariationof the velocity is consideredat a fixed time
while the time signalof the velocity is consideredat a fixed point in the hot wire investiga-
tion. Theleft imageof figure6.30shows threetypical instantaneoussignalsof the § -velocity
componentwhich nicely matcheswith the ensembleaveragedpatterndeducedfrom the hot
wire measurements.Thesignalswereextractedfrom figure6.28alongthe red lines located
at Ï ® ¿ È
À , 120 and220. It canbe clearly seenthat the characteristicvelocity patternis
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6.4 Propertiesof coherentvelocitystructures
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FIGURE 6.28: Velocityfluctuationsmeasuredsimultaneouslyat Ó ® � Ö�Ø (top) and Ó ® � Ú�Ø .

directly associatedwith the low-speedstreaks.As theseflow structuresappearfrequentlyin
the near-wall region accordingto figure6.21 to 6.30, the high detectionratein the hot wire
resultsis not surprisingandalsothe strongvariationof the patternlengthcanbe explained.
Themaximumlengthis givenby theextensionof thestreaks,which canbelongerthan1000
wall-units,andthe lower limit of the lengthappearswhenonly thecross-sectionof a narrow
streakconvectsalongtheprobe.Sincethestreaksareonly slightly twisted,theprojectionof
thewidth of thecross-sectionin stream-wisedirectionis therelevantparameterfor thelower
limit of thepatternlength. As theminimumwidth is approximately30 wall units,according
to section6.2.2,andthemaximumanglebetweenthestream-wisecoordinateandthestreak
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6 Investigationof thexz-plane
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FIGURE 6.29: Vorticity fluctuationcalculatedfrom figure6.28.

is approximately© Çcb , accordingto thepreviousfigures,theprojectionof thecross-sectionin
stream-wisedirectionis roughly42 wall-units. Thus,thevariationof the lengthcanbeesti-
matedto ª�À�À�À ¸ © � Ê � © which nicely correspondswith theresultdeducedfrom thehot wire
investigation.However, in contrastto thehot wire results,themaximumof thegraphsshown
in theleft imageof figure6.30alwaysappearson theleft handsidefrom theminimumwhile
in the resultspresentedin [102] the maximumappearson the right handside. This canbe
explainedby thedifferentrepresentations.While in [102] thepatternis displayedagainstthe
timeandhereagainstthespatialcoordinate,asmalltime in [102] correspondto a largedown-
streamposition.Sowhenthetime axisof thehot wire resultsis reversedfor comparison,the
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6.4 Propertiesof coherentvelocitystructures
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FIGURE 6.30: Profilesof � ® and C ® velocitycomponentsalongredlinesin figure6.28.

functionaldependenceof thegraphsagreesnicely. Fromtheanalysisof thevelocity fieldsin
thissection,it hasalreadybeenseenthattheproductionof turbulenceis quiteoftenassociated
with the streaks.Nevertheless,it is obvious that the velocity pattern,shown in figure 6.30,
canbe only consideredasa necessaryconditionfor the productionof turbulenceby means
of low-speedstreaks.This becomesevident whenthe variationof the wall-normalvelocity
component,shown in the right imageof figure6.30,is comparedwith the left image. From
thesignof thefluctuationsit canbeestimatedthata significantamountof turbulenceis only
producedin caseof thegraphswith thecircularandsquaredsymbolsasonly in this casethe
wall-normal velocity componentis positive while the stream-wisevelocity is negative. At
theendof this chapterit shouldbementionedthat the interpretationof the resultspresented
in figure6.30requiresthat theflow structureskeeptheir spatialorganisationwhile travelling
down-stream.Thevalidity of this assumption,which is calledfrozenpatternhypothesis, will
beprovenin thenext chapter.
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7 Investigation of the yz-plane

The interpretationof the resultspresentedin figure 6.30 on page133 wasbasedon the as-
sumptionthatthespatialvariationof theinstantaneousturbulentvelocitysignal § ¹ Î Á  ¼ canbe
transformedinto a timedependentvelocitysignal § ¹| Á:(�¼ at afixedpoint accordingto

'�§
'�Î ¿ 

ª
¦
'�§
')( (7.1)

It is obvious that this so calledTaylor hypothesisis certainlyvalid when the local convec-
tion velocity ¦ is largerelative to theturbulentfluctuations§ . However, thestatisticalresults
shown in figure 5.3 on page77 indicatethat the maximumof the non-dimensionalstream-
wise velocity fluctuationis around3 at  ® Ê ª Ç andthe averagevelocity is roughly 10 at
the samewall locationaccordingto figure 5.2. Although the ratio betweenboth valuesis
only 0.3 at themeasurementlocationwherefigure6.30wasrecorded,furtherevidenceis re-
quiredto justify theassumptionmadebecauseit is notevidentthat ¦ is thecorrectconvection
velocity of theflow structures.For this reasonthedependency of thespatio-temporalcorre-
lationsof the velocity fluctuationswill be investigatedin this chapter. In addition,various
spatialcorrelationandcross-correlationfunctionsof thevelocity fluctuationswill be investi-
gatedto validatetheconceptsproposedin chapter6 to explain theturbulentmixing by means
of coherentstructures.Furthermorethe dimensionsof the shear-layersin the  Ï -planewill
beconsideredandthecharacteristicfeaturesof thestream-wisevorticeswill beexaminedas
well astheir significancefor the turbulentmixing. This is of greatinterestaspointedout in
the introduction,becauseit is generallyassumedthat thesevorticesplay a dominantrole for
the momentumexchangein wall boundedflows, as indicatedin figure 1.3. This work can
beseenasa completionof theconventionalPIV investigationdescribedin [13] andtheflow
visualisationdescribedin [28]. Hereonly themainresultswill beanalysedin detail. Thead-
ditional informationpresentedin thefollowing mayservefor comparisonwith thepredictions
of fundamentalturbulencemodelsandfor thevalidationof numericalflow simulationsin the
future.

7.1 Experimental set-up

ThemultiplanestereoPIV techniquein theconfigurationutilisedfor this investigationconsists
of fourpulsedNd:YAGlasers(BMI) eachwith anoutputenergy of 255mJperpulseat

� ¿ 532
nm, two optical benchesfor the generationof independentlight-sheets(one for eachstate
of polarisation),andfour Peltiercooledhigh resolutioncameras(PCO)with 1280by 1024
pixel resolutionand 12 Bit dynamicrange. The schematicarrangementof the equipment
with respectto the test-sectionis outlined in figure7.1. This arrangementfollows directly
from the experimentalsetup,describedin section6.1, after rotating the orientationof the
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7 Investigationof theyz-plane

light-sheetby turning thecylindrical lensin the light-sheetoptic. Theobservationanglefor
eachcamerain angularimagingconfigurationwith Scheimpflugcorrectionis shown in the
following tablealongwith the exact positionsof the mastercameras(1 and2 in figure 7.1)
with respectto thecentreof thefield of view (all asymmetrieshave beentaken into account
for the calculationof the threevelocity components). Four 180 mm lenses(Carl Zeiss)

camera Î [mm] Ï [mm] f@g [mm] ¯ [deg]

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

TABLE 7.1: Positionandobservationdistanceof themastercameraswith respectto thecentreof each
field of view (meetingpoint of opticalaxis)andcorrespondingobservationangles.

z

x

test-section 3

12

4

5

6

7
8

a
b

side window

~86°

main flow-direction

40 mm separation

FIGURE 7.1: Schematicset-upof the recordingsystemandlight-sheetpositionfor bothexperiments
(differentscales).1-4 digital cameras,5 lens,6 mirror, 7 polarisingbeam-splittercube,8 absorbing
material,a measurementlocationfor 1st investigation(40 mm separationbetweenbothmeasurement
planesin stream-wisedirection),b measurementlocationfor 2ndinvestigation(all measurementposi-
tionsat thesamelocation).Differentlight ray coloursindicatedifferentstatesof polarisation.

wereusedfor the measurementswith an apertureof 8 anda magnificationof 1/6 alongthe
principal axis of the lens. Due to the strongout-of-planevelocity component,as a result
of the light-sheetorientationrelative to the main flow direction, the light-sheetpairs with
equalpolarisationhave beenshiftedin stream-wisedirectionasindicatedin figure7.2. This
improvesthesignalto noiseratio,astheloss-of-correlationdueto unpairedparticleimagesis
minimisedwithout reducingthedynamicrangeandthespatialresolution.DecreasingÍ_] or
increasingthemagnificationof theimagingsystemwouldreducethedynamicrangeor spatial
resolution.
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7.1 Experimentalset-up

For the evaluationof the stereo-scopicimagesthe secondorderwarping techniquewas
appliedagain,alongwith thecalibrationvalidationproceduredescribedin section3.3. This
ensuresthat the interrogationspotsfrom eachof a pair of stereo-scopicimagescorrespond
to the sameregion of the flow. The interrogationof the datawasperformedwith the FFT-
basedfree shapecross-correlationoutlined in section2.4, and for the determinationof the
signal-peakwith sub-pixel accuracy, the two-dimensionalGaussianfit usingthe Levenberg-
Marquardtmethodhasbeenapplied. This peakfinding methodis lesssensitive to sub-pixel
displacementscomparedwith thethreepointGaussianpeakfit, seefigure2.14andtable2.1for
details.For thecalculationof thevelocity vectorsh �ji h � pixel interrogationwindows were
usedfor both Reynoldsnumberinvestigations.The bandwidthof particle imagesdisplace-
mentsvariesbetweenzeroand8 pixel (zeroand-8 for theleft camerasystemin figure7.1)for
thelight pulsedelaylistedin table7.2,andthenumberof spuriousvectorswasonaveragebe-
low À �lknm by applyingthefollowing setof band-passandgradientfilter (  hpo¥ÍeÏpo k À pixel; Ç oüÍrq8o Ç pixel and Í5Î��  Í5Î��Es > out pixel). Thebasicdetailsabouttherecordingand
evaluationaresummarisedin table7.2.

Ã�Ä�v È
É
À�À k Ç À�À�À [1]Ã�Ä�� Èwt�À
À�À 160000 [1]Ã�Äyx h �:Þ i k Àcz É � t i k Àwz [1]{ ÿ 3 7 [ m/s]| � 0.121 0.263 [ m/s]%
0.37 0.34 [m]% s 3000 5980 [1]

field of view Þ h ijÆ É Þ h iNÆ É [ mmá ]
field of view À �}k È i À � � Þ À �lk Æji À � �$Æ [

% á ]
field of view Ç k
k i È Æ Þ k
k À�È i k È �
� [ Írq s i ÍlÏ s ]
spatialresolution À �:Þ i~� �}k h i~� �}k h � �lk h i � �lk h [ mmB ]
spatialresolution Ç � À i k È � h i k È � h h�È � t i h�È � t [ Í5Î s Írq s ÍeÏ s ]
pulseseparation 200 100 ��� s�
dynamicrange À � h to k À � É À �:Þ to k
k
� É [ pixel]

vectorspersample 13113 13113
numberof samples 2975 2100

TABLE 7.2: Relevantparametersfor thecharacterisationof theexperimentperformed18m behindthe
leadingedgeof theflat platein the Óc� -planeof theturbulentboundarylayerflow.

Two similar experimentshave beenperformedindependently. In thefirst experimentthe
spatiallocationof all light-sheetplaneswasidenticalandthetime separationbetweena pair
of velocity fieldsbeingacquiredwasvaried(seeleft plot of figure7.2). This allows to study
thechangesof thevelocitystructureswith time. In thesecondexperimentthetime-separation
betweena pair of measuredvelocity fields wasalteredasbeforebut, in addition, the mea-
surementplaneswerespatiallyshiftedin stream-wisedirectionby t�À mm ( Í5Î s Ê h�À�À ) as
indicatedin figure7.1andin theright plot of figure7.2. Thusit waspossibleto selecta flow
patternatanupstreampositionandto measurethestructuralchangesasa functionof thespa-
tial distancebetweenthelight-sheetpairsandof thetimeinterval betweenthetwo acquisitions
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7 Investigationof theyz-plane

of thedata.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
andintensityof the signal-peakin thecorrelationdomainyield statisticalinformationabout
thesizeandshapeof theparticleimagesthemselvesaswell asinformationaboutthemagni-
tude,directionandhomogeneityof thedisplacementof theparticleensemblein betweenthe
two illuminations. Themaindifferencelies in the fact that thefluid mechanicalcorrelations
presentedin the following are ensembleaveragescalculatedover hundredsof realizations,
whereasin PIV theensembleaverageis replacedby thespatialaverageof asinglerealization.
This impliesthatin our casethestatisticalprocessleadingto thefluid mechanicalcorrelation
functionsmustnot necessarilybeergodicasrequiredfor PIV imageanalysis.

In
te

ns
ity

∆~x

∆τ ∆t
x

In
te

ns
ity

∆
∆~

x
x

∆t∆τ
x

t t��
��
��
��

��
��
��
��

��
��
��
��

FIGURE 7.2: Optimisedlight-sheetpositioningto reduceloss-of-correlationdueto unpairedparticle
imagepairs,inducedby out-of-planemotion( �F��"� Ø
�mù mm). Differentlight-sheetshadingsindicate
differentstatesof polarisation.Left: Timing diagramfor measuringall componentsof thespace-time
correlationstensorfor �K�+� Ø andvarious �KJ . Right: Timing diagramfor measuringall components
of thespace-timecorrelationstensorfor �K���� Ø andvarious �KJ .

7.2 Statistical proper ties of the log-la w region

To ensurethat the experimentalarrangementwas properly alignedrelative to the flow di-
rection, the main statisticalflow propertieswere calculatedand comparedwith the results
presentedin chapter5. The top row of figure7.3 shows the non-dimensionalmeanveloc-
ity profile in linear andsemi-logarithmicrepresentation.It canbe seenthat the functional
dependenceagreesfairly well with thegraphfrom themeasurementspresentedin chapter5.
This demonstratesthe accuracy of the stereoscopicPIV methodbecausethe meanstream-
wisevelocity in figure7.3 correspondsto theout-of-planevelocity componentin thepresent
investigation. To estimatethe quality of the cameraand light-sheetalignment,the statisti-
cal propertiesof thefluctuationsin thenear-wall region werecalculated.Thedistribution of
thevelocity fluctuations|��:� and � , thestream-wisevorticity a�x andtwo componentsof the
Reynoldsstresstensor( � � and | � ) areexactly symmetricalso thata high flow quality and
very accuratealignmentof the laserandrecordingsystemcanbe assumedin the following.
Any misalignmentof thelight-sheetwith respectto thewall andmeanflow directionor incor-
rectestimatedcamerapositionswouldappearasadisplacementof thedistributionsof certain
magnitudeanddirectionand,thus,indicatehow to improve thesetupor to correcttheresults.
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7.2 Statisticalpropertiesof thelog-law region
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FIGURE 7.3: Flow characteristics.Upperrow: Meanvelocity profile at ���$v��L������� . Centre row: In-
tensitiesanddistribution of thevelocityfluctuations.Lowerrow: Distribution of theReynoldsstresses
andstream-wisevorticity.

The |�� distribution,ontheotherhand,is notsymmetricalandpossessesanegativemeanvalue
indicatingthat turbulenceis producedon average.Slight differencesbetweenboth investiga-
tions canbe only observed in the left graphof the centrerow for q s o2h
  . In this domain,
themaximumof thestream-wiseandwall-normalvelocity fluctuationsis lower with respect
to the referenceinvestigationdueto thedifferentspatialresolutionin wall-normaldirection.
However, for q s¢¡ hc  the valuesnicely matchapartfrom the � componentof the velocity
fluctuationwhich is slightly underestimatedin the Î�q -investigation.Thiscanbeexplainedby
thefact that theout-of-planemotion in the Î�q -investigationis quitesmall referringto the in-
planemotionin contrastto the q�Ï -investigation.This is supportedby thehot-wirecomparison
shown in figure5.3 on page77. It canbe seenthat thePIV resultsmatchwith the hot-wire
investigationsfor the | and � componentwhile a slight systematicdeviation canbeobserved
in caseof the � component.However, it shouldbementionedthat this systematicdifference
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7 Investigationof theyz-plane
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FIGURE 7.4: Primary two-point correlationsmeasuredat ���$vp�5������� (left) and15000(right) and
comparisonwith resultsfrom ¨&© -investigation(opaquesymbols).

doesnot affect thecalculationof thecorrelationsat all. Figure7.4 shows thedependenceof
theprimarycorrelationson the locationof thefixedpoint for ª�«�v¬2®c¯
 
  (left column)and
ª�«�vj¬ k±°  
 c  (right column)in comparisonwith the resultspresentedin chapter5 (opaque
symbols).Generallyit canbeseenthat theagreementis very good,althoughthe locationof
thefixedpoint is not exactly identicaldueto thedifferentgrid appliedfor thecalculationof
thevelocity vectors.Thus,it canbeconcludedthat themeasurementtechniqueis very reli-
ableevenif theorientationof themeasurementplaneis normalwith regardto themainflow
direction.Basedon this resultvariouscorrelationswill bepresentedin thefollowing in order
to completetheresultspresentedin thepreviouschapters.
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7.2 Statisticalpropertiesof thelog-law region

7.2.1 Spatial correlations with ²L³¢´Tµ
The following sequenceof figuresrevealsfor ª�«�¶_¬3®c¯
 
  the threeprimary correlationsof
thevelocityfluctuationsfor variouswall distancesof thefixedpointasindicatedit thecaption
or by the location of the maximum. The distancebetweenthe contour levels is 0.05 and
the solid lines indicatea positive correlationvalue. Clearly visible is the differentsizeand
shapeof the correlationsandthe variationwith the wall distance.While the ªS·�·�¸º¹&» � ¹�»"¼Ír¹ » � ÍeÏ »¾½ correlation,shown in figure7.5, is nearlycircularin shapefor ¹ » ¡À¿  
  , thesize
of thecorrelationmeasuredat ¹&»Á¬AÂ
  (upperleft plot) decreasesquiterapidly in span-wise
direction.Theextentionin wall-normaldirectionon theotherhandmeasuresseveralhundred
wall-units.Theshortwidth of thecorrelationin Ã » -directionimpliestherelationwith thenear-
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7 Investigationof theyz-plane

wall structurespresentedin thepreviouschapter, andthe ªSÔ�ÔÅ¸Õ¹�»�Ö=¹�»n¼r×r¹�»�ÖØ×pÃ
» ½ correlation,
shown in theupperleft imageof figure7.6, indicatesthespatialextentof thedominantflow
structureswhich aremoving towardsandaway from thewall. With increasingwall distance
from the fixed point, the correlationsincreasein size but it shouldbe notedthat the total
size is alwaysbelow the sizeof the ªS·�· correlation. When the ªSÙ�ÙÚ¸º¹&»nÖ=¹&»�¼[×p¹&»ÇÖØ×pÃ
» ½
correlationin figure7.7is considered,it canbeconcludedthatthevariousprimarycorrelations
arealwaysstretchedin thedirectionof thevelocityfluctuation.However, thedimensionof the
stretchingwhich is relatedto the region wherea correlatedmotion canbe observed is quite
different.Anotherinterestingfeatureis thebutterfly shapeof the ªSÙ�Ù correlation,especially
for ¹ »ÜÛ °   . Thefact that thecorrelationis furtheraway from thewall with increasingÝÞÃ » Ý
indicatesthat the influenceof a span-wisemotionbeingpresentat ¹ » ¬5Âc  , for example,is
quite limited. This might be relatedto the fact that thespan-wisemotion is restrictedby the
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7.2 Statisticalpropertiesof thelog-law region
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presenceof thestreakswhich areattachedto thewall accordingto thesection6.4. However,
at ¹&»�¬ ¿  
  thesituationis reversed.In this casethecorrelationfunctiondropsdown to zero
with ¹&»8à   at Ã
»Á¬u  but for larger Ý Ã
»áÝ a significantcorrelationwith thenear-wall motion
canbefound.

7.2.2 Spatial cross-correlations with ²L³¢´âµ
The left column in figure7.8 shows the ªSÔ�· cross-correlationfunction measuredat ¹�»5¬
Â
 �Ö °  �Ö ¿  c  (top to bottom)with the ã componentfixedwhile the ä signalwasshiftedin the ¹
and Ã directions.Theright columnrevealstheoppositecasewherethe ä componentwasfixed
while ã wasshifted. The negative sign of the cross-correlations,representedby the dashed
lines,indicatesagainthatthetransportof relatively low-momentumfluid outwardinto higher
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speedregions( ä Û   and ã ¡   ) andthemovementof high-momentumfluid towardthewall
into lower speedregions( ä ¡   and ã Û   ) arethepredominantprocessesin thenear-wall
region. In additionit canbe seenfrom the differentsizeof the correlationfunctionsthat in
the left casethe region, wherea correlatedmotion betweenboth velocity componentscan
be observed, is significantlylarger with respectto thecaseshown in the right column. This
impliesthatthewall-normalmotionis stronglyaffectedby thestream-wisefluctuationswhile
the effect of the wall-normal fluctuationson the stream-wisemotion is quite limited. This
is evident from theequationof motionwhich statesthat theenergy from themeanmotion is
transferredinto thestream-wisefluctuationatfirstbeforeatransferinto the ã andå component
takesplace.In addition,it becomesvisiblefrom thelocationof themaximumin figure7.8that
in thecasewherethe ã componentis fixed,themaximumof correlationappearsat largerwall
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distancewith respectto thelocationof thefixedpoint,while in thecasewherethe ä component
wasfixedthemaximumoccurscloserto thewall. Thesamebehaviour canbeobservedwhen
the cross-correlationbetweenthe wall-normal and span-wisecomponentof the velocity is
considered.The left columnin figure7.9 displaysthe ª^ÔËÙ correlationfunction measuredat
¹&»\¬æÂ
 �Ö °  &Ö ¿  
  (top to bottom). Herethe ã componentwasfixed while å wasshiftedin
the two homogeneousdirectionsandtheright columnrevealstheoppositecasewherethe å
componentwasfixedwhile ã wasshifted.It canbeseenthatthestructurespresentedin theleft
columnarelarger for all wall locations.In addition,a significantchangein theorganisation
of the correlationcan be observed when the location of the fixed point is altered. In case
of the correlationpresentedin the right columnthe structuralfeaturesremainconstantwith
increasingwall distanceandonly thesizevaries.Thevalueof themaximumis comparablefor
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7 Investigationof theyz-plane

all cross-correlations.In orderto examinethedynamicalpropertiesof theflow representedby
thecorrelationsin the left column,a positive span-wisevelocity fluctuationwhich is located
at the fixed point will be assumedfirst. It canbe seenfrom the sign of the correlationthat
positive å fluctuationinducesaverticalmotiontowardsthewall, whichis locatedupstreamof
thehorizontalvelocitystructure(negative Ã values),anda motionaway from thewall located
downstreamof the coherentstructure. The argumentationcan be reversedwhen a motion
with å Û   is considered.At larger wall distanceit can be deducedfrom the secondary
peaksnearthe wall that a horizontalmotion in positive Ã direction( å ¡   ) inducesalsoa
quite local downstreammotion, but the locationof this coherentmotion is relatively close
to the locationof the fixed point with respectto the positionwherean upward motion can
be observed. In addition, it canbe concludedfrom the increasingheightof the correlation
valuethat the coherenceof this near-wall motion increasesif the locationof the fixed point
is fartheraway from thewall. Whenthecorrelationsshown in theright columnof figure7.9
areanalysedin thesameway, it canbeseenthata verticalmotionat thefixedpoint location
with ã ¡   inducesa horizontalmotion towards ×pÃ
»Ü¬2  in thenear-wall region andaway
from the centreat higher wall locations. A vertical motion towardsthe wall, on the other
hand,inducesahorizontalmotionaway from thecentrelineat ×pÃ » ¬\  dueto continuity. As
thecorrelationsdo not allow to differentiatebetweenprimaryandsecondarymotionit is also
conceivableto interpretetheresultsin a differentway. For example,it canalsobestatedthat
ahorizontalmotiontowardsthecentrelineinducesaverticalmotionawayfrom thewall at the
locationof thefixedpoint. Thisargumentationwasusuallyappliedfor theinterpretationof the
resultsin chapter6. Thebasisfor thisinterpretationis theassumptionthatthekineticenergy of
theverticalmotionis notsufficientto altertheturbulencestructureto alargeextent,especially
nearthe wall. This canbe deducedfrom the rms-profilesshown in figure7.3. Anyway, the
threedimensionalsize,shapeandinteractionof theflow structuresis now fully determinedif
theresultspresentedin chapter5 and6 aretakeninto account.

7.3 Spatio-temporal correlations with çéèTê ë
To examinethe dynamicalaspectsof the organisedflow structures,the temporalevolution
of the primary correlationsas a function of the wall-normal coordinate¹&» and time delay
×_ìË»À¬3ì�ä�íî±ï
ð will be analysedin the following. It might be arguedthat it is easierto per-
form suchananalysiswhentheorientationof themeasurementplaneis parallelto themain
flow direction. However, it shouldbe kept in mind thatdueto thesmall sizeof the correla-
tions in span-wisedirectionthe resultsmay be stronglybiasedif the measurementplaneis
not perfectlyalignedwith respectto maximumof thecorrelationin physicalspace,or, if the
3D correlationis slightly tilted in span-wisedirectiondueto the limited numberof samples,
for example. Both effectscanbe avoidedby using the experimentalconfigurationapplied
here.To obtaincorrectresultsa two-dimensionalcorrelationwascalculatedfrom which two
orthogonallines beingparallelto the coordinateaxiswereextracted,andthe locationof the
globalmaximumwasusedto determinetheintersectionpoint of thelinesto beextracted(the
one-dimensionalcorrelationfunction dependson the coordinatesof the points from which
the valuesaretaken from the four-dimensionalcorrelationfunction). For the calculationof
the two-dimensionalcorrelationfunctionsa line at a particularwall locationwasextracted
from themeasurementacquiredat time ì andcorrelatedwith the resultmeasuredat ìÇ¼¢×_ì .
The distancebetweenboth measurementplanesis zeroin orderto studythe convective de-
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7.3 Spatio-temporalcorrelationswith ×_ñò¬\ 
cay of the flow structures.Figure7.10andfigure7.11 reveal the primary correlationsmea-
suredat ª�«�¶p¬3®c¯c 
  andfigure7.12andfigure7.13show the correspondingresultsfor the
ª�«�¶�¬ ¿ °  
 
  investigation.Clearlyvisible is thedifferentsizeandshapeof thecorrelations
andthevariationsin thetemporaldecay. Dueto thedifferentsizeof thecorrelationfunctions
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FIGURE 7.10: � ·$· (left) and � Ù&Ù (right) correlationfunctionsmeasuredat ����¶��u������� and © » �Ñ � Æ Î�� ÆËÏ � Æ�Ð ��� ÆËÑ �±� Æ Î���� ÆÓÒ ��� (seelocationof themaximum).
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7 Investigationof theyz-plane

in stream-wisedirectionaccordingto section5.3.2it is evidentthatthemaximumof ªSÔ�Ô de-
creasesquite rapidly with increasingtemporaldelayandvanishesalreadyfor ×rìË»\¬ ¿   at
ª�«�¶N¬ö®c¯
 c  while the othercorrelationsstill show a significantcorrelationwhich is above
0.6 for ªS·�· andaround0.4 in caseof ªSÙ&Ù . Anotherinterestingeffect becomesvisible when
the correlationfunctionsin the near-wall region areconsidered.It canbe seenthat the ªSÔ�Ô
and ªSÙ&Ù correlationsdecreasequite rapidly with respectto ªS·�· andrelative to thedecrease
of thecorrelationfunctionat largerwall locationsof thefixedpoint. This implies thatstruc-
tural changeswithin the near-wall region arequite large. Whenthe width of the correlation
andthecurvaturearoundthemaximumareconsidered,thetotalsizedecreasesonly very little
with increasingtemporalseparationbut thecurvatureof themaximumbecomesweaker. This
indicatesthedissipationof thesmall-scalesdueto actionof theviscosity. Thelarge-scales,on
theotherhand,areonly weaklyaffectedwithin thesametime. This impliesthatthestructures
which becomevisible for large time separationscanbe consideredasa low-passrepresen-
tation of the dominantvelocity structures.This point will be discussedin the next section.
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7.3 Spatio-temporalcorrelationswith
�������

To estimatethe averagedecayof theflow structuresbeingresponsiblefor theproductionof
turbulence,the �	��
������
���� ������� correlationwascalculated,seeright columnof figure7.11and
7.13.Therapiddecayof � ��
�������
��� for increasing

�����
is mainlycausedby thesmallcorrelation
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FIGURE 7.12: � 

! #"%$ �'& (left) and �)(�(  #"%$ �'& (right) correlationfunctionsmeasuredat �+*�,.-0/1324242
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7 Investigationof theyz-plane

lengthof ªSÔ�Ô . Anotherimportantfactis theshift of the ªS·�·&¸ü×r¹&» ½ and ªSÙ�ÙÇ¸º×p¹&» ½ maximum
with increasing×_ìË» . This is shown moreclearly in figure7.14for variouswall distancesof
thefixedpoint. Thesymbolsindicatethepositionof themaximumandthelegendrevealsthe
correspondingpositionin wall-units.Thegraphslabelledby thesolid symbolsindicateacor-
relationwherealine ataparticular¹ -locationof thefirst imagemeasuredattime ì is correlated
with thesecondimageacquiredat ì�¼ ×rì . Theopaquesymbolsindicatea correlationwhere
a line extractedfrom thesecondimageat ìÇ¼Ê×_ì is correlatedwith thefirst imagemeasured
at ì . Theasymmetryof thecorrelationshift for ��×_ì indicatesagainthat theflow structures,
representedby thisparticularcorrelationfunction,revealtwo dominantinclinationanglesrel-
ative to thewall, andit canbe seenthat the inclination of structuresat closerwall distances
relative to thelocationof thefixedpoint revealthesmallerinclinationangle.Theanalysisof
thespatio-temporalcorrelationfunctionsof thevelocityfluctuationsandtheReynoldsstresses
indicatethatthestatisticalpropertiesof thelog-law region is quitecomplex with respectto the
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FIGURE 7.13: � Ô�Ô and �Sù ·�Ô�ú ù ·�Ô:ú correlation functions measuredat ����¶u� Ð�Ï ����� and © » �Ï � Æ�Ð ��� ÆËÑ ��� Æ Î���� Æ�Ò �±� ÆËÏ ��� Æ�� ��� Æ �y�±� Æ ���±� Æ�� ��� Æ�Ð ���Z� (seelocationof themaximum).
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7.3 Spatio-temporalcorrelationswith ×_ñò¬\ 
first ordermomentsof the velocity fluctuationswithin this domain. It could be shown that
thestructuresof thespatio-temporalauto-correlationfunctionsof thestream-wise( ªS·�· ) and
span-wise( ªSÙ&Ù ) velocityfluctuationsarequitesimilar (shape,sizeandtemporaldecay)when
thespan-wiseandwall-normaldependenceis considered,whereastheircross-correlationªS·�Ù
is necessarilyzerodueto symmetry. Also, the characteristicshift of the largestcorrelation
valuetowardshighervelocity regionswith timeagreeswell. Thewall-normalcorrelations,on
theotherhand,arerelatively smallandtheirmaximumdecreasesfastwith increasingtime. As
aconsequence,thespatialextentof regionswheremostof theReynoldsstressesareproduced
mustbe relatively limited. The correlationfunction of the stream-wisevorticity component
alsorevealsa shortspatio-temporalcorrelationlengthanda displacementtowardshigherve-
locity regions.Althoughaconsistentinterpretationof thepresentedresultsis conceivable,the
instantaneousvelocity fieldsneedto beanalysedfor furtherevidence.
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7 Investigationof theyz-plane

7.4 Spatio-temporal correlations with çéè �ê ë
In this sectionvariousone-dimensionalspatio-temporalcorrelationfunctionscalculatedfrom
measurementsin spatiallyseparatedplaneswill beexamined.Thisparticularexperimentalar-
rangementallowsto selectaflow patternatanupstreampositionandto measurethestructural
changesdueto the meanvelocity gradientsandto the turbulent motion asa function of the
spatialdistancebetweenthe light-sheetpairsandthe time delaybetweenthemeasurements.
Figure7.15to figure7.17reveal theprimarycorrelationfunctionsfor variouswall distances
from the fixed point andtime delaysbetweenthe measurements.The resultswereobtained
by cross-correlatingthemeasurementsacquiredat differentlocations(325wall-unitsstream-
wiseseparationbetweenbothmeasurementplanes)while thedownstreammeasurementwas
performedafter theupstreammeasurementasindicatedby theaxis label. As the local mean
velocity is approximately¿�� ä » accordingto figure7.3,thestructuresselectedat theupstream
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FIGURE 7.15: � ·�· correlationmeasuredat ����¶á�L������� and © » � Ñ � Æ Î�� ÆËÏ � Æ�Ð ��� ÆËÑ ��� Æ Î���� ÆËÒ �±� (see
locationof themaximum)for varioustemporaldelays(seeaxislabel).

152



7.4 Spatio-temporalcorrelationswith ×_ñ��¬\ 
locationareconvectedby about130wall-units(40%of thedistancebetweenthemeasurement
planes)for a temporaldelayof ×_ìË» ¬é¯ . Thus,themaximumcorrelationvalueis relatively
low, especiallynearthewall, but it slightly increaseswith increasing¹ dueto the largercor-
relationlengthandlarger local convectionvelocity. An otherinterestingeffect is theshift of
themaximumtowardslargerwall distances.However, bothobservationscanbeexplainedby
meansof the resultshown in figure 5.5 on page80. Whenthe correlationin the lower left
columnis consideredwith themaximumat ¹�»"¬ °   , theprofileat ×_ñ » ¬ ¿ Â
 ��"Â � ° ¬!� ¿#" °
correspondsto thedashedgraphin the left centrerow of figure7.15,providedthestructural
changesarenegligible, sothatit canbeassumedthattheflow structureconvectsdown-stream
with an averagevelocity of ¿ ° ä » (local meanvelocity at ¹ » ¬ °   ) over 130 wall-units in
stream-wisedirection. In this caseit canbe estimatedthat the highestcorrelationvalueat
×_ñ » ¬$� ¿�" ° is 0.54 in the lower left columnof figure 5.5, which nicely matcheswith the
resultsfrom the presentinvestigation,andthe correspondingpositionof the maximumis at
¹&»&% � � . This implies that thegeneralpropertiesof thecorrelationscanbewell understood
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FIGURE 7.16: � ÔËÔ correlationmeasuredat ����¶ � ������� and © » � Ñ � Æ Î�� ÆËÏ � Æ�Ð ��� ÆËÑ �±� Æ Î��±� ÆÓÒ ��� (see
locationof themaximum)for varioustemporaldelays(seeaxislabel).
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7 Investigationof theyz-plane

by usingtheresultsfrom chapter5. For ×_ìË»ß¬ ¿ ° (lower left row of figure7.15)thetravel-
ling distanceis around240wall-units (75%of theseparationbetweenmeasurementplanes)
for the near-wall structures,but the structuresat ¹&» ¡ �w 
  alreadyreachthe secondobser-
vation planeas the meanconvectionvelocity variesbetween18 for ¹ » ¬'�w 
  and ¿#")( ¯cä »
for ¹&»À¬+*
 
  . This canbe directly estimatedfrom the heightof the correlationmaximum
in the upperright graphof figure 7.15. While the correlationmaximumalreadydecreases
for fixed point locationsat ¹�» ¡ �c 
  a gradualincreasecanbe observed for the near-wall
correlations.All correlationmaximaincreasewith increasing×_ì while themaximumcorre-
lationalwaysremainslowernearthewall. As thedifferencein heightis quitelarge,structural
changesor variationin the organisationof the structurescloserto the wall (strongvariation
of the structurelocationfrom onetime-stepto the next) needto be assumedfor this effect.
This assumptionis stronglysupportedby the fact that both, integral anddissipative, length
scalessignificantly increasein the two last rows. Translatedin the languageof PIV image
analysis,this effect correspondsto lossof pairs(resultingin a lower correlationcoefficient)
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FIGURE 7.17: � Ù�Ù correlationmeasuredat ����¶#� ������� and © » � Ñ � Æ Î�� ÆËÏ � Æ�Ð ��� ÆËÑ �±� Æ Î���� ÆÓÒ ��� (see
locationof themaximum)for varioustemporaldelays(seeaxislabel).
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7.5 Propertiesof coherentvelocitystructures

accompaniedby structuraldifferencesin thesuccessively recordedparticleimagepatternsdue
to inhomogeneousdisplacementwhich leadsto abroadenedshapeof thecorrelationpeak.

In caseof the ªSÔ�Ô correlationshown in figure7.16nopeakscanbeobservedwith ×_ì » ¬\¯
for thenear-wall correlationsdueto thesmallsize.However, if thegraphsfor ×_ì » ¬ ¿ ° to 30
areconsidered,themovementof the ª^ÔËÔ correlationthroughthesecondmeasurementplane
canbenicelyseen.The ªSÙ�Ù correlation,ontheotherhand,shown in figure7.17,revealspeaks
for all wall locationsandtemporalseparationsbut theheightof thecorrelationis alwayslower
with respectto figure 7.15. This implies that the span-wisemotion is lessstableaccording
to the structuresrepresentedby the ªS·�· correlation. Another interestingfeaturevisible in
figure7.17is thestrongincreaseof the ¹�» locationof themaximumasa functionof thetime
separation.This is fully consistentwith figure5.7on page82. Only theshift towardssmaller
wall locationsat ×_ìË»A¬â¯ is surprising. However, this is a necessaryconsequenceof the
orderof correlation. In the presentcasea line at ¹�» wasextractedfrom the resultsin the
down streamplaneandshiftedalongthefield measuredupstream.This implies that the the
maximumappearsat smaller ¹ » locationsuntil themaximumof thecorrelationin figure5.7
passesthedown streammeasurementplane.Thesameholdsfor theothercorrelations.

7.5 Proper ties of coherent velocity structures

7.5.1 Loop-shaped structures

In this sectionthe significanceof the stream-wisevorticesfor the turbulent mixing in wall-
boundedflows will beexaminedandtheexistenceof the loop-shapedstructures,highlighted
on page6 will be validated.Loop-shapedstructurescanbe bestdetectedin the ¹�Ã -planeof
a turbulent boundarylayer (wall-normalspan-wise)becausethesestructuresare inclined in
stream-wisedirection [13, 28, 49]. Their footprint is a counter-rotatingvortex pair with a
strongvelocity componentbeingnormal to the wall betweenthe vortex pair as indicatedin
figure1.3. In planeswhichareparallelto thewall (stream-wisespan-wise)theseloopsappear
ascounter-rotatingvorticeswith a typical out-of-planemotion betweenthe vortex coresas
illustratedin section6.4. Thusthebasicturbulentmixing processassociatedwith this hairpin
vortex is the transferof low-speedfluid from thewall andhigh speedfluid towardsthewall
suchthat �/. ä�ã becomespositiveon average.Sincetheearlyflow visualisationexperiments
performedin a laminarboundarylayer, it is generallyacceptedthat loopedshapedstructures
resultfrom a progressivedeformationof a span-wisevortex with aninitial threedimensional
disturbance,asshown in thelowerfigureonpage6. Theinclinationof thevorticesontheother
handis explainedby meansof self-inductionof thedevelopingvortex loop,andthestretching
is assumedto bearesultof thestrongvelocitygradientspresentin boundarylayerflows [31].

However, it is still a point of discussionif theseloop-shapestructuresarethepredominant
coherentvelocity regionsin turbulent boundarylayerswhich aremainly responsiblefor the
turbulentmixing. In thepast,many attemptshavebeenmadein orderto validatetheexistence
andsignificanceof thesestructures.The continuingdiscussionimplies that no convincing
experimentalor theoreticalevidencecould be presented.As the signatureof thesecoherent
structuresis a counter-rotatingvortex pair with a strongvelocity componentnormal to the
wall betweenthevortex pair, asindicatedin figure1.3,they canbeeasilyidentifiedwhenthe
measurementplaneis perpendicularto thewall andmeanflow direction. Figure7.18shows
two independentvelocity fields wheremany well developedvortex pairscanbeobserved in

155



7 Investigationof theyz-plane

thenear-wall regionbelow ¹&» Û ¿  
  (seecircles).Moreover it canbeseenthatthesevortices
inducea wall-normal velocity as indicatedin figure 1.3. This is fully consistentwith the
resultsdiscussedin section7.2.2.In additiontheredcontours,whichrepresentanegativeout-
of planevelocity fluctuation( ä Û   ), show thatthestream-wisevelocity of thefluid between
thevortex pairsis relatively low with respectto themeanmotion.This impliesthatturbulence
is producedby thesestructuresasexpectedanddiscussedin thepreviouschapters.Theblue
contoursindicatethatthestructuresarefrequentlyflankedby high-speedfluid.
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FIGURE 7.18: Velocityfluctuations(blue: 021Á� ; red: 023~� ) with loopshapedstructures,seecircles.
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7.5 Propertiesof coherentvelocitystructures

7.5.2 Sweeps

In order to interpretethe resultsfrom the previous chapterit was assumedthat the lifting
of low-speedfluid from the wall is mainly causedby the high-momentumflow structures
which move towardsthe wall. This interactionis shown exemplaryin figure7.19. Clearly
visible is thestrongwall-wardmotionof a large-scalehigh-momentumflow structurein the
lower imageand the generationof loopedshapedstructuressimilar to thoseshown in the
previous figure. The upperfigure revealssimilar structuresbut it shouldbe notedthat the
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FIGURE 7.19: Sameasfigure7.18but with strongsweeps( 041~� and 563~� ).
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7 Investigationof theyz-plane

span-wisesizeof the high-speedflow structures,which reachthe wall, is quite small with
respectto thestructurevisible in thelower image.To examinestructureswhich contributeto
theturbulentmixing to a largeextent,theReynoldsshearstresscomponentwascalculatedfor
eachsamplefield andafterwardsanalysedif the intensityof this quantitywasbelow a given
thresholdof �S  ( Â . It wasalreadymentionedthat thedominantstructureswith regardto the
magnitudeof theReynoldsshearstresscomponentappearquiteseldomanddo notcontribute
to thetotal productionof turbulenceto a largeextent. However, asthestructuralfeaturesare
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FIGURE 7.20: Sameasfigure7.18but with strongproductionof turbulence( 07583~� ).
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7.5 Propertiesof coherentvelocitystructures

assumedto beuniversalandthusindependentonthemagnitudeof �/. ä�ã , it is evidentthattheir
geometricalanddynamicalpropertiescanbebestexaminedwhentheeffectof thebackground
turbulence,which oftendeterioratestheanalysisof thelessintensestructures,becomessmall
in relation to the structuresunderinvestigation. Figure7.20 shows two samplesmeasured
independentlyat ª�«�¶_¬ ®w¯
 
  . Clearlyvisible in both velocity fields is thehigh-momentum
large-scalemotion(blue),whichmovestowardsthewall, andtheeffectwhenthesestructures
interactin thenear-wall regionwith thelow-momentumstructures(red).
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FIGURE 7.21: Sameasfigure7.18but measuredsimultaneouslyatspatiallyseparatedplanes( É ¨ » �Î���� ) to examinethelengthof thestream-wisevorticesin ¨ -direction.
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7 Investigationof theyz-plane

7.5.3 Stream-wise vor tices

In oderto examinetheextentof thestream-wisevorticesfor differentwall distancestwo pairs
of velocity fieldsareshown in figure7.21andfigure7.22which wheremeasuredsimultane-
ously in spatiallyseparatedplanes. The distancebetweenboth measurementplanesis 325
wall-units. The first pair of velocity fields revealshairpin like structuresat a moderatewall
distance,asindicatedby thecolouredcirclesin thetop image.However, whenthelower im-
ageis consideredat thelocationwherethevorticesappearin theupperimage,it is difficult to
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FIGURE 7.22: Sameasfigure7.21.
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7.5 Propertiesof coherentvelocitystructures

identify structuralsimilarities.Thesameholdsfor figure7.22whereespeciallythenear-wall
vorticesbelow ¹�»"¬ ¿  
  areconsidered.Thus,it canbeagainstatedthatthesevorticesarenot
usuallyseveral thousandwall-units in lengthasassumedby someauthors.Anotherremark-
ablefeatureis the shear-layer indicatedby the red contourin the lower right of figure 7.22
andthe differentheightof this flow region betweenthe imagepair recordedsimultaneously
at different ñ locations. Finally it canbe seenthat the low-momentumregion is frequently
flankedby stream-wisevortices.
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8 Summar y

Thefirst partof this thesisexaminesdifferentaspectsof theParticleImageVelocimetrywhich
areof fundamentalimportancefor accuratemeasurementsbut which werenot consideredin
detail in theliterature.Startingpoint in chapter 2 is thegeneralproblemassociatedwith the
reproduciblegenerationof sufficiently monodisperseparticleswith anappropriatesize,shape
anddensitythat they follow the macroscopicflow motion faithfully without disturbingthe
flow or fluid properties.It couldbeshown quantitatively thathigh concentrationsof particles
with a narrow bandsizedistribution anda meandiameterbelow ¿:9 m canbegeneratedbest
by meansof multi-holenozzlesunderover-critical pressureconditions( ; ¿ bar),providedthe
kinetic energy, enteringthe liquid volume,is sufficient to changethe fluid mechanicalstate
of the liquid to a highly turbulent two-phasefluid. This experimentalresultwasexplained
by assumingthat the nozzlehasbasicallythreefunctions. First, it generatesthe particlesat
thenozzleexit. Secondly, it changesthefluid mechanicalstateof thefluid into a two phase
liquid which seemsto promotethe generationof smallerparticlesizedistributions,because
the fluid mechanicalparametersaredifferent. Thirdly, the remainingkinetic energy which
is not consumedfor the generationof the particlesor the transitionof the fluid mechanical
stateis transferredinto theturbulentmotionof theliquid andit mayactasanactive impactor
astheshearingof thebubbleswhich carry theparticlesto the liquid surfaceis enhanced.In
orderto examinethegeneration,transportanddelivery of theparticlesinsidetheatomiserin
detail,qualitative visualisationexperimentswereperformed.It couldbeshown thatbubbles
arisefrom the liquid-feedholesof the Laskin nozzle. This implies that no particlescanbe
generatedat thering sideof thejet, in contrastto previousexplanationsin theliterature.

Besidethefundamentalproblemsassociatedwith thegenerationof appropriatetracerpar-
ticles,theregistration,thestorageandtheread-outof theparticleimageswereinvestigatedin
detail.Thisis anotherkey elementin PIV astheaccuracy of thetechniquestronglydependson
theprecisionwith which theimagedisplacementcanberelatedto particlelocationsandtheir
respective particledisplacements.Thediscussionof thephysicalaspectsof commonlyused
CCD sensorsandelectronicsimplies that themeasurementnoisein PIV is stronglyaffected
by the geometricalpropertiesof the pictureelementsbut alsoby nonlinearitiesin the pixel
response,theread-outof theimages,gainandoffseterrorsduringtheAD-conversion,ampli-
ficationandtransportationvia long cableconnections.It canbeconcludedfrom theanalysis
that themeasurementerror introducedby the CCD sensorincreaseswith decreasingdimen-
sionsof theinterrogationwindow. Thus,for accuratedisplacementestimationthesizeof the
interrogationwindow shouldbeselectedin suchaway thattheerrorsintroducedby theCCD
areaveragedout. In this casetheremainingmeasurementerror is mainly determinedby the
performanceof thepeakfitting routinefor sub-pixelaccuracy. Thiserrorwasalsoinvestigated
in thesamechapter. It couldbeshown thatunderidealexperimentalconditionsthisremaining
erroris approximately0.1pixel for all displacementswhena two-dimensionalGaussianpeak
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fit routineis applied.Whena one-dimensionalpeakfit routineis applied,this errorstrongly
dependson theexactsub-pixel displacement.This errorwasidentifiedasthemaincausefor
thesocalledpeak-lockingeffect.

Chapter 3 focuseson differentrecordingandevaluationmethodsfor stereoscopicPIV.
Of primaryinterestis thecommonlyusedangular-displacementtechniquebecausetheinher-
entdrawbackof this recordingarrangementis thecharacteristicvariationof themagnification
factoracrossthefield of view dueto theobliqueviewing direction. Besidea variationof the
spatialresolutionacrossthefield of view alongwith a varyingparticleimagedensity, serious
problemsusuallyarisewhenbothcamerasarelocatedon onesideof the light sheet.In this
case,thesizeof eachof a pair of measurementvolumesconsideredfor thecalculationof the
third velocity componentis inverselyproportionalwith respectto eachother. This problem
is usuallysolvedby deformingthe particleimagefield in sucha way that the magnification
becomesconstantover thefield of view. Unfortunately, this procedurerequiressomeimage
interpolationschemewhich increasestheprincipalmeasurementerrordueto theCCD sensor
andsub-pixel routine. In this thesisthe performanceof several interpolationschemeswere
comparedin orderto demonstratetheeffect on themeasurementnoise.Basedon this results
it canbeconcludedthattheadditionalmeasurementerror introducedby theinterpolationbe-
comescomparablewith othernoisesourceswhena bilinear or morecomplex interpolation
methodis applied.However, in orderto avoid theinterpolationcompletelyanovel evaluation
schemeis proposedwheretheinterrogationwindow is deformedinsteadof themeasuredim-
age. In additionit is shown thatanothererror is introducedwhenthe interrogationwindows
from eachof a pair of stereoscopicimagesdo not correspondexactly to the sameregion of
flow. Unfortunately, thiserrorcanbehardlyavoidedin any realexperimentdueto mechanical
or thermalvariationduring theexperiment,for example.As this measurementerror is much
larger with respectto any othererror in PIV, a so calledcalibrationvalidationmethodwas
developedwhich allows to compensatethis errorcompletely. This methodcanbeappliedto
eachacquiredimagepair to guaranteethat everythinginvolved in the measurementis unaf-
fectedby wind tunnelvibrations,thermaldistortionse.g.for thedurationof themeasurement.
Thisbecomesimportantin noisyenvironmentsor for longacquisitiontimes.

Chapter 4 examinesthebasicaspectsof themultiplanestereoPIV techniquewhich was
developedto measurethe temporalvariationof the flow with high accuracy at any flow ve-
locity. It couldbedemonstratedthat this measurementtechniqueis very reliable,robustand
well suitedfor all kindsof applications,purelyscientificaswell asfor industriallymotivated
investigationsin large wind tunnelswhereacquisitiontime, optical accessandobservation
distancesareconstrained.Furthermore,it is basedon the conventionalPIV equipmentand
thefamiliar evaluationproceduresothatavailablePIV systemscaneasilybeexpanded.The
advantageof this measurementsystemregardingto otherimagingtechniqueslies in its abil-
ity to determinea variety of fundamentallyimportantfluid-mechanicalquantitieswith high
accuracy (no perspectiveerror)simply by changingthetime sequenceor thelight sheetposi-
tion. Anotherbig advantageof this methodbecomesobvious,whenthedynamicrangeof the
particleimagedisplacementis extremelylargeor whenstrongout-of-planemotionsdecrease
theperformanceof standardandstereoscopicPIV. This is dueto thefactthattheperformance
andaccuracy of theevaluationcanbeincreasedsignificantlywhentheinformationof thefour
independentparticleimagefieldsis used.Thereforevariousevaluationschemesaredescribed
in detail. A problemof this technique,which might occur, is causedby optical aberrations.
Although it is impossibleto completelyeliminateall aberrationsin any realsystemof finite
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aperture,it is shown how to eliminatecertainaberrationsby acceptingaberrationsof other
typeswhich areof no harmin PIV. This point is of primaryimportancebecausehigherorder
aberrationslike distortionandcurvatureof the field just influencethe positionandform of
theimagebut do not lower theresolution.They canbecompletelyeliminatednumericallyby
usingthemethodsexaminedin chapter3. Primaryaberrations,on theotherhand,like spher-
ical aberration,comaandespeciallyastigmatismdeterioratethe imageandalter theshapein
a characteristicway. This leadsto an increasedmeasurementerrorbecausetheperformance
of the peak-fitroutinefor sub-pixel accuracy stronglydecreasesfor particleimagediameter
not equal2-3 pixel. For completenessit shouldbe mentionedat this point that the multi-
planestereoPIV techniqueis frequentlyappliedin otherlaboratoriesby now, see[77, 32] for
example,andalsocommerciallyavailable.

The secondpart of this thesisrevealsthe main fluid mechanicalresultsmeasuredwith
theMultiplaneStereoPIV techniquesin thetemperature-stabilised,closedcircuit wind tunnel
at theLaboratoiredeMécaniquede Lille (LML). In chapter 5 thestream-wisewall-normal
plane( ñ�¹ -plane)of theturbulentboundarylayerflow is examinedat ª�«�¶<% ®c¯
 
  and15000.
To validatetheflow characteristicsandthe performanceandaccuracy of thePIV technique,
thebasicstatisticalpropertiesof theflow weredeterminedatfirst andcomparedwith thetheo-
reticalpredictionsin theliteratureandthehot-wireanemometryresultsdiscussedin [11, 21].
The agreementwith the analyticallaw of the wall andthe log-law is excellentandalsothe
hot-wiremeasurementsmatchnicely with thePIV investigationwhenthemeanvelocity pro-
file in outer- and inner-law scaling,the RMS-profilesof the threevelocity fluctuations,the
anisotropy parameteŗ ã í ï ä í ½>=@? í andtheturbulence-level ¸ ä í ½A=@? í ï B areconsidered,seepage
76 to 78. Theshape,sizeandcoherenceof theturbulentflow structuresandtheir dependence
on the Reynoldsnumberwasestimatedfrom the primary spatialcorrelationsªS·�· , ªSÔ�Ô and
ªSÙ&Ù of the velocity fluctuationsand ªDC#EFC#E , seepage80 to 87. The similarity betweenthe
sizeof ªS·�· and ªSÙ&Ù in stream-wisedirectionandtheelliptical shapearoundthemaximum,
accompaniedwith the generalvariation of the orientationwith increasingwall distanceof
thefixedpoint, impliesa strongrelationbetweenbothfluctuationsover severalhundredwall
units.However, thecrestfallenshapeof the ªSÙ&Ù correlationindicatesthatthephysicalmech-
anismwhich connectsthe ä and å fluctuationsdependson the wall distance. This canbe
explainedby the differentshapeof the coherentflow structures.While thenear-wall region
below ¹�»&% °   is dominatedby well organisedlow-speedstreaks,the log-law region above
¹&»G% °   is dominatedby shear-layersandlarge-scaleeddystructures.It is shown thatthepro-
ductionof turbulenceat ¹ » ¡ °   is frequentlyassociatedwith span-wisevorticeswhich are
locatedon top of theshear-layers.Thesevorticespumplow-speedfluid from theshear-layer
away from thewall. This processis associatedwith a relatively largevelocity componentin
wall normaldirection.However, thespatialextentof theregion where ä�ã is negative is quite
small.Largeareaswith ä�ã Û   arefrequentlyassociatedwith relativelysimpleeddystructures
(no vortices)which transferhigh momentumfluid towardsthewall asassumedin themixing
lengththeoryby Prandtl,seepage91 to 94. As thestream-wisemomentumtransportedwith
thisstructureis quitelarge,theircontributionto theproductionof turbulenceis alreadysignif-
icantwhenthenegativewall-normalvelocity componentis relatively small. However, asthe
probability densityfunction of the wall-normalvelocity componentis symmetricallywithin
the log-law region, this processis compensatedon averageby a motion of high-speedfluid
away from thewall. Thischangesin thenear-wall regionexaminedin chapter6. Theanalysis
of thevariousdouble-andtriple-correlations,whichareassociatedwith theproductionof tur-
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bulence,namely ª ù ·�· ú ù ·�·yú , ª ù Ô�Ô�ú ù Ô�Ô:ú , ªIHJH , �SªS·�Ô , �ûªSÔ�· , ª ù ·�Ô:ú ù ·$Ô�ú , ª ù ·�·�Ô�ú ù ·�·�Ô:ú , ª ù ·$Ô�Ô�ú ù ·�Ô�Ô�ú and
ª ù Ô�Ù�Ù�ú ù ÔËÙ&Ù�ú shows thatthewidth of thecorrelationsat a particularvaluedecreasesin general
with increasingcomplexity of thecorrelationsªS·�· ¡ ª ù ·�· ú ù ·�· ú ¡ ª ù ·�·$Ô�ú ù ·�·�Ô�ú , seepage88and
89. This impliesa decreasingimportanceof thehigherordercorrelationsandestablishesthe
simplificationsusuallyappliedin theformulationof conservationequationsfor theReynolds
stresses.

Chapter 6 illuminatesthepropertiesof theturbulentflow at ª�«�¶K%5®c¯
 c  in stream-wise
span-wiseplanes( ñ Ã -planes)locatedat ¹&»L% ¿  �Ö>�c �ÖØÂ
  . This region is of primary inter-
estaccordingto chapter5 becauseof thestrongdynamicof theflow structuresandthe large
productionof turbulence.In orderto obtaininformationaboutthestructuralfeaturesof theco-
herentstructures,thesize,shapeandintensityof variousspatialcorrelation,cross-correlation
andconditional-correlationfunctionsareexaminedin detail,seepage106to 113. It is shown
thattherangeof scalesandspan-wiseperiodicityof thecoherentstructurespresentin theflow
dependsstronglyon thewall-distance.Themeanstreak-spacingis 92 wall-unitsat ¹�»M% ¿  
whenestimatedfrom theconditionalcorrelation,seepage108,andthespan-wisesizeof the
stream-wisevorticesassociatedwith sweepsmeasures27 to 53 wall unitsat ¹ » % ¿  �Ö>�c �ÖØÂ
 
while thoseassociatedwith ejectionare35to 42wall unitsin sizefor thesamewall locations,
seepage107. However, the stream-wisesizeof thesevorticesis shortrelative to the length
of the low-speedstreaks,and it seemsthat thesevorticesare inducedlocally by the lift-up
of low-speedstreaks. This meansthat the stream-wisevorticeswhich flank the low speed
streaksareno primary vortices. They areproducedwhen the streaksmove away from the
wall. The dynamicsof the dominantstructuresis investigatedby meansof spatio-temporal
correlation,cross-correlationandconditionalcorrelationsfunctionsmeasuredin spatiallysep-
aratedplanes,seepage115to 120. Theconditionalcorrelationsyield informationaboutthe
space-timestructureof theburstingphenomenonandallows to estimatethemeanconvection
velocity of the coherentvelocity structurespresentin the nearwall region. The analysisof
instantaneousvelocityfieldsalongwith theprobabilitydensityfunctionof theReynoldsstress
componentä�ã on page121 implies, that mostof the productionof turbulenceis associated
with low-speedstreaks,but themagnitudeof theinstantaneousReynoldsstresscomponentä�ã
associatedwith streaksis relatively small,seepage123and124. Theflow structuresassoci-
atedwith largevaluesof Ý ä�ã¾Ý on theotherhandarefrequentlyhair-pin like, seepage125 to
131.However, asthelikelihoodof thesestructuresis quitesmallrelative to thelifting streaks,
they do not contribute to the total Reynoldsstressto a large extendin the nearwall region.
Theoccurrence,intensityandmainflow directionof thecoherentstructuresis deducedfrom
theanalysisof thejoint probabilitydensityfunctionof thevelocity fluctuations,seepage101
to 104. It is shown thatthelargestflow angles( N ¡u¿  PO ) in wall-normaldirectionareusually
associatedwith ejectionandsweeps,seepage105. In orderto identify thestructuresrespon-
sible for the characteristicvelocity patternobserved in hot-wire investigations,the velocity
structureof thePIV measurementswereanalysedin stream-wisedirectionfor variousspan-
wise locations,seepage132 and133. It wasshown that the characteristicvelocity pattern
identifiedwith thesinglepoint probesis causedby low-speedstreaks.This couldbe further
confirmedby comparingsignificantparameterswith theresultsreportedin theliterature.

Chapter 7 revealstheresultsmeasuredin thewall-normalspan-wiseplane( ¹�Ã -plane)at
ª�«�¶/%`®c¯
 c  and15000.Of primaryinterestwasthespatio-temporaldependenceof thevari-
ouscorrelationfunctionsandthevalidity of Taylor’s hypothesisbecausetheinterpretationof
the resultspresentedin chapter6 waspartially basedon the assumptionthat the flow struc-
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tureskeeptheir spatialorganisationto a large extent while travelling down-streamby a few
hundredwall units. Theexperimentalresultsindicatethat themaximumof the ªS·�· correla-
tion reachvaluesabove0.8for wall locationsof thefixedpoint larger100wall unitswhenthe
flow moves300wall unitsin stream-wisedirection,seepage152.For ¹ » %[Â
  themaximum
reachesvaluesabove0.6. This impliesthatthestructuralfeaturesof thevelocity patterncon-
serve their identity to a largeextent. This justifiestheassumptionmadefor theinterpretation
of theresultsin chapter6. Furthermore,this resultimpliesthatthecomplex turbulentmotion
at a singlepoint is a resultof relatively simplecoherentflow structureswhich areconvecting
downstreamin form of a frozenpattern.In this sense,thecomplexity is a resultof thespatial
distributionof thestructuresandtheir orientationrelative to themainflow directionandnota
resultof a strongstructuralchangesof theflow field itself. To examinetheinteractionof the
coherentflow structurebelow ¹&» ¬ ¿  
  the cross-correlationªSÔ�Ù and ªSÙ�Ô wascalculated,
seepage144and145. Thesefunctionsimply thata verticalmotiontowardsthewall induces
a horizontalmotion away from the centrelinedueto continuity, anda verticalmotion at the
fixedpoint locationwith ã ¡   inducesahorizontalmotiontowards×pÃ
» ¬\  in thenear-wall
region andaway from the centreat higherwall locations. This correlatedmotion indicates
that a motion away from the wall is associatedwith the generationof a stream-wisevortex
pair in accordancewith theinterpretationin chapter6. To examinethecharacteristicfeatures
of thestream-wisevorticesin detailandtheir significancefor theturbulentmixing, instanta-
neousvelocityfieldswereanalysed,seepage156to 160.It is shown thatstream-wisevortices
canbe frequentlyobserved in thenear-wall region andalsovortex pairswhich transferlow-
momentumfluid away from thewall couldbedetected.However, theanalysisshows thatthe
stream-wiselengthof thesevorticesis not severalthousandwall unitsin length,in agreement
with theresultsin chapter6, andthenumberof vorticeswhichcouldbedetectedwasrelatively
smallrelativeto thenumberof low-speedstreakspresentin thenear-wall region. This implies
thatthestreaksarenotgenerallyflankedby stream-wisevorticesasassumedin theliterature.
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[40] K ÄHLER CJ (2001)StereoscopicPIV, GermanAerospaceCenter, LectureSeries,Ap-
plicationof ParticleImageVelocimetry- TheoryandPractice,Göttingen,Germany
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[49] K ÄHLER CJ, STANISLAS M, DEWHIRST TP, CARLIER J (2001)Investigationof the
spatio-temporal flow structure in the log-law region of a turbulent boundarylayer by
meansof multi-planestereo particle image velocimetry, in LaserTechniquesto Fluid
Mechanics,ed.RJAdrianet al , Springer-Verlag,Berlin Heidelberg, pp.39–53

[50] KASPERSEN(1996)A studyof coherentstructuresusingwaveletanalysis. Thesis,Uni-
versityof ScienceandTechnology, Trondheim,Norway

[51] KEANE RD, ADRIAN RJ (1990)Optimizationof particle image velocimeters. Part I:
Doublepulsedsystems, Meas.Sci.Tech.1, pp.1202–1215

[52] KEANE RD, ADRIAN RJ (1992)Theoryof cross-correlationanalysisof PIV images,
Appl. Sci.Res.49, pp.191–215

[53] KHINTCHINE A (1933)Korrelationstheorieder station̈aren stochastischenProzesse,
Math.Annalen.109, pp.604–615

[54] K IM HT, KLINE SJ, REYNOLDS WC (1971) The productionof turbulencenear a
smoothwall in a turbulentboundarylayer, J.Fluid Mech.50, pp.133–160

[55] KLEBANOFF PS (1955)Characteristicsof turbulencein a boundarylayer with zero
pressuregradient, NACA TR-1247,pp.1135–1153

[56] KLEIN F (1925)ElementarmathematikvomhöherenStandpunkteaus, Bd. 2, 3rd edi-
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[60] KNEUBÜHL FK, SIGRIST MW (1995)Laser, TeubnerVerlag,Stuttgart

[61] KREPLIN H-P, ECKELMANN H (1978)Instantaneousdirectionof thevelocityvector
in a fully developedturbulentchannelflow, Phys.Fluids22 (6), pp.1210–1211

[62] KREPLIN H-P, ECKELMANN H (1979) Propagation of perturbationsin the viscous
sub-layerandadjacentwall region, J.Fluid Mech.95, pp.305–322

[63] LABRAGA L, LAGRAA B, MAZOUZ A, KEIRSBULCK L (2002)Propagationof shear-
layer structuresin thenear-wall region of a turbulentboundarylayer, Exp.Fluids33,
pp.670–676

[64] LANDAU LD, L IFSCHITZ EM (1978)StatistischePhysik, LehrbuchderTheoretischen
PhysikBd. 5, Akademie-Verlag,Berlin

[65] LANDAU LD, L IFSCHITZ EM (1978)Physikalische Kinetik, Lehrbuch der Theoreti-
schenPhysikBd. 10,Akademie-Verlag,Berlin

[66] LANDHAL MT, MOLLO-CHRISTENSEN E (1986)Turbulenceand randomprocesses
in fluid mechanics, CambridgeUniversityPress

[67] LASKIN S (1948) Submerged Aerosol Unit, AEC ProjectQuarterlyReportUR-38,
Univ. of Rochester.

[68] LAUFER J (1953)Investigationof turbulentflow in a two-dimensionalchannel, NACA
TR-1053,pp.1247–1266

[69] LAUFER J (1954)Thestructureof turbulencein fully developedpipeflow, NACA TR-
1174,417–434

[70] LAUTERBORN W, KURZ T, WIESENFELDT M (1995) Coherent Optics, Springer-
Verlag,Berlin Heidelberg

[71] LAWSON NJ, WU J (1997)Threedimensionalparticle imagevelocimetry:error anal-
ysisof stereoscopictechniques, Meas.Sci.Tech.8, pp.894–900

[72] LECORDIER B, LECORDIER JC, TRINITE M (1999)Iterativesub-pixelalgorithmfor
thecross-correlationPIV measurements, 3rd InternationalWorkshopon PIV, Univer-
sity of California,SantaBarbara,USA, Sept.16-18

[73] LESIEUR M (1996)Turbulencein Fluids, Kluwer-Verlag

[74] MEINHART CD (1994) Investigationof turbulent boundary-layerstructure using
particle-imagevelocimetry, Ph.D.dissertation,Departmentof TheoreticalandApplied
Mechanics.UrbanaIllinois

[75] MELLING A (1997)Tracerparticlesandseedingfor particle imagevelocimetry, Meas.
Sci.Tech.8, pp.261–304

[76] MONIN AS, YAGLOM AM (1973)Statisticalfluid mechanics, The MIT Press,Cam-
bridge,Mass.

173



Bibliography

[77] MULLIN JA, DAHM W (2002)Highly-resolvedthreedimensionalvelocitymeasure-
mentsvia Dual-PlaneStereo Particle Image Velocimetry(DSPIV) in turbulent flows,
AIAA PaperNo. 2002-0290

[78] NOACK BR, DALLMANN U (1995) On Modelsand Theoriesfor Turbulent Flows,
DeutscheForschungsanstaltfür Luft- und Raumfahrt, ResearchReportDLR-IB 223-
95A33

[79] NYCHAS SG, HERSHEY HC, BRODKEY RS (1973)A visual studyof turbulent sher
flow, J.Fluid Mech.61, pp.513–540

[80] OESTERLUND JM (1999) Experimentalstudiesof zero pressure-gradient turbulent
boundarylayer flow, PhD thesis,Departmentof Mechanics,Royal Instituteof Tech-
nology, Stockholm,Sweden

[81] OFFEN GR, KLINE SJ (1974)Combineddye-streakand hydrogen-bubblevisual ob-
servationsof a turbulentboundarylayer, J.Fluid Mech.104, pp.223

[82] PERRY AE (1984)A studyof degenerate and nondegenerate critical points if three-
dimensionalflowfields, DeutscheForschungs-undVersuchsanstaltfür Luft- undRaum-
fahrt,ResearchReportDFVLR-FB 84-36.

[83] PERRY AE, L IM TT, TEH EW (1980)A visualstudyof turbulentspots, J.Fluid Mech.
62, pp.387–405

[84] PRATURI AK, BRODKEY RS (1978)A stereoscopicvisualstudyof coherentstructures
in turbulentshearflow, J.Fluid Mech.89, pp.251–272

[85] RAFFEL M, WILLERT CE, KOMPENHANS J (1998)Particle Image Velocimetry– A
practicalGuide, Springer-Verlag,Berlin Heidelberg

[86] ROBINSON SK (1989)A review of vortex structuresandassociatedcoherentmotions
in turbulent boundarylayers, 2. IUTAM Symposiumon Structuresof Turbulencean
DragReduction.FederalInstituteof Technology. SwitzerlandJuli 25–28

[87] ROBINSON SK (1991)Thekinematicsof turbulent boundarylayer structure, NASA
TechnicalMemorandumNumber103859

[88] RONNEBERGER O, RAFFEL M, KOMPENHANS J (1998)Advancedevaluationalgo-
rithmsfor standard anddualplaneparticle imagevelocimetry, 9th Int. Symp.onAppl.
of LaserTechn.to Fluid MechanicLisbonPortugal,paper10.1,June13-16

[89] ROTTA JC (1962)Turbulent BoundaryLayers in IncompressibleFlow, Reprint from
“Progressin AeronauticalScience,Volume2”. PergamonPressOxford
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[97] STANISLAS M, OKAMOTO K, K ÄHLER CJ (2003)Main resultsof theFirst Interna-
tional PIV Challenge, Meas.Sci.Tech.14, pp.R1–R27

[98] THEODORSEN T (1955) The Structure of Turbulence, In 50 JahreGrenzschicht-
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