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ExperimentalandNumericalStudyofTtansitionalChannelFlow

ABSTRACT

Ahot－Wiremeasurementanddirectnumericalsimulationswereperfbrmedtoin－

VeStigatetransitionalchannelflow・Aimsoftheinvestigationaretodeterminethe

transitionalReynoldsnumberandtorevealthegenerationmechanismofdistur－

bance structures．

ThetransitionalchannelflowwasrealizedbyreductionofReynoldsnumber

（Re）ofstronglydisturbedchannelflow．Theexperimentconductedbyahot－Wire

anemometrylnaplanarchannelflow．Fromthestreamwisevelocityfluctuation

energyandthelinearextrapolationoftheintermittencyfactor，thelowermarglnal

Re，WhichisdefinedastheminimumReforpartialexistenceofsustainableturbu－

lence，WaSeStimatedaround1400basedonthechannelwidthandthebulkveloc－

ity．TheuppermarginalReatwhichtheintermittencyfactorreachesoneisabout

2600．Theflowfieldspasslngaturbulentpatch，reCOnStruCtedwithconditional

samplingofthestreamwisevelocitydatabasedonthetimeoflaminar－turbulence

interfaces，indicatealarge－SCaleflOwstructureacrosslaminarandturbulentparts．

ThislargestructuremakesitpossibleforsomereglOnStObeathigherRethanthe

average，SOthatturbulencecanpartlygenerateorsurvivethere・Themoderate－

scaledisturbanceslargerthantheturbulentoneappearinthenon－turbulentparts

ofthe transitionalflow，CauSlngthe non－turbulent velocity profile to be almost

identicaltotheturbulentone．Thelarge－SCalefluctuationisobservedevenover

Re＝2600．Thisleadstotheconclusionthataturbulentchannelaowclosetothe



uppermarglnalRebecomesinhomogeneous．

Thelatticekineticschemewhichisbasedonadiscreteparticlekineticswas

Carriedoutk）rrelaminarlZlngChannelflow・Theschemehasasimplealgorithm

COmparedtoothernumericalschemessoitsuitableasthefirstonsetofthenumer－

icalinvestigations・Lifetimeofaowdisturbancesestimatedbyfluctuationenergy

VariationincreasesexponentiallywithincreaslngRe，andtheminimum Rewas

determinedat theinfinitesimallifbtime．

Thedirectnumericalsimulationwithspectraldiscretizationinspaceswasper－

formedbrparametrictestswithlargercomputationaldomainandinhigherspeed

thanthesimulationwiththelatticekineticscheme．Thesimulationreproduced

theintermittentflOwwithturbulentpatchesandstreakystructuresofthemod－

ulatescaleinthenon－turbulentregions，andwasinquantitativeagreementwith

theexperimentalresultsintermsoftheintermittencyfactorandmeanvelocity

PrOfiles．Thedetailanalysisofintegratedflowfieldsrevealedthatthelarge－SCale

flOwaroundandinsidetheturbulentpatchesisinducedbyblockagee鮎ctofthe

turbulentpatches．AppearanceofthestreakystruCtureSWellrelatestocurvature

ofstreamlinesskewingbythepatchblockage，StrOnglysuggestingthatthestreaky

structureiscausedbythecross－flowinstability．
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CHAPTERl

Introduction

Ttansitiontoturbulenceinshearflowssuchaschannel，Couette，pipeflOwsand

boundarylayerhasattractedmanyphysicists，mathematiciansandenglneerSaS

anintrigulnglSSueinclassicaldynamicsandmechanicssincethepioneeringplpe

flowexperimentbyOsborneReynolds．

Linearstabilityanalysisforseekingexponentialgrowthmodesisconventionally

utilizedasthefirststepofavaluablemethodtostudytransitiontoturbulence．

However，thecriticalReynoldsnumbersforinfinitesimaldisturbancedonotagree

Withexperimentalobservationsinthecanonicalflows・Accordingtolinearstability

theory，ChannelflOwisstableforRe＜7696andCouetteandpipeflowsarestable

brallReynoldsnumbers，WhereReisReynoldsnumberbasedonthebulkmean

Velocity and channelwidth．Most ofexperiments have shown that thechannel

flowundergoestransitiontoturbulenceat muchlowerReifinitialdisturbances

areadequatelystrong．

Thechannelflowisoneofthemostfundamentalandsignificantflowfieldin

fluiddynamicsanditisthesimplesttodealthenumericalsimulation．Attempt

todeterminethemarginalReynoldsnumberinachannelflow，definedthemini一

mumbrtheself－SuStainableturbulentaow，datesbackto1928〔1］，aneXperiment

PerformedbyDavisandWhite・TheymeasuredtheskinfrictioncoefEcient and

demonstrated thatit reaches the turbulent value at Re　＝　2400．An hot－Wire



anemometry，becomlngthemaJOritytechniqueforairflowsinthe1960S，made

possibleacquisitionofrichinfbrmationon且owdisturbances・BadriNarayanan［2］

estimatethemarglnalRefromtheextrapolationofthestreamwisedecayofthe

触ctuations，andintermittencyofthetransitionalchannelflowwasobservedby

PatelandHead・［3］Inthe1980S，thebehavioroftheartificialdisturbanceinthe

channel且OwisexaminedstudiouslyatlowReynoldsnumbers．Somemethodsto

determinethemarginalReynoldsnumberwereused，forexample，aVariationof

skinfrictionl1，31，energyVariationl2］andflowvisualizationl4，5，61・Thesestudies

exceptBadriNarayananl2］showthatthemarginalReynoldsnumberexistsaround

Re＝1300・Directnumericalsimulationsl7，8］andflowvisualizationl9，10，11］

demonstratedthatlaminarandturbulentreglOnSformamuch－patChedpattern，

andthatstreaky（longitudinalroll）structuresappearinthelaminarregion．

Inthisstudy，WeusedtwowayapproachestorevealthetranSitionalchannel

flOwandtounderstandthegenerationmechanismofcharacteristicdisturbances

inthe且ow・OneisbyperformlnganeXperimentwithhot－Wireanemometryand

the otheris by means ofdirect numericalsimulations．Advantages ofthe hot－

Wiremeasurementarethehightimeresolutionandlongsampling，andthedirect

numericalsimulationsaremoresuitabletoinvestigatethedisturbancestructure．

Thethesisisorganizedasbllows：Chapter2presentsthelatticeBoltzmann

simulationresultofrelaminarlZlngChannelfiow．Thelatticekineticschemewas

Carriedouttoinvestigatetheenergyvariationandthehalf－lifetimeandtheanalogy

ofrelaminarizingprocessofpipeflowarediscussed．Chapter3provideshot－Wire

measurementresultsofrelaminarlZlngandtransitionalchannelflows．Thestream－

WisepropertiesoftherelaminarlZlngChannelflow，intermittencyfactorandupper

andlowermarglnalReynoldsnumbersarepresentedanddiscussedbyconsidering

reconstruCtedaowfields．Chapter4presentsdirectnumericalsimulationbymeans

2



Ofaspectralmethod．Thesimulationiscomparedwiththehot－Wiremeasurement

resultsforvalidationofthesimulation．Detailedanalysisoftheintegratedflow

fieldcarriedout andthegenerationmechanismsofturbulentpatchandstreaky

StruCture．InChapter5conclusionsandfeatureworksconcernlngthisstudyare

stated．
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CHAPTER2

Numericalanalysisusingthelatticekinetic

scheme

2．1　Preliminaries

In a direct numericalsimulation ofthe transitionalchannel且ow，the spectral

methodisusuallyusedl12，13】．Thoughthespectralmethodishighlyaccurate

andefncienttocalculate，ithasdisadvantagethatthecomplicatedalgorithmto

Settheboundarycondition．Sincetheearly1990S，thelatticeBoltzmannmethod

（LBM）［14，15］has been developed as an alternative and promising numerical

SChemeforflOwsofviscous，multicomponent，Ormultiphasefluids・Theadvantages

OftheLBMoverstandardNavier－Stokescodesarethesimplicityofthealgorithm，

highassuranceofthemassandmomentumconservationandthenumericalstabil－

ity．Inparticular，thelatticekineticscheme（LKS）［16］，animprovedmethodofthe

LBM，temptSnumericalresearcherstosavecomputationalmemory．Theobjective

inthischapteristoinvestigatetherelaminarizngchannelflowbyuslngtheLKS．

2．2　Numerical method

Non－dimensionalvariablesinthefbrmulaintheLKS aredefinedbasedon achar－

acteristiclength，L，aCharacteristicparticlespeedc，aCharacteristictimescaleto

4



andare鎚！renCedensitypol15］・Thethree－dimensiona115－Velocitymodelisgiven

bythefbllowlngequation：

［cl，C2，C3，C4，C5，C6，C7，C8，C9，ClO，Cll，C12，C13，C14，C151

010－100　0　■11－1－111－1－1

0　010－10　0－111－1－111－1

0　0　0　0　01－11111－1－1－1－1

（2．1）

IntheLKS，theauiddensitypandfluidvelocityuatapoint3：attimet are

derivedbyfollowlngequations：

β（頼）＝∑芳q（諾－q△再－△t）
も＝1

（2．2）

廟f）＝言お吉C榊一C勅－△f），（2・3）

Where△xisaspacingofthecubiclatticeand△tisatimestep．Theequilibrium

distributionfunctionf？qisobtainedby

芳q＝叫・3C曲＋冨C榊β叫一芸仰

・A△£（莞増上司， （2．4）

whereEl＝2／9，昂＝1／9（i＝2，3，…，7），Ei＝1／72（i＝8，9，．．．，15），and

β，TrepreSentCartesiancoordinatewiththesummationconventionandsubscript

iindicatethedirectionsofthe15－Velocitymodel．Notethatthetimestep△tis

Chosenasatimeduringwitchtheparticlestravelthelatticespaclng；itfollows

that△t＝Sh△xwhereSh＝U／cistheStrouhalnumber．

ThepressurepISrelatedtothedensitypbythefollowlngequation：

P
p＝言・

5
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Thekinematicviscosity王ノOfthefluidisrelatedtoAand△xasfollows：

レ＝（去一拍△∬・ （2・6）

Thefollowingfinitedifferenceapproximationisusedtocalculatethefirstderiva－

tivesoffluidvelocityintheequilibriumdistributionfunctionjfq：

雛忘碁両＋幽）　（2・7）
Thecoordinatesystemisdefinedasthestreamwisedirectionx，thespanwisedi－

rectionyandthewall－nOrmaldirectionz，reSpeCtively．Velocities，Spatialpositions

andtimeinthischapterarenormalizedbythechannelhalトwidth6andthemean

CenterVelocityUcL，andthebulkReynoldsnumberisdefiedasRecL＝UcL6／U．

Thecomputationaldomainis12．566×6．246×26inx，y，Zanditisdiscretized

intoa314×156×50cubiclattice．Periodicboundaryconditionsareusedinthe

Xandydirections andnon－Slipboundary conditionisadoptedonthewalls．A

pressuredifferencebetweentheinletandtheoutletisadjustedateverytimestep

sothat mass－fluxinthechannelisconstant．

2．3　Result and discussion

TheinitialconditiontosimulateafullydevelopedturbulentflowatRecL＝3000

is used to thesinewave disturbancewhose amplitudeis O．04％UcL Within the

Wholedomainexcepttherigidwalls・Figure2・1and2．2showsthemeanvelocity

andvelocityfluctuationprofilesat RecL＝3000atasteadystatewhereReTis

aReynoldsnumberbasedontheskinfrictionvelocityandchannelhalfwidth6．

ux，r．m．S．hasthepeakatnearthewallandmorelargevaluethantheothers・The

Characteristicofturbulentflowiscapturedinpresentcalculation．Nevertheless，

thequantitativeagreementsforpreviousworks［12，17larenotseen．Furthermore，

6



comparingtheDNSl181，theLKSmeanprofileislaminar－1ikedespitethehigher

Reynoldsnumber．Thoughtheseinconsistenciesseemstobecausedbylackofthe

spatialresolutionsandthesmallcomputationalbox，itseemsthatdisturbances

intheaowarestrongenoughtorealizethetransitionalflOwaftertheReynolds

numberreduction．Therefbre，thisnowwasusedasinitialconditionforfo1lowlng

calculations．

TherelaminarlZlngflOwisrealizedbyincreaslngthekinematicviscosityinstan．

taneouslyandtherangeofReynoldsnumberisRecL＝600to1230．Hereafter，the

non－dimensionaltimeismeasuredh・Omthetimeattheincreaseoftheviscosity．

AsseenintheFigure2．3，thefluctuationenergyindicatestheexponentialdecay

Withthetimeandalsotheslopeoftheenergyvariationbecomesmoregradualwith

increasingReynoldsnumber．Thereasonisthattheenergydissipationbecomesthe

lowsincetheflowsustainabletheturbulencemoreeasywithincreaslngReynolds

number・Thesimilarphenomenonisalsoobservedinthepipe且Owexperimentsby

PexinhoandMullin［19］・Theybasedonthestreamwisedecreaseoftheobservation

probabilityofequibriumpuffstoestimatethehal仁life．Inbothcases，thehalL

lifedecreasesexponentiallywithincreasing RecL tOZerO．Figure2．4shows the

SnapShot ofrelaminarlZlngflowsat RecL＝600and1230，at t＊＝50，250，500．

Thefluctuationgraduallydecreaseswithtimeandflowundergoestolaminarat

RecL＝600，andthefluctuationalmostdisappearsatt＊＝600，WhileatRecL＝

1230，thevelocityfluctuationissustainedatthesametime．

Relationbetweentheinverseofhalf－lifbtimeT－1andRecLShowsatFigure2・5・

Thehalf－lifetimeTisde鮎ledastimebrthefluctuationenergytodecaytohalf

Oftheinitialdisturbanceenergy・TheTiscalculatedfromtheenergygrowthrate

whichestimatedasexponentoftheleastsquarefitting．InFigure2．5（a），T－1is

decreaslngeXpOnentiallywithincreaslngRecLinrangeofRecL＝600－1230andit

7



asymptotictoO．Tocompare，aeXperimentalresultofthepipeflowl201showsat

Figure2．5（b）．Thetendencyissimilartothepresentresultsuggestingthatthe

relaminarlZlngprOCeSSOfeachflowcasemayhavesimilarity・But，atmOrehigher

RecasestheestimationofTbecomesuncertain，thereforetodecidethefunction

oftodescribethebehaviorthelifetimerequlreSthemorecarefulanalysIS．

2．4　Summary

ThelatticekineticschemebasedonlatticeBoltzmannmethodhasbeenappliedto

thesimulationoftherelaminarlZlngChannelnow．Theturbulentenergyindicates

anexponentialdecayfor600≦RecL≦1230．

AIso，theenergylifbtimeisestimatedandfoundthatitincreasesexponentially

WiththeReynoldsnumber．Theseresultsindicatethatprocessofrelaminarization

inachannelflowhasanalogywiththatinaplpeflow．
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Figure2．1：Meanvelocityprofiles：－，PreSent reSults；＝－，DNS resultsby

Tanakaetal［18］．

3

肝
Z伯　　　　　　　　Z侶　　　　　　　Zβ

Figure2．2：Root－mean－Square（r．m．S．）valuesofstreamwise，SpanWiseandwal－

1－nOrmalvelocities．
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Figure2．3：Timevariationofturbulent energyfor di鮎rent Reynolds numbers

（600≦Re≦1230）・Thedataareplottedonsemi－logscales（t＊＝tUc／6）．
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（a） （b）

Figure24　Tlme eVOlutlOn OflSO－Surfaceofstreamwiseveloclty（極l＝0．013

aIldO・027）illtllerClalH111arlZatlOllfordlffcrentReynoldsnumbcr（a）Rc＝600，

（b）Re＝1230（ま＊＝よ〔ノ。／卵．
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（b）

Figure2．5：RelationbetweenhalflifeandReynoldsnumber：（a）Presentresultin

Channelflow；（b）NumericalresultinpipeflowbyHofetall20］・
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CHAPTER3

Experimentalinvestigationofrelaminarzingand

transitionalchannelflows

3．l Preliminaries

DeterminationofthemarginalReynoldsnumber（Re），atWhichshearflowcan

barelysustainastateofturbulence，isoneoftheclassicsubjectsoffluiddynam－

ics．Insuchanextremecondition，SyStemSOfdisturbancepreservationwouldbe

distinct，andwouldprobablymaintainatamuchhigherRe・Hence，knowledge

abouttheultimatesustainlngSyStemWOuldshedlightonthephysicsofturbulent

Shearflows・Accordingtothelinearstabilityanalysisforalaminarchannelflow，

anyin丘nitesimalamplitudedisturbancedecaysunderthecriticalRe7696based

Onthebulk（mean）velocityandthechannelwidth．［21］Evenbelowthecritical

Re）however，theflOwbecomesturbulentiftheinitialdisturbanceissufBciently

StrOng・

Oneoftheprimarystudiesofthesubcriticalturbulentchannelflowwasdoneby

Davies＆White［1］withastiffwaterchannelfacility．Thoughtheydidnotdiscuss

inletdisturbanceintheirpaper，aSidewallofthechannelinletinthetestfacility

theyusedhadasharpcornerthatcouldcausestronginitialdisturbances．Their

precisepressuredropmeasurementwithvarious且owratesandchannelwidthsindi－

catesthelocalrhinimaoftheskinfrictioncoe氏cientatRe＝1440andreachesthe
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turbulencevalueatRe＝2400．ThefactthatthemarglnalReismuchlowerthan

the criticalRefor aninfinitesimaldisturbanceleadstotheconclusionthat there

existtwostatesofflowbetweenthetwoRevalues・Iftheinitialdisturbanceishigh

enoughtoexcitesustainableturbulentdisturbances，theflOwoverthemarglnalRe

becomesturbulent．TbdeterminethemarglnalRe，OnemuStCOntrOltheinitial

disturbancetobeatarelativelyhighlevel．

Patel＆Head［3］investigatedpipeandchannelflOwsaroundatransitionalRe

bymeansofahot－WireanemometerandaflattenedPitottube・Theyintroduced

Su侃cientdisturbancetoinduceatransitiontoturbulencewiththesharpcornersat

thechannelentranceandadditionalwiretripplngaCrOSStheentry・Theyobserved

intermittentflOwwithturbulentburstsintherangeofRe＝1380toRe＝1800，

Whileagreementoftheskinfrictionwiththe－1／6powerlawappearsatthemuch

higherRe＝2800・BadriNarayananl2］measuredvelocityfluctuationsinasub－

Criticalchannelflowfollowlngafullydevelopedturbulentflowandestimatedthe

marginal（whathetermed’critical’）Re＝2800士100fromextrapolationofthe

StreamWisedecayofthenuctuations・Nishioka＆Asail6］performedahot－Wire

measurementinachannelflowstronglycontaminatedbycylinder－generatedvor－

ticaldisturbancesaswellasaperiodicjetfromawallhole，andtheyobserved

aburstappearanceatRe＝13300rabove・BelowthisRetheyobservedonly

low一打equencyfluctuationfardownstreamfromthedisturbancesource．Carlson

etal・【4］investigatednaturalandartificialturbulentspotsintherangeofatran－

SitionalRewithflakeparticleflowvisualizationandfoundthatthespot could

begeneratedbyanartificialdisturbanceat oraboveReofabout1330・They

Observedstrongobliquewavesatthesidesandtherearofturbulentspots，and

SpOtSSplittingintotwospotsdownstream，Withtheirgapfi11edwithlongitudinal

StruCtureS・ThefullyturbulentflowwasdetectedoveraboutRe＝2000．Alabyoon

14



etal・［5］perbrmedvisualizationofaturbulentspotandtheycouldnotgeneratea

turbulentspotbelowRe＝1470．Theyalsoconfirmedtheobliquewavesandthe

SPOtSplitting，thoughthefrOntandrearpropagationvelocitieswerehigherthan

estimationsbyCarlsonetal．［41

TheseexperimentsontransitionalchannelflOwindicatethatthemarglnalReis

inthevicinityof1400，eXCeptintheexperimentbyBadriNarayanan．Numerical

studiesareconsistentwiththisvalue，SuChasthatbyOrszag＆Kellsl13］，Who

performeddirectnumericalsimulations（DNS）forstronglydisturbedchannelflow．

Thoughtheircalculationdomainandspectralmodeswerelimited，theyconfirmed

thesustainablenon－laminarflowatRe＝1667，WhileachannelnowatRe＝667

Showedrelaminarization．Asanotherexample，adetailednumericalcalculationof

thetransitionalchannelflowwasperformedbyIida＆Nagano［22］whorevealed

thatatRe＝1720theflOwwasunsteadyintermsofthetotalskinfrictioninthe

whole domain．

Groupsincludingthepresent authorsl9，11］conductedflOwvisualizationin

the transitionalchannelflow and revealed that、the transitional且Ow wasinter＿

mittent，Withlaminarreg10nS，turbulent patchesandlarge－SCalevorticesinthe

non－turbulent reglOnS Whose typicalstreamwiselength was25channelwidths．

TheyalsoobservedlaminaraowbelowRe＝1200andturbulentflOwunibrmly

filledwithsmalleddiesatRe＝2500・Fukudomeetal・［7］recentlyperformeda

directnumericalsimulationinalargecomputationboxwithstreamwiseandspan－

Wiseperiodicboundaryconditionsandfoundthatthepatchofturbulenceformsa

quasi－Steadydiagonalband・Thistypeofturbulentbandwasalsoreportedinthe

directnumericalsimulationbyTsukaharaetal．［8］

Inspiteofmathematicaldifnculties，nOn－linearanalysesofdisturbanceinthe

shearflows around the marglnalRe were vlgOrOuSly perbrmedfor thelast few
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decades・Recently，aneWCOnCept，’edgestate’wasproposed【23，24，25，26，27，28］

andsuccessfullydescribedbehaviorofthenon－lineardisturbancesinthetransi－

tionalpipeflow．［29，30，31］

WhenconsideringthemarglnalRe，OneCaneXaminethelargestvorticalscale

Ofturbulentdisturbancesinthewallunit・Asai＆Nishioka，［32】presentingtheir

experimentalresultsinatransitionalboundarylayer）pOintedoutthatthespanwise

SCaleofthehairplnVOrticeswasabout50inthewallunitatthemarglnalReand

quicklyincreasedtolOOdownstream・Alfredsson＆Matsubaral33】proposedthat

thelargestlongitudinalvortexshouldhaveaspanwisesizelargerthan50wallunits

butshouldnotexceedthegeometricallimitationoftheflow．Thishypothesiswell

predictedthemarginalRevaluesforseveralcanonicalflows．

3・2　ExperimentalSetupandDataEvaluationTbchnique

3．2．1AirChannelFhcility

Theexperimentswereperformedinanairchannelfacility（Figure3．1）．Theair

pressurizedbyah・equenCy－COntrOlledblowergushesfromaperforatedpipepo－

Sitionedinasettlingchamberwithacrosssectionof190mmx170mm．Atwo－

dimensionalnozzlewithacontractionratioof34‥1isfollowedbychannelentrance，

expansionandtestsectionswhosewalldistance，d＊，is5．01mm．Theentrancesec－

tionislOOOmmlongand190mmwide・TwotripplngWiresofO．5mmdiameterare

StrunginthespanwisedirectionlmmapartfromeachwallatlOOmmdownstream

fromtheoutletofthenozzle・Thesewirestriggeratransitiontoturbulence，and

theflOwbecomesafu11ydevelopedturbulenceflowattheendoftheentrancesec－

tion．InthelOOOmmlongexpansionsection，thespanwisedistancebetweenthe

Channelendwallsissymmetricallywidenedtobe260mmatthedownstreamend，
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Sothatthestreamwisemeanvelocitydropsto73％oftheentrancemeanvelocity

intheexpansionsection．The20tiltoftheendwallislowenoughtopreventflow

Separation．Thetestsectionfollowingtheexpansionsectionis2800mmlong，and

itsdownstreamendopenstotheatmosphere・Theideaoftheendwalltiltingfor

reducingtheRedownstreamofafullydevelopedturbulentchannel且Oworiginated

fromBadriNarayanan・［2］

Thecoordinatesaredefinedasx，yandz，inthestreamwise，Wa11－nOrmaland

SPanWisedirections，reSpeCtively，Withtheorlglnattheinletofthetestsectionon

oneoftJhechannelwalls．Allnon－dimensionalvaluesarebasedonthewalldistance

d＊andthebulk（mean）channelvelocitytな，andthethebulkReofthechannel

flowisdefinedasRe＝tHd＊／l／＊withtheairkinematicviscosity，Z／＊・Dimensional

Valuesinthepresentpaperaredenotedwithasuperscriptof（）＊．

3．2．2　MeasurementTbchnique

Aconstant－temperaturehot－Wireanemometerwithaslnglesensorprobewasused

forthestreamWisevelocitymeasurements・Thesensorpartoftheprobeismade

Ofplatinumwirel・5mmlongand2・5FLmindiameter・Beforeeverysetofmea－

SurementS，Velocitycalibrationsoftheanemometerweredoneinajet potential

COrefromanaxialnozzleconnectedtotheblowerforthemainchannelfacility．

King’slawmodifiedforlowvelocity［34］wasusedforthecalibrationcurvefitting．

The temperature variation during thetakingofaset ofthe measurements was

monitoredtoensurethatthetemperaturedriftoftheflowfromthecalibrationdid

not exceedmorethanO．70C．

Thevoltagesofthehot－Wireanemometerwereacquiredviaananalog／digital

converterwithasampling丘equencyof20kHz，and asamplingtimeof30Sfor

17



astreamwisepositionlngmeaSurement and300Sforadetailedmeasurement at

the most downstream position．A wedge mechanism modeledon that used by

Klingmannl35］wasemployedforprobepositioninginthewall－nOrmaldirection．

Itwasattachedattheendsoftwo2300mmlongbarsandwasmovedbyalinear

actuatorinthestreamwisedirection．Accuracyofthewall－nOrmalprobemovement

wascheckedbytheparabolicPoiseuilleprofilebelowRe＝1000．Fbrestimation

ofthewallposition，WeemPloyedthesymmetricpropertyofthevelocityprofile

foreachprobetraverslngthechannelin■thestreamwisedirection．

Duringeachexperiment，ahygrometerandabarometermonitoredtherelative

humidityandtheatmosphericpressureintheroom，reSpeCtively．Thedensityand

thekinematicviscosityoftheflowwerecalculatedfromtheflowtemperature，the

relativehumidityandtheatmosphericpressure．［36】

Beforeperformlngthemainexperiments，WemeaSuredthebulkmeanvelocity，

こな，andthewalldistance，d＊，tOaSSuretheaccuracyofthebulk月e・Thewall

distancewasmeasuredwithanellipsegaugewhoserotationanglewascalibrated

inadvance．Thedistancerangedfrom5．00mmto5．02mmwiththemeanof5．01

mmchosenford＊．

Fbrと昔，WeObtainedthechannelmeanvelocity，UL，fromintegrationofthe

time一meanVelocityprofile U＊（y＊）0Verthechannelwidthusingtheevententh－

Orderpolynomialfunctionsymmetricwithrespecttothechannelcenterasafitting

function・The accuracyofUL wasnot highenoughtodeterminethe bulk Re

becauseofhot－Wiresensibilitytotemperatureandintegrationerror，SOthenozzle

pressuredrop，△P＊，WaSCalibratedtoUL，andthentherelationbetweenthebulk

Velocityこなand△P＊，

【芳＝ 0．3791些二二二
β＊
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WaSObtained，Wherep＊istheairdensity・ThisUt wasadoptedforcalculating

thebulkRe，WhilethevelocitydatameasuredbythehotLWireanemometerwere

dividedby〔荒initially，aSWeeXpeCtedthiswouldcancelthehot－Wirecalibration

errorbythetemperaturedrift．

3．2．3　ProcedureforsortingtheflOwintolaminarandturbulentparts

Theintermittencyfactor，7，Whichisaratiooftotaltimeofturbulencetoover－

allduration，repreSentSadirectindexoftransitionalflOwsinwhichtherecoexist

laminarandturbulentparts．Inaddition，thestatisticsforeachofthelaminarand

turbulentpartsareveryvaluableforscrutinyofanintermittentflow．Theproce－

durefordividingtheflowintolaminarandturbulentpartsbasedonthevelocity

SignalshasbeenproposedbyHedley＆Keffer，［37］Kuan＆Ⅴねng［381andothers．

Hedley＆Ke鮎r［37］discussedthedi抗cultiesinevaluat阜ngtheintermittencyfactor

andsummarizedmanyofthediff6rentdetectorfunctions・Thegreatestdi組cultyis

determinationofthethresholdsforthedetectorfunctions，becausetheyessentially

a鮎cttheintermittencyfactor・Kuan＆Wang［38］proposedafurtherrefinedtech－

nique，theso－Called”dual－Slopemethod，”whichdeterminesthethresholdswithout

ad－hocadjustment．

Thefirststepoftheprocedurewefollowedwasselectingthedetectorfunction

thatcanrespondtotheturbulenceappearance．Inouranalysis，thesumofaterm

includingthesecondtimederivativeandthesquareofthefirsttimederivativeof

thestreamwisevelocityu，isproposedasthedetectorfunction，aSfollows：

瑚＝（訂＋t（刷）劉　　（3・2）

wheretisthetime，UisthetimemeanofuandHdenotestheabsolutevalue．The

reasonforthischoiceisthatthefunctionDisveryrarelyzerowhilethevelocity
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slgnalishighlyfluctuated，thougheachofthetermsindividuallytakeszero．In

addition，thisdetectorisconstantintimeifthesignalisapuresinefunction，and

thehigherthefrequency，thehigherthevalueofthedetector・Beforecalculation

ofthederivatives，high－frequencynoisewasremovedfromthestreamwisevelocity

timesignalbya5kHzlow－paSSa1terthatcorrespondedtoalengthscaleofabout

20％ofthewalldistance・WeusedafastFburiertransformforthenoisefiltering

andthederivativecalculation．

Next，thecomplementarycumulativedistributionfunctionofthedetector，D，

withrespecttothresholdO，

C（β）＝Prob（β（壬）≧β），　　　　　　　　　（3．3）

wasplottedinalog－lineargraph．Forthedual－Slopemethod，anintersectionof

twodifferentslopesofthesemi－logplottedCwasutilizedforintermittencyfactor

estimation．However，Wefoundthatthismethodwasnotfunctionalforthepresent

data，becausemoderate－SCalefluctuationlargerthantheturbulencescalerounds

thecornerwherethelaminarandturbulenceslopesmeet・Thusweappliedaslngle－

slopemethodinsteadofthedual－Slopemethod・Thismethodutilizesthestraight

slopeinhighamplituderangeofthedetectorfunctionwithahorizontalaxisofO2／3

insteadofO，aSShowninFigure3・2・Theordinateinterceptoftheslope，Shown

by asolid triangle，indicated atentativeintermittency factor，Tt．The applied

thresholdOs，Shownbyanopentriangle，WaSChosensothatthecomplementary

cumulativedistributionfunctionatOsequalsTt．Theslopewasestimatedinthe

rangeO．10p＜0＜0・50p，WhereOpisdefinedasC（Op）＝1／600000・Thoughwe

cannotexplainwhyChasastraightslopewithO2／3，theslopeexistsregardless

ofthe wall－nOrmalposition and月e．Furthermore，We COnfirmed with human－

eyecheckingofthevelocitytracesthat theordinateintercept oftheslopewas

appropriateastheintermittencyfactor・
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ApplyingthethresholdOs yieldsthetentativeindicatorfunctionI′，thatis，

BlanksforI’＝Oshorterthanthreeinthenon－dimensionaltimeUt／d＊arefilled，

andthencontinuouspartsforI′＝1shorterthansixarediscarded．Theconclusive

intermittencyfactorTisobtainedas

1

7＝テ
．／γ

石動 （3．4）

whereIistheconclusiveindicatorfunctionafterfi11inganddiscardingclusters，

andTisthemeasurementtime．Inthepresentpaper，theflowstatewhenI＝O

isnominallycalledthe’laminarpart’asthecounterparttotheturbulent part，

thoughtheresometimesexiststrongdisturbancesinthelaminarpart．
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3．3　Relaminarizingchannelflow

WhentheReofthechannelflowinthetestsectionissu伍cientlylow，turbulent

disturbancesproducedintheentrancesectionfadeoutwhentheflowgoesthrough

theexpansionandtestsections，andtheflOwbecomeslaminarifthetestchannel

islongenough．Inthissection，eXperimentalobservationsofdisturbanceswitha

hot－WireprobetraverslngaflOwinthestreamwisedirectionarereportedbcuslng

Onthecriticalpointforthesustainabledisturbancesandthestreamwisechangeof

theflowproperties．

Streamwisevariationsofprofilesofthemeanstreamwisevelocity，U，anddistri－

butionsofthestreamwisevelocityfluctuation，u′，areShowninFigure3．3．Bebre

COmmentingontheflowinthetestchannel，WeWillchecktoseewhethertheup－

StreamflOwattheexitoftheentrancesection，X＝－200isaproperdisturbed

flow・ThebulkRedefinitionhereisbasedonthevelocityinthetestsection，nOt

theentrancesection，SORe＝1390andRe＝2680correspondtoRe＝1900and

Re＝3670intheentrancesection，reSpeCtively・ForRe＝2680，themeanprofile

and thefluctuation distribution at x＝－200are almostidenticalto the DNS

result［12］atRe＝5600，SuggeStingthattheflowattheendoftheentrancesection

isthefullydevelopedturbulentaow．TheupstreammeanprofileatRe＝1390is

SimilartothedownstreammeanprofileatRe＝1940，thoughtheupstreamfluc一

七uationdistributionissomewhatlowerthanthedownstreamoneat Re＝1940．

Weconsiderthedifferenceintheupstreamconditionstobethecauseofthis

deviation．ThespectraofthevelocityfluctuationsatbothRevalues，nOtShown

here，areWidelyspreadinthehigh－frequencyregion・Inconclusion，thevelocity

fluctuationintheupstreamflowhassu氏cientlyhighandbroadspectralcomp0－

nentsastheupstreamdisturbanceforthepurposeofthepresentexperiment．
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Thedownstream profiles at Re＝1350aresimilar tothelaminar parabolic

profile．TheprofilesatRe＝1520arealmostconstantdownstreamof二r＝300．

Theprofi1esremainconstantdownstreamofx＝100forRe＝1940andtheyare

verysimilartoaturbulentproBleintermsofaflattenedprofilearoundthechannel

Centerandahighshearnearthewall．FbrRe＝1350thewal1－nOrmaldistributions

ofthestreamwisevelocity且uctuationareflatandmonotonicallydecayexceptfbr

thedistributionatこr＝100，Whichhasaweakpeaknparthewal1．Thewallpeak

is more remarkable at Re　＝1520atJ X　＝100．The downstream distributions

areflatandrisesat二だ＝500．Therearenoremarkablechangeofthefluctuation

distributionsat Re＝1940．

ThepremultipliedpowerspectramapsshowninFigure3．4revealthedepen－

denceoftheflOwpropertiesonthestreamwisedistance．Thenon－dimensionalfre－

quencyisdefinedasf＝rd’／Ut・ThechannelcenterspectramapatRe＝1350

hasapeakaroundf＝0．025upstream，anditshiftsslightlytowardalowerfre－

quencydownstreamwiththeoverallenergygoingdown・AtRe＝1440，thepeak

valuerecoversdownstream，andthenatRe＝1520itincreasesh・OmX＝200to

x＝400．ThepeakfrequencyatthemostdownstreampositionisaboutO．013for

Re＞1440．Theequivalentlengthscaletothispeakfrequencyis80d＊whichis

muchlargerthantypicalscalesoftheturbulentdisturbance・Consideringthefacts

thatthelow－frequencypeakismainlyobservedinthetransitionalflow，andthat

thescaleisequivalenttotheturbulentpatchintervalobservedintheflowvisual－

ization，［4，9，11］itappearsthatthislow－frequencypeakistheresultofturbulent

patchpasslng・

TheenergyspectramapsnearthewallinFigure3．4（d），（e）and（f）havea

peakatahighfrequencyofaboutO・05・Exceptforthefullyturbulentflows，this

Peakis observedin the maps at y＝0・1in the whole measurement cases，i・e・
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1180≦Re≦2360，100≦X≦500・Accordingtotheflowvisualization，［9，11】this

SCaleislargerthantheturbulentdisturbanCeSCale，butsmallerthanthatofthe

turbulentpatchpassing．Thedisturbanceofthisscalewillbediscussedbelow．It

isnotablethatthepeakvaluerecoverlngatRe＝1440issimultaneouswiththat

inthechannelcenterspectramap．ForRe＝1520，thestreamwisevariationofthe

SPeCtranearthewallisroughlyconstant・

Thestreamwise variations ofthe totalenergy，E，are Shownin Figure3．5．

Ewasobtainedwiththetrapezoidalnumericalintegrationofthesquareofthe

StreamWisevelocityfluctuationfromy＝0．1toO．5，andnormalizedwiththatat

X＝100，EIo。・At Re＝1210，theenergydecreases downstreamofx＝100，

andthedecayrateofenergygets slower downstream．Withincreasing Re this

Slowdownismore remarkable，andthen at Re＝1440theenergystartstorise

aroundこr＝400．AboveoratRe＝1700，thestreamwiseenergyvariationkeeps

almostconstant downstreamofx＝200．

Thevelocity且uctuationenergyatx＝500ishigherthanthatatx＝＝100for

Re≧1520，SOthattheflOwseemstorecoverdownstreamatleastsuperficially．

Consideringthe facts that the energyfor Re≦1350stilldecays at the most

downstream position）X＝5007and that thelevelofthe energy thereis very

low，theflowhasaverylittlechancetorecovertoaflowstatewithasustainable

disturbance．Wemadesurethattheprofi1esofthemeanvelocityhadnoremarkable

Change downstream ofこr＝300in the present Re range，1210≦Re≦2660．

Fbr Re≦1350thevelocityfluctuationdownstreamofx＝200monotonically

decreases，keeplngitsdistribution．Therefore，Weinfbrthatthetestchannellength，

X＝500，issufncientbrinvestigationofthetransitionalandrelaminarlZJngChannel

flows，eXCeptforveryclosetothemarglnalRe．

n・Omthestreamwiseenergyvariationswetriedtojudgeiftheflowisrecovering
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ornot．AsimplewayistofitlinearlinestothedownstreamvariationsinFigure3．5，

but theinclinationsofthelinesdependonthestreamwiserangeforthefitting．

Tbavoidthisarbitrariness，WeteStedtw0－termfunctions．Wechosethesimple

additionoftwoexponentialtermsofこrWiththeslowgrowthrateα1，therapid

growthrateα2（lα1l＜lα21）andtheircoe臨cientsAlandA2aSfollows：

β＝Aleα1〇＋A2eα2才． （3．5）

Theadditionoftwopowerfunctionswithexponentsβ1andβ2（剛＜I62J）as

E＝β1gβ1＋β2♂2，　　　　　　　（3．6）

and the combination as

β＝Cleα∬＋G挿β，　　　　　　　　（3．7）

Werealsotestedforthefitting．Acceptablefittingforthecombinationfunction

WaS aChieved with an rapid exponentαSO that thisαWaS manually restricted

as the rapid growth rate by choosing the best－fitted growthratefor upstream

regionx≦250fbrtheinitialvalueofiterativefinding．Figure3．5indicatesthat

thefittingcurvesofEqs・（3・5）and（3・7）areappropriateforRe≦1520，Where

theenergyhasinitialdecay・However，thecurve Eq・（3．6）evidently deviates

fromthemeasurements・Thefittingswiththepowertermfortherapiddecay

areinappropriate，independent oftheformulaoftheslowterm・Thisis sharp

COntraSttOthosewiththeexponentialfunction・Ontheotherhand，thevalidity

Oftheformulaefortheslowtermisnotdecidable．Thefactthattheexponential

function properly captures the rapid energy decay suggests that the dominant

disturbanceatthebeginningoftheenergydecayhaslinearmodalproperties．

TheRedependenceoftheexponentialcoefBcientsandtheexponentsareshown

inFigure3．6．ThesignoftheslowgrowthratJe，α1，SWitchesaroundRe＝1400，
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whiletherapidgrowthrate，α2，isbelowzerointherangeofthepresentestimation．

Theneutralgrowth，i．e．，α1＝0，isestimatedatRe＝1395withthelinearfitting

ofthe丘Vemeasuredpointsneartheintercept．Thisvalueisoneofthecriteria

foraflowstate，laminarornot，fromtheenergysustainment・Theexponentβfor

themixedfunctionfittingintersectsthezerolevelat Re＝1390estimatedwith

thefourpointsaroundtheintersection．Theintersectionoftheslowexponentβ1

around Re＝1350islower than the others．The reasonfor this shift would be

becauseofthepoorfittingwithEq・（3．6）．

BadriNarayananl2】estimatedthemarginalRe ftomthefluctuationenergy

decaywithinlO≦X≦130・Sincetherapidenergydecayoccursevenwhenthe

energyrecoversdownstream，thisstreamwisedistanceistoofarupstreamfbrthe

estimation．Thisisthereasonforhisoverestimationofthemarglna1月e．

3．4　Transitional channelflow

Tbobtainmorepreciseflowstatisticsandconditionalaverages，Weperformedcon－

CentratedmeastlrementSatthemostdownstreamposition，X＝500，Withthelonger

SamPlingtimeof300S．

Timetracesofthestreamwisevelocityatthecenterofthechannelareshown

inFigure3．7．Thetraceat Re＝1290indicatesacalmstate，eXCeptforaweak

undulationaroundt＝200．AtRe＝1380，high－amPlitudefluctuationsareocca－

Sionallyobserved，buttheyhavenohigh－frequencycomponents．High－frequency

burstsappearintracesatoraboveRe＝1480，indicatingthatturbulentandlami－

narregionsalternatelypassthroughthehot－Wiresensor．Thetotaldurationofthe

high－frequencyappearanceincreaseswithincreaslngRe，andthenatRe＝2660，

thelaminardurationishardlyobservedinthetrace．ThetimetraceSareCharac－
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teristicintermsoftheaccelerationduringtheturbulentburstsanddeceleration

ofthevelocityinthelaminarparts，e．g．，arOundt＝70atRe＝1620．

Figure3．8showstheintermittencyTandtheshapefactorHatvariouswa11－

normalpositions・Sincethewa11－nOr千malpositionsarenotfixedforeachmeasure一

ment，theTValueforacertainpositionisinterpolatedwiththeclosesttwopoint

values．Thel′ValueatthechannelcenterstartstoincreaseatRe＝1380andap－

proachesoneatRe＝2590・Nearthewall，TalsostartstoincreaseatthesameRe，

1380，thoughitsinclinationissomewhatlower・ItisnoticeablethatTisroughly

COnStantinthewall－nOrmaldirection，eXCeptnearthewall．Asseenintheclose－up

aroundRe＝1500，71nCreaSeSalmostlinearly・Theintersectionsontheabscissa

ateachheightpositionarefrom1390to1410，eStimatedwithextrapolatinglinear

fitsofTintherange1440≦Re≦1740．BelowthisRe，theintermittencyfactor

asymptoticallydecreases with decreaslng Re．Inthepresent measurements the

intermittencyfactoratRe＝1290goesdowntoO．4％．Tbkingthefinitelengthof

thetestchannelintoaccount，WeCOnCludedthatasmallamountofturbulentpart

can survive for a certain distance．From our measurementsfor the wall－nOrmal

positionsfromy＝0．1toO．5，thefullturbulentflowisrealizedatRe＝2590．

ThoughthereisterminologiCalfuzzinessforrepresentativeRevaluesconcerned

Withtransitionalchannelflow，inthispaperwedefinedhere”marginalRe”asthe

limitforturbulencesustainment，andwedistinguishtwosituationsbyuslngthe

terms”lower”and”upper”br partialandwholepersistenceofturbulentflow，

respectively・Theenergydecayandtheinterpolationoftheintermittencyfactor

indicatethelowermarglnalReis1400士10．IftheuppermarglnalReisestimated

bythecriterionof99％intermittencyfactor，itisapproximately2600．
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Theshapefactorisde丘nedasfollows：

（杭一打）如
月‾＝ （3．8）

Where t左isthecenter meanvelocity．Theshapefactorrapidlydropsfromthe

Poiseuilleprofilevalueof2．5whentheintermittencyfactorstartstoincreaseand

thenslightlydecreaseswithincreaslngRe．Thisvariationisinstrongcontrastto

theboundarylayertransitionduetothefreestreamdisturbance・【39］Theshape

factorintheboundarylayercasegraduallydecreaseswiththeintermittencyln－

CreaSing．TheshapefactorofthelaminarpartalsohasasuddendropatRe＝1500，

WhiletheturbulentparthasnoremarkabletendencywithRechange．Theshape

factoratRe＝2660isstillhigherthanthatatRe＝5600・［12］

Thenumberofturbulentpatchespasslngthesensoriscountedintheindicator

functionofthe totalsampling time andisshownin Figure3．9．Thevalue N

isthenumberofthepatchesduringtimeintervald’／Ui・Thevaluesfromthe

reconstructionofpatch－paSSlngaowaeldswillbediscusSedbelow．InFigure3．9

（a），justabovethelowermarginalRethenumberaty＝0．5sharplyincreases

andreachesthemaximaaroundRe＝1800，anditthendecreasesduetomerglng

Oftheturbulent patches．Closetothewal1，thenumberforRe＜2000islower

thanthatatthecenter，SuggeStingthatsometurbulentpatchesdonotreachthe

near－WallreglOn・

IfthepatchcountisplottedwiththeintermittencyfactorT，aSinFigure3・9（b），

thevariationatthechannelcenterapproximatelyfitstotheparaboliccurve，aS

bllows：

Ⅳ＝4‰αgT（1－7）・
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Thiscurveisderivedfromasimpleconsiderationoftheprobability．Assllmingthat

trialsareindependentdurationswhosestateislaminarorturbulent，thenumber

ofcontinuousdurationsoftheturbulentstate，N，increaseswithanincreaseinthe

numberoftrials，n，aSfollows：

芸＝7（1－7），　　　（3・10）

becausetheintermittencyfactorTistheprobabilityofturbulenceatanadditional

trial，andlTTistheprobabilityofalaminarstateatthetrialjustbeforeit．This

equationissimplyintegratedwiththeconditionthatN＝Oatn＝0，andthus，

Ⅳ＝mT（1－7）・　　　　　　　　　（3・11）

ThevariationsofNroughlyfollowthis predictionbut thepeaks have aslight

tendencytoshifttowardhigherT・Thisindicatesthattheturbulentpatcheshave

atendencytoseparatemorefrequentlythaninthehomogeneousprobabilitycase・

Profilesofthemeanstreamwisevelocity，U，anddistributionsofthestreamwise

Velocityfluctuation，u／）atX＝500areshowninFigures3・10and3・11，reSpeCtively・

FbrtransitionalRevalues1530and1950，thevelocityfluctuationdistributionsin

thelaminarstate（I＝0）andtheturbulentstate（I＝1）arealsoplotted．The

fluctuationsofeachstateareobtained basedonthe meanvelocityofthestate

rather than thewhole meanvelocity・The mean profile at Re＝1260agrees

Withtheparaboliclaminarprofileindicatingthatthehot－Wiremeasurementatthe

Closestpointtothewallisnotinfluencedbyadditionalheatfluxtothewall．The

fluctuationdistributionsarelessthan5％，andconsideringthehighlydisturbed

upstreamcondition，thisfluctuationlevelisreasonableasarelaminanZlngflow．

When the Reincreases to1530，the mean velocity suddenly deceleratesin the

Vicinityofthecenter，Whilethatnearthewallaccelerates．Theprofi1edrastically

ChangesbetweenRe＝1390andRe＝1650，andtheshapefactorvariesaswell．
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Itisnoteworthythatthetransitionalandturbulent meanprofi1esresembleone

another，eXCeptClosetothelowermarglnalRe．

Itisalsoremarkablethatthereislittledifferencebetweenthemeanprofi1esfor

thelaminarandturbulentstatesatRe＝1950andthissimilaritywasobserved

aboveRe＝1620．Thenumericalsimulationl7】atRe＝1660alsoindicatesthat

meanprofilesfbrthelaminarandturbulentpartsarealmostidentical．

AsshowninFigure3．11，thefluctuationdistributionsuptoRe＝1530are

uniform across most of the channel width．Thelaminar dist，ribution at Re　＝

1530is also uniform，While anincrease near the wallappearsin the turbulent

distribution．AtRe＝1950thefluctJuationrisesnearthewallanddecreasesaround

thecenter，SOthatthedistributionbecomesveryclosetothatatRe＝2660．The

laminar and turbulent distributions at Re＝1950also have anear－Wallpeak，

andthelaminaroneisslightlylowerthantheturbulentone・Unexpectedly，the

fluctuationatRe＝2660isdistinctlyhigherthanthatatRe＝5600，8uggeSting

extradisturbanceproduction．

The Re dependence ofthe velocityfluctuation at y＝0．5and y＝0．1is

ShowninFigure3・12・Thefluctuationatthechannelcenterisrapidlyincreaslng

aroundRe＝1400reachesapeakatRe＝1520，andthengraduallydecreaseswith

increaslngRe．Thisfeatureoftherapidincreaseandthegrad11aldecreaseappears

intheconditionaldistributionsforthelaminarandturbulentcases，thoughthe

increasefortheturbulentpartweakens．Thefluctuationsfbrthewholeandlaminar

durationsnearthewallalsoshowarapidincrease，andthewholedurationnearly

maintainsaconstantvalue，0．2for1800＜Re＜2500．Theturbulent且uctuation

nearthewallisrelativelyhigh，andits Re dependenceis modest．Agreements

betweenthecenterandnear－Wal1fiuctuat，ionsforthewholeandlaminardurationin

therapidincreaseindicatethataunibrmdistributionofthefiuctuationsensitively
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risesjustabovethelowermarglna1月e・

At the middle ofthetransitionalRe rangethe turbulent－like mean velocity

proa1eswiththelow shape factor and highfluctuation areobserved，eVenfor

thelaminarpart．Thissuggestsintensewall－nOrmalexchangeofthestreamwise

momentumcomparabletotheReynoldsstressinaturbulentchannelflow・The

velocityslgnalinthelaminarpart，however，COntainsnohigh－frequencydistur－

bance．Tbseekdisturbancestransportingthemomentuminthelaminarpart，We

surveyedvelocityspectra・Figure3・13isacontourmapofthepremultipliedfre－

quencyspectraofthestreamwisevelocityfluctuationatthechannelcenter・The

thickblackandgray（blue）linesindicatepeakpositionsofthespectraintensity．

WenotethatapeakataverylowfrequencyisdistributedinawiderangeofRe

withthemaximumaroundRe＝2100．Inthemiddlerangeofthetransitional

Re，thesevaluesareveryclosetothepatchappearance，N，indicatedbythelight

gray（aqua）line・Thelengthscalecorrespondingtothepeakdecreasesfrom65d＊

to25d＊withincreaslng Re andis the same order ofmagnitude as the patch

appearanceintervalinvestigatedintheflowvisualization．［9，11］Itisnoteworthy

thatthislarge－SCalepeakatf＝0・04isobservableeveninthefu11turbulentstate

at Re＝2660．Inthespectralmapat y＝0・3showninFigure3．14，thehigh－

frequencypeakintensifiesandthelow－frequencypeakisstillconfirmed．Anew

peakappearsbetweentheverylowandhighpeaksinthelow－Reregion．Asseen

inthenear－WallspectramapofFigure3．15，thismoderate－frequencypeakismore

distinctinawholetransitionalRerange．

Thevelocityfluctuationenergydistributionsoverthewall－nOrmaldirectionand

theRe（Re－y）aremappedwithfrequencyfiltersinFigure3・16・Thetotalenergy

distributionspreadsfromthenear－WallreglOntOthechannelcenterjustabovethe

lowermarglnalRe，anditconcentratesatthenear－WallreglOnWithincreaslng月e・
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ThelargeTSCaleenergywasevaluatedbymeansoflow－paSSfilteringwithacutoff

frequencyfL＝0．04・ItisevidentthataroundRe＝1500thereexistsapeakat

thecenter．

Thevelocityfluctuationaftertheband－paSSfilteringhasapeaknearthewall

inthewholetransitionalRerange．Thelowerandhighercutofffrequenciesare

fLandfH＝0・15，reSpeCtively・Thefluctuationdistributionwiththenear－Wall

peaksuggestsdisturbancegenerationcausedbythewall－nOrmalvelocitygradient

ofthemeanshearandthewall－nOrmalvelocityfluctuation，V′，throughtheterm

V′∂U／ay・Thismoderate－SCaledisturbancewillbediscussedagainafterthepro－

ceedingconditionalsamplinganalysis・Ontheotherhand，Weinftrredthatthe

large－SCalefluctuationpeakatRe＝1500wasnotcausedbyvorticaldisturbance，

becausethetermcouldnotproducehighfluctuationatthechannelcenterwhere

∂U／軸＝0・

The high－frequency energywhose scale corresponds to theturbulent distur－

bancescaleisobtainedfromthehigh－paSSfilteredvelocityfluctuationwiththe

cutofffrequencyfH．Itswall－nOrmaldistributionisverysimilartotheband－paSS

Oneintermsofthenear－Wallpeak，WhilethepeakvalueincreaseswithRe，incon－

trasttotheconstantpeakvalueintheband－paSSmapOVerRe＝1800．Therefore，

weconcludethatthishighfluctuationisduetotheturbulentdisturbanceinside

thepatch．

3．5　Conditionalsamplinganalysisaroundaninterfhcebe－

tweenthelaminarandturbulentparts

Weperformedconditionalsamplingonthebasisofaninterfacebetweenturbulence

andlaminarstatestoinvestigatethedetailedpropertiesoftheflowsaroundthe
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interface．Thestreamwisevelocityisconditionallysampledwithareferencetime

at theflowstate switchingfromlaminar toturbulent（LT），Or from turbulent

tolaminar（TL）．Thesamplesarerestrictedbythelengthofthepurelaminaror

turbulent且owstate．Weconfirmedthatthisrestrictionhasnosignificantinfluence

ontheconditionallysampledresultsifitislongerthanlOd’／tH，andwethusfiXed

theminimllmlengthofthepureflOwstateatN－10fthechannelcenter，Whichis

alwaysmuchlongerthanlOd＊／Ut（seeFigure3．13）．

Figure3．17showsthetimevariationsofthelocal（Ortemporal）Reynoldsnum－

ber，Res，Whichiscalculatedbymeansofintegrationoftheconditionallyaveraged

velocitywiththetenthevenpolynomialfittingthesameastheestimationofthe

bulk mean velocity．The di鮎rentialtime，△i，is measured h・Om the reference

timeattheinterface．RoughsimilaritiesofvariationsofResaroundthelaminar－

turbulentinterfacesareillustratedwhen ResisdividedbyRe．Inthevariation

OfIX，thelh rapidlylnCreaSeSjust after the minimum at theinterface time

（△t＝0），uPtOthelocalmaximumaround△t＝1，andaftershortreductionit

increasesagain・Justbeforetheinterfacetime，Resdecreasesbutnotasrapidlyas

theturbulenceside，andbeforethemildvariationaround△t＝－5itconstantly

decreases．Thefarlaminarsideslopearound△t＝－10becomessteeperasthe

bulkReincreases，andtheextrapolatedvaluesattheinterfacetime（△ま＝0）are

aboutRes／Re＝0・96independentof月e・Ontheotherhand，thefarturbulence

Sideslopes keep aconstantinclination，andtheirextrapolatedvalueat△t＝O

dropsfrom0．95toO．92withincreasing月e．Variationsoflh／Refortheinterface

TL（Figure3．17（b））havevalleysjustbeforetheyreachpeaksattheinterfacetime．

TherealsoexistlocalmaximabeforetheminimafollowlngthelongslopeofRe8

0ntheturbulentside．Afterthepeaksattheinterfacetime，1hmonotonicallyde－

creases，Withslowingaround△t＝4．Thelaminarandturbulentslopesapartfrom
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theinterfacehavethesamedependenceonReasintheLTcase．Theextrapolated

valuesofthefarlaminarslopesattheinterfacetimeareabout Res／Re＝1．14

regardlessofReandthoseofthefarturbulentslopesincreasefroml・10tol．14

Withincreaslng月e．

ThefarslopesofResonthelaminarsideinFigure3．17（b）seemtobeableto

connectsmoothlytothoseinFigure3．17（a）・Thisisalsotrueforthefarvariations

ontheturbulentsides，andthustheflOwfromoneturbulentpatchtothenextcan

bereconstructedbyplacingthetwoconditionallysampledaverages（LTandTL），

sidebyside，WhilechooslnganapprOPriateclipplngtime．Fbrthereconstruction，

WeminimizedthegapsofResattheclipplngtime，keeplngtimedurationsonboth

sidesoftheinterfaceequal，andwerestrictedtheratioofsumoftheturbulent

durationstothewholedurationtobeequaltotheintermittency7aty＝0．5．The

inversenumbersoftheoptimizedintervalsforthereconstructionplottedinFigure

3．9（a）and（b）areclosetotheaveragenumberoftheturbulentpatchpassing，

thoughtheyareslightlysmallerandthepeakpositionshiftsmoretothehigher7．

Figures3．18and3・19showthereconstructedvariationsofRes，theensemble－

averagedvelocity，U，andthevelocityfluctuation，滋，foradurationlongerthan

Oneperiod．Fbr Uthetimemeanvelocity，U，WaSSubtracted．Theconnections

are almost smooth at the clipplng time not onlyin the ReS Variation but also

intheaveragedvelocityandthefluctuationcontourmaps．Thismeansthatthe

reconstructionwellcapturesthenatureofthevelocityfieldwithpasslngaturbulent

patch．

Figures3．18clearlyindicatesthatvariationofthelocalResisdrasticinthe

Wholereconstructedduration・Thetotalamplitudefromthepeaktothevalley

ofResisabout20％月e．Theintersectionsoflh acrossthebulkReareclose

totheclipplngtime，andthevariationhasapproximaterotationalsymmetrywith
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respecttotheseintersections・Thisfactisconsistentwiththesimilarityofthe

conditionally averagedlaminar and turbulence velocity profiles，in spite ofthe

highamplitudeofRes・Consideringthewall－nOrmalintegrationofthecontinuity

equation，WededucedfromthedrasticvariationoftheResthatalarge－SCalefield

ofthestreamwisevelocityaccompaniesthatofthespanwisevelocity．Thedirect

numericalsimulation by Fukudome et al．［7］shows thatlarge－SCaleflowin the

spanwise－StreamWiseplanecirculatesaroundthecenteroftheinclinedturbulent

band．ThedrasticReschangestronglysuggeststhelargestructuresimilartothe

flowwiththeturbulent band．

Thelaminarsidevelocityprofilejustaftertheturbulentpatchconstantlyde－

creases．Attheleadingedgeoftheturbulentpatch（△t＝0），thevelocityislow

atthechannelcenter，Whilethelaminarsidevelocityclosetotheturbulentpart

trai1ingedge（△t＝19）acceleratesespeciallynearthewall．

Incontrasttothevelocityprofiles，thefluctuationdistributionisalmostcon－

Stantinthelaminarpart，eXCept brreductionat thechannelcenterbeforethe

leadingedge．Theturbulentparthaslocalintensificationnearthewallatthelead－

ingandtrailingedges，andthefluctuationinthemiddlegraduallyincreases．The

highlyfluctuatedtrailingedgeisalsoinvestigatedinaturbulentspotartificially

generatedinthechannelflow．［40］

InthehighRecaseshowninFigure3．19，anup－and－downvariationofResis

Observedintheturbulentpart，incontrasttothemonotonousincreaseofRes at

Re＝1650・Thisundulationhasa30d＊／tHperiodandinducesahigher－frequency

COmPOnentthanthatofthepatchappearance．Itisinferredthatthedepartures

Ofthevery－low－frequencypeakinthespectramaps（Figures3・13and3．14）from

therateofthepatchappearanceinhigh－tranSitionalRecanbeattributedtothis

undulation．
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Figure3．20showsRedependenceontheseinclinationsattheclipplngtimein

thelaminarandturbulentparts，S＝嘉等・Itisconfirmedthatthedifkrence

betweentheestimatesfromtheswitchingconditions，TorTL，isnegligible．If

theinclinationissimplyinproportiontothelocalRedi鮎rence，△Res，between

theupstreamanddownstreaminterfaces，andininverseproportiontotheduration

ofthepure且owstate，theslopesSLOrSTWOuldberepresentedbythefo1lowing

乱＝－△恥菩　　　（3・12）

み＝△月拷　　　　（3・13）

Theinclinationsfollowlngthecurvesillustratethatthevelocityvariationwithin

each月．Owstateissimplyconnectingthefringeedgevelocities．Thisisalsosup－

portedbythefactthat theadoptedvaluesofthe△ReS，0・16andO．18，forthe

laminar andturbulentinclinations，reSpeCtively，areVery Closetothe difference

betweenthelaminarextrapolatedvaluesofRes／RetotheinterfacetimeinFigure

3．17（a）and（b）・WeinferredthatthediscrepanCyintheturbulenceinclinationat

lowReisfromtheinconstantdi鮎renceoftheextrapolatedvalues，incontrastto

thoseforthelaminarstate．Thereasonfordisagreementregardingtheturbulent

inclinationwiththecurveinthehigher Reisthatthereexistsaturbulent part

undulation，aSdescribedabove．

3．6　Summd．ry

Thestreamwisevelocityaveragedinthewal1－nOrmaldirectioninthereconstructed

flowmapsindicatesthelarge－SCaletempQralvariation．Consideringthatturbulent

patchesinthevisualizedtransitionalaowl9，11］areslowlydeformingwithlonger
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temporalscalethantheirpasslngtime，thistemporalvariationcanberegardedas

Spatialchangeinthestreamwisedirection・Asthevelocitycomponentsaveraged

With respect to thewal1－nOrmaldirectionobeythe two－dimensionalcontinuous

equation，theirstreamwisevariationisconcurrentwiもhtheirspanwisevariation．

ThisindicatesthatthereexistlargeflOwstructuresinboththelaminarandtur－

bulentparts．Thelarge－SCalefluctuationisalsoconfirmedinthevelocityspectra

mapsasthepeakattheverylowftequency，anditsfrequencycorrespondstoan

intervaloftheturbulentpatchpasslngatthetransitiona1月e．Aroundtheupper

marglnalRethepeakfrequencystillincreaseswithincreaslngRe，departingfrom

therateofturbulent patchappearance．It appearsthat thedeparture at high

intermittencyisduetotheundulationobservedintheturbulentpartinFigure

3．19．

Anexplanationbrthelarge－SCaleflOwstructurebrmlngisillustratedinFigure

3．21（a）．AsseeninFigure3．1、8（b），theensemble－aVeragedvelocity，Onearthe

Wallincreasesin the turbulent patch，indicating highskinfriction there．This

SeemStObeduetohighmomentumtransferinthewall－nOrmaldirection．The

highskinfrictionslowsthepatchdown（’A’intheillustration）．Weinfbrthatthe

deceleratingpatchhitsanupstreamlaminaraowproducingahigh－preSSurereglOn

（B）thatmakestheupstreamlaminarflOwslowdown．BecauseOfcontinuityof

the月・OW，thisdeceleratingflOwturnstothespanwisedirectionresultingslanted

spanwisestreams（C）aroundthedownstreaminterfaceoftheturbulent patch．

SimilartwodimensionalflOwaround at，urbulent bandwasobservedinthedirect

numericalsimulation，［7］anditisillustratedinFigure3・21（b）．Slantedstreams

aroundthedownstreaminterfaceoftheturbulentband（D）andcounterstreams

aroundtheupstreaminterface（E）appearaftersubtractingthebulkvelocity．We

inferthatthecounterstreamsresultkeeplngOVerallnowratetobezeroinboth
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streamwiseandspanwisedirections・

ThescenarioillustratedinFigure3．21（a）Wellexplainsthepeakatthecenter

ofthechannelinthewa11－nOrmaldistributionofthelow－paSS－filtered且uctuation

around Re＝1500，aSSeeninFigure3．16．1faturbulentpatchplays arolein

ablockage，thepressuregradientinthestreamwisedirectionuniformlyactsover

thewholechannelwidth．Becauseofaviscouse鮎ctnearthewall，theresultant

velocitychangeishigheraroundthechannelcenter．Therefore，thepeakofthe

low－frequencyfluctuationappearsatthechannelcenter・Themoderate－frequency

Velocityfluctuation，Whosescaleisabouttentimesaslargeasthechannelwidth，

isalsoobservedinthepremultipliedspectranearthewall．Itisobviousthatthis

scaleislargerthanthescaleoftheturbulentdisturbanceandsmallerthanthescale

forthepatchpasslng．Consideringthestreamwisescale，themoderate－SCalefluctu－

ationseemstobecausedbylongitudinalvorticalstructuresthatwereinvestigated

upstreamanddownstreamofaturbulentpatchintheflowvisualization・［9，111The

near－Wallpeakinthewall－nOrmaldistributionoftheband－paSSfluctuationalso

SuggeStSthatthismoderate－SCalefluctuationisduetothevorticaldisturbance．

ThelargefiOwstructuresinducecurvatureofthe streamlinein thelaminar

part，duetothelocalpressuregradientinthestreamwiseandspanwisedirections．

Weconjecturethatgenerationmechanismofthelongitudinalvorticalstructures

issimilartoinstabilityinthethree－dimensionalboundarylayerdeveloplngOna

SWept Wlng．The stream curvature due to the blockage ofthe turbulent patch

makesthelocalshearflowunstablebecauseofunbalancebetweenthepressure

gradientandthecentrifugalforce，andthenthisinstabilityinducesthelongitudinal

VOrticalstructures・Nomatterwhatgeneratesthemoderate－SCalestructures，the

enhancementofmomentumtransferinthewall－nOrmaldirectionmakesthelaminar

partprofileturbulent－like，andthentheprofileisverysimilartotheturbulentpart

38



profile．Theexistenceofthevorticalstructureisalsosupportedbythefactthat

theshapefactordropissimultaneouswiththeincreaseoftheband－paSS－filtered

fluctuation．

Thismomentumenhancement，however，leadstoacontradictionthatthede－

celerationofthelaminarpartsweakenstheblockngee鮎ctofturbulent patches，

whichinducesthepressuregradientthatskewsstreamlinesaroundtheturbulent

patches．Thereductionoftheblockagee鮎ctisinslgnificantinflowsofverylow

intermittencyaroundRe＝1500，becausethemomentumenhancementinthelam－

inarpartisrestrictedinthevicinityofturbulentpatches，andthenfreshlaminar

flowhitstheturbulentpatches，Oneafteranother．Asaresult，thelow－frequency

fluctuationcausedbythelocalpressuregradientappearsatthechannelcenter，aS

Seeninthelow－paSS－filteredmapinFigure3．16．Thefactthatthelaminarpart

profileatRe＝1520di鮎rsh・Omthatoftheturbulentpart，aSShowninFigure

3．10，indicatesthatthelaminarpartisnotfilledupwithdisturbancesinducing

t，hewall－nOrmaltransfbrofthemomentum．Withadecreaseintheamount ofthe

laminarpartswithincreaslngRe，itbecomeseasyforthelaminarparttobefilled

withthevorticalstructures．AsseeninFigure3．16，theband－paSS－filteredfiuctu－

ation，Whichseemstobeassociablewiththevorticalstructures，ispredominantin

thehighlyintermittentflow，1600＜Re＜2000・Itispossiblethatthegeneration

Ofthevorticalstructuresbythestreamwiseskewnessisdelicatelybalancedwith

theblockageeffect．Thisbalancemechanismisalsosuggestedbythefluctuation

declineofthelaminarpartfollowlngtherapidincrease upto Re＝1500．The

fluctuationduetotheblockageeffectincreaseswithincreaslngintermittencyfac－

torasfarasthevorticalstructurespreadsintoallofthelaminarparts．Inhigh

intermittencyfactorcases，thevorticalstructurereducestheblockageefkct，and

thenitisslightlyweakenedadversely・
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In conclusion，We prOpOSe definitions oftwo marglnalReynolds numbers of

channelflow．TheuppermarglnalReisdeanedasthelowestReforfu11yturbulent

channelflow．ThelowermarglnalReisdefinedasthelowestReforintermittent

channelnowwithlaminarandturbulentparts．Sincethelarge－SCaleflowstruc－

tureenableslocalreglOnSOfhigherRe，turbulencecanpartlygenerateorsurvive

evenwhenthebulkReislowerthanthelimitforasustainableturbulentflow，

i．e．，theuppermarglna1月e・Theresultsofthestreamwiseenergydecayandthe

intermittencyfactordependenceonthebulkReindicatethatthelowermarginal

Reisaround1400，thoughWeobservedturbulentpatcheslowerthanthisvalue．

FbrmoreprecisedeterminationofthelowermarginalRe，alongerchannelfacility

thanthepresentoneisneeded．

As the spectraland conditional－aVerage analysesindicated，the transitional

channelflowhasthelarge－SCaleflowstructurewiththeturbulentpatchappearance．

Tbapplytheconcept，’edgestate’，tOthetransitionalchannel且ow，theanalysIS

Shouldtakethisscaleintoaccount．Thefactthatthelarge－SCalestructuresare

Observableevenintheconditionallysampledaowfieldsuggeststhattheyarerobust

andlong－lasting．Ifsomeflow structure appearsfrequentlyin the transitional

Channelflow，itisgreatpossibilitythattheedge－StateCaptureSitsfeature．

InthecenterspectramapofFigure3．13，thepeakofthelarge－SCaledisturbance

continuesfrom the transitionalRe to t，he turbulentflow at Re＝2660withlittle

Changeofthepeakfrequency・Inaddition，theundulationofthisscaleisconfirmed

WithintheturbulentpartjustbelowtheuppermarglnalRe．Theseresultsstrongly

SuggeStthatthephysicalmechanismorganlZlngthelarge－SCaledisturbanceinthe

turbulentaowisthesameinthetranSitionalflow．Thestrearnwiselengthscaleof

thedisturbanceequalingabout25channelwidthsisveryclosetothesuperstructure

inthefullydevelopedturbulentchannel［41］ataboutRe＝140000．Therelation
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between themis one oftheinteresting open questions about turbulent channe1

80W．
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Figure3．2：Single－Slopemethodforthe complementarycumulativedistribution

functionC（0）ThedashedllnelSthefittlnglme・Solldandopentrianglesindicate

atentatlVeintermittencyfactorTtandathresholdvalueOs，reSpeCtively．
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Figure33：Streamwise variations ofthe mean velocity profi1es and the distriL

butionsofthcstreamWiscvelocitynuctuation・（a）MeanvelocityproBles．（b）

StreamwisevelocltyfluctuatlOn
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（ら）Re＝1440，y＝0．5

100　　　200　　　300　　　400　　　500

（C）Re＝1520，訂＝0．5

100　　　200　　　300　　　400　　　500

ユ：

100　　200　　300　　400　　500

（e）Re＝1440，封＝0．1

100　　200　　300　　400　　　500

（J）月e＝1520，y＝0．1

100　　　200　　　300　　　400　　　500

．1、

Figure34：StreamwISeVariationsofthevelocity且uctuationenergyspectra．
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Figure3．5：StreamwisevariatlOnSOftheveloclty且uctuationenergy・Solid，Chaln

anddottedlinesarefittlngCurVeSOfEqs・（35），（3・6）and（37），reSpeCtively．

46

00∬305つム00「－0500



／〆耳二、31 

（ケ ����ｸ6x�����PLノ 

′0 

／C←′＼＼02 

＼ ／伊　　　　　も 

／e′ 

ノ0′ ��

0－、 �������������8���ﾈ��� 

5

0

N

e1

ニ　ー5

色・＿10

こ5

－15

001250130013501400145015001550

xl0－3　　　　（b）

二★ 

t＝ニ；曳二㌢二軍二二一 ����X�(耳��耳��耳�'"�＿　△ 

企′／☆∴／ �� 

＼＼／ ☆　車 　＼ ��������、☆ 

＼ ������� 

園＼＼＼☆一一☆／／ �� 
12001250130013501400145015001550

月e

Flgure3．6．Redependenceonthegrowthratesandtheexponentforthestreamwise

energyvarlationcurves．Solidlinesarethelinear丘tting．

47



0　　　　　　　　50　　　　　　　100　　　　　　150　　　　　　　200　　　　　　　250

Figure3．7：Timetracesofthestreamwisevelocityaty＝0．5，X＝500．
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Figure3．8：IntermittencyfactorTandshapefactorHasfunctionsof月e．The

horlZOntalsolidlinelSthevalueofPoiseullleprofile，andthedashedlineisthe

turbulentchannelatRe＝5600（DNS）．［12］
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Figure310　MeanvelocltyprOBles・TheDNSprofileisfromKimetal・［12］
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0．1　　0．2 0．4　　　0．5　　　0．6

Figure3．11．VelocityfluctuatlOndistributions・ThesymboIsarethesameasin

Figure3．10．
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Figure3．12：Redependenceofvelocltyfluctuationsat thecenter，y＝05，and

nearthewal1，y＝0．1．
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Figure3．13：Contourmapofthepremultiplledenergyspectraaty＝0．5．
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月e

Flgure3・14：Contourmapofthepremultiplledenergyspectraaty＝03，Dashed

linesindicatethepeakposltionsaty＝05．ThecontourspaccISthesameasin

Figure313・
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Figure3．15　ContotlrmapOftllepremultlpliedenergyspectraatnearthewallat

y＝0．1．DashcdllneSlndlCatethepeakpositionsaty＝05・Thecontourspaceis

thesameasinFlguエe3．13．
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Flgllre316：DistributionsofenergyofthestreamwISeVelocity且uctuationinthe

（Re－y）plane・ContourspacingisO・4％for（a），0・2％for（b），（C）and（d）．
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Figure3・17‥　Conditionalsampledtimevariations ofReS／Re aroundinterfaces

betweenlaminarandturbulentparts．（a）Fromalaminarparttoaturbulentpart

（LT）（b）Fromaturbulentparttoalaminarpart（TL）・
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Flgure　318：Spacertime dlStrlbutlOnS Of conditional1y sampled results at

Re＝1650（a）1h．Solidvertical1ines andsolidtriangles represent tllein，

terfacetimeandtheclipplngtlme，reSpeCtively Solidhorizontallineindicatesthe

bulkRe（b）ContourplotofO－U HlghervaluereglOnSarelightlyfilled The

contourspacinglS2％，andnegatlVeCOntOurllneSareWhlte（C）Co工ltOurplotof

元　ThecontourspaclnglS1％，andwllltellneSarefor屯＝14％．
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Figure　3・19・Space－time dlStrlbutions of conditional1y sampled results at

Re＝2290．RepresentatlOnisthesameasinFlgure318．
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Flgure3．20：Inclinationoflhatthecllpplngtime．Circles，laminarpart；trian－

gles，turbulentpart・
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Figure3・21・Illustrationofintermittentchannelflows．（a）turbulentpatch（b）

turbulent band
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CHAPTER4

Numericalsimulationsofrelaminarizngand

transitional channelflows

4．1　Preliminaries

InsomerangeofReynoldsnumber，ShearflOwsareinatransitionalstatebetween

thelaminarandturbulentreglmeS・Inunstableshearflow，SuChasaboundary

layeronaconcavewall，unStable modes growandthetransitionproceeds with

energypropagationinthespectralspace，Whilestableor neutrallystable shear

flowsuchasaboundarylayeronaconvexwallundergoesintermittenttransition

inwhichdisturbancesdistributeintherealspace．Contrarytothestreamwise－

PrOCeedingtransitioninaboundarylayer，trarlSitionalchannel且owbetweentwo

flatplatescanmaintaininquasi－equilibriumofthedisturbanceenergyasfound

inplaneCouetteflow，SOitismoreaccessibletoinvestigateintosustainability

OrgrOWthmechanismofdisturbances．Therefore，WePerformeddirectnumerical

simulation（DNS）ofthetransitionalchannelflOwthatisrealizedinthereverse

transitionfromturbulenttolaminarflowwithreducingReynoldsnumber．

Theexperiments and numericalsimulations oftransitionalchannelflOw has

beenperfbrmedbymanyresearchers・Fbrthesummaryoftheirstudies，SeeSeki

etal．［421Asatheoreticalapproachtotransitionalshearflow，Kawaharaand

Kidal43］foundtheperiodicmotioninplaneCouetteturbulenceandattemptto
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relateittoflowstatistics．TbexplainapuffOrslugappearanceintransitionalplpe

now，aneWCOnCept，theedgestatewasproposedanditsucceededindescribing

theabruptbehaviorofthetransitionalpipeflow．［24，29，30，31】Thesetheoretical

approachesareexpectedtoapplysuccessivelytothetransitionalchannelflow．

Hot－Wiremeasurementsbytheauthorsl42】determinedtherangeoftransitional

Reynolds number and probed that there exist strong two－dimensionalstreams

amongandinsidetheturbulentpatch6S，fromthelargefluctuationofthecon－

ditionallysampledvelocityslgnals・ThelargeflOwstructurewasalsosupported

bythepre－multipliedspectraofthestreamwisevelocityfluctuation・They also

COnfirmedtheturbulent－likeprofileinthelaminarpartofthetransitionalflow，

indicatingenhancementofstreamwisemomentumtransferinthewa11－nOrmaldi－

rection．Weinferthatthisenhancementiscausedbythestreakystructuresinthe

laminarpartsobservedintheflowvisualization・［9，11］

Tbinvestigatethetwo－dimensionalstreamsandthestreakystructuresinde－

tail，WeCarriedoutDNSwithparametricallychanglngReynoldsnumber．After

COmparisonwiththehot－Wiremeasurementsforvalidationofthesimulation，We

proposegenerationmechanismsofthetwo－dimensionalstreamsandthestreaky

StruCtureS．

4．2　Numerical method and conditions

AseriesofDNShasbeenperformedbetweenRe＝1100and3000，unti1500non－

dimensionaltimesteps，t＝500，WheretheReynoldsnumberReisdefinedbythe

bulkmeanvelocity，th，andthechannelwidth，d，andallvariablesarenormalized

bythandd．

TheDNShasbeenperformedusingthe”channelaow”［44，45］codethatinte－
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gratestheincompressibleNavier－StokesequationuslngaSpeCtralmethodbased

OntheFburier－Galerkinspatialdiscretizationinthestreamwise（X）andspanwise

（Z）directions，andChebyshev－taudiscretizationinthewall－nOrmal（y）direction．

Timeintegrationisperformeduslngthethird－OrderRunge－Kuttamethod．The

3／2rulewasappliedforeliminationofaliasing・Thestreamwiseandspanwise

dimentionsofthecomputationalboxare107Tand87T，reSpeCtively．Thediscrete

pointsare341，65and170inthestreamwise，Wall－nOrmalandspanwisedirections，

respectively．Non－Slipconditionsareadoptedatthewall－nOrmalboundariesand

periodicconditionsareforthestreamwiseandspanwiseboundaries．Thestream－

Wisepressuregradientisimposedtokeepthemassfluxconstant．Fbrmoredetails

aboutthemethodofDNS，SeeRefs．［44，45］

4．3　Result and Discussion

Comparisonofstatisticalresultswiththeexperiments［42］isshowninthesection

below，bothforvalidationofthesimulationandoverviewofthetransitionalchannel

aow．

FbrinvestigationofthetransitionalorlaminanZlngflows，Redroppedfromthe

initialReynoldsnumberReitOthetargetReynoldsnumberReranglngbetween

llOOand3000．ThefullydevelopedflowfieldatRei＝2400wastakenasinitial

conditionatthebeginning・AllrunsofDNSweremonitoredwiththetotalenergy

VariationEintimeasshowninFigure4・1・Thetotalenergywasobtainedby

integrationofthesquareofthestreamwisevelocityfluctuationuヲmsinthewhole

domain，anditwasnormalizedbythatattheRedroppingtime，t＝0．

FbrRe≧1600，Erecoverstoanequilibriumvaluewithin150non－dimensional

timesteps after a decrease to the minimum・At Re＝1400，E monotonically
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decreasesfortheinitialconditionRei＝2400indicatingthatflowislaminarizing．

WealSoobservedrelaminarizationatRe＝1500，Whichwasdoubtedbecausethe

ValueistoohighcomparlngWiththeexperiments．Thenwerecognizedthatbelow

Re＝1500theflow strongly depends on theinitialcondition，and we noticed

tendencythatlaminarizationoccurswithlargediffbrenceofReynoldsnumbers，

Rei－Re，thoughthereanexceptionofrecoveringwasobservedatRe＝1500for

Rei＝2600．Thisstrongdependenceoftheinitialconditionisnotsurprisingsince

theflowissubcritical．Forsimulationofthetransitional且ows，We reduced Rei

to2200forthetargetReynoldsnumber1450≦Re≦1500andRei＝1800for

1350≦Re≦1400．1nthepresentrunsnon－1aminarizingflowwassimulatedfor

Re≧1350．Fbrcomparison，theexperimentalresultsarealsoplottedwithspace－

timeconversiont＝（xexpMlOO）／Ub，Wherexexpisthenon－dimensionaldistance

fromtheinlet ofthetestsection．

ExceptforthemonotonicdecayatRe＝1300，1400and1500forRei＝2400in

Figure4・17Erec？VerStOthesamelevelastheinitialenergy・Itisnoticedthatthe

energyatRe＝1530recoversafterreadingaminimumof40％．Slowundulationsof

EaftertherecoverlngareObservedaswellastheexperimentalresultatRe＝1700．

InthelaminarlZlngCaSeS，thelowerRe，thefasterthemonotonicenergydecays．

TheenergyvariationsintherecoverlngCaSeSalsodependontheinitialcon－

ditionsasseenat Re＝1500．TheenergylnCreaSeintherecoverylSquickerin

thesimulationthanintheexperiment．Weinfbrthatthisisduetothelimited

COmputationalboxinthesimulations・EvenfortheslowestrecoveryatRe＝1500

fbrRei＝2200，Ereachestheconstantvalue，indicatingthattheflowisinquasi－

equilibriumstates，Within300non－dimensionaltimesteps．Therefore，WeuSedre－

Sultsin300≦t≦500forthestatisticalaverages．

InFigure4．2theintermittencyfactor，7，iscomparedwithhot－Wiremeasure一
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ments．TWaSeStimatedbythesingle－Slopemethodthatwassuccessfu11yapplied

forthehot－Wiresignalsl42］．FbrDNSdata，Wetakewall－nOrmalintegrationofthe

SpaCialsecondderivativeofthestreamwisevelocityu，

β＝上1勘訂，　　（4・1）

asadetectorfunctioninsteadofthetemporalsecondderivativeforthehot－Wire

slgnalS．Thisdetectorsmoothlydistributesinx－2：Plane，SOthat611inganddis：

cardingprocess，Whichwasusedforthehot－Wireslgnalstoremoveinunnaturally

Shortlaminarorturbulent durations，isunnecessarylnOrdertodividetheflow

intolaminarorturbulentparts．Weconfirmedthatthewall－nOrmalintegration

doesnota鮎ctl′．

TislinearlyincreaslngWithRefromRe＝1500andreachesunityatRe＝2200．

Thesimulationresultisinverygoodagreementwiththeexperimentalresultsat

y＝0．3andO・5intherangeOf1650≦Re≦2100・SekiandMatsubara【42］pro－

posedthecharacteristicReynoldsnumbersforthetranSitionalchan事lelflow．One

isthelowermarglnalRepthatisdeanedasthelowestReforintermittentchannel

flOwwithlaminarandturbulentparts，andtheotheristhehighermarglnalRef

definedasthelowest Reforfullyturbulentflow．TheDNSresultinFigure4．2

indicatesRep≦1350andRef＝2200・Thesimulationmorequicklyreachesthe

fu11yturbulentstateofl′＝1thantheexperiments・RefSeemStObeunderes－

timatedbecausethetransitiona1月，OWWithsmallratiooflaminarpartcannotbe

Simulatedwiththelimitedcomputationalbox・7forRe≦1500ishigherthan

theexperimentandisslightlyscattered・Intheexperiments，theenergy，E，for

1440≦Re≦1480stillincreasesatthemeasurementpositionこrexp＝500，SOT

wouldincreasesdownstream．

Figure4．3showstherelationbetweenReandtheskinfrictioncoe氏cient，q・
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LaminarlZlngCaSeSforRe＜1350withRei＝2400arealsoplotted・Intherange

1350≦Re≦1500，tWOValuesinthelaminarandtransitionstatesareplotted．

AtRe＝3000，qOftheDNSisveryclosetotheexperimentalresultobtained

byPatelandHead・［3］For2200≦Re≦3000，Cfbllowsthe－1／4slopeaswellas

theturbulentpipeflowresistanceforlowReynoldsnumber．Thedeviationfrom

theslopeincreaseswithdecreaslngRethoughCfatRe＝1350stillkeepsalevel

thatisabout30％higherthanthelaminarvalue．Thelengthofthechannelthat

WaSusedbyPatelandHeadwas288channelwidths，andtheyintroducedinitial

disturbancesupstreaminthechannelinwhichReisthesameasthemeasurement

POSition・Theseexperimentalconditionsmight causeundevelopedaow at their

measurementposition．

WedividedtheflOwintolaminarandturbulentpartsbyathresholdforthe

detectorfunction．Thethresholdwasdecidedbythesingleslopemethod．Fbr

COnVenience，WeCallthenon－turbulentpart’laminar’thoughitsometimescontains

StrOngdisturbances・TheturbulentqF bllowsthe－1／4slopewithdecreasing

Re anddeviatestoslightlyhighervalues・Itis notedthat thelaminar Cfis

muchhigherthanthatoftheparabolicprofileflow，thoughthereexistsdi鮎rence

betweenthelaminarandturbulentCfOfmorethan5％inthetransitionalrange

of1350≦月e≦2150．

Theshapefactor，H，ShowninFigure4．4・Hisdefinedas

月■＝

Jl
U（抗－明和

（4．2）

where Uis the time－aVeraged velocity and Ucis the center mean velocity．H

is around2．2at Re＝1350and then gradually decreases withincreasing Re

andapproachestotheDNSvaluebyKimetal・［121atRe＝5600・Thoughthe
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Simulationdoes not capturethesuddendropintheexperimentalresult around

Re＝1500，thegradualdecreasequantitivelyagreeswiththeexperiment．Hfor

thelaminarflowisslightlylargerthanthevalueforthewholeflow．Thelowvalue

OftheturbulentHindicatesthatthevelocityprofileoftheturbulentpartkeeps

thestandardturbulentprofileevenforlow月e．

Figure4．5showsthemeanvelocityprofilesanddistributionsofthevelocity

fluctuations．The profiles at Re＝1700and2650arein good agreement with

theexperimentalprofi1es．TheprofilesbrRe≧2650capturethecharacteristics

oftheturbulent profi1ewith acceleration nearthewallanddeceleration around

thechannelcenter，aSSeenWhencomparetoDNS resultofthefu11ydeveloped

turbulentflowatRe＝5600・【12］Thepro丘leatRe＝1350indicatesatendency

Oftheturbulent characteristics，COmparlngWiththeexperimentalprofilethatis

OfthelaminarlZlngflow．Itisnotedthatthereisnodi鮎rencebetweenthemean

profilesofthelaminarpartsandthewholeinthetransitionalrangeofReandthe

meanprofilesoftheturbulentpartsarealsothesameexceptatRe＝1350．The

COrreSpOndencebetweenprofilesoflaminarandturbulentpartswasalsofoundin

thesimulationbyFukudomeetal．［7］

AsseeninFigure4．5（b），（C）and（d）thevelocityfluctuationsaremoredrasti－

CallychangedwithRe・FbrturbulentrangeofRe≧2650thestreamwisevelocity

fluctuationu，mShasapeakaroundy＝0．05．IntherangeoftranSitionalRe，the

peakvaluesofthelaminarpartandthewholeincreasewithincreaslngRewhilein

theturbulentprofilesthepeakvaluedecreases．Comparlngtheu，mSdistributions

betweenthelaminarandturbulentparts，theturbulentdistributionsarealways

largerthanthelaminarone・InbothpartsofthetranSitionalflow，u，mS at the

Channelcenterishigherthanthatinthefullydevelopedturbulentflow．Theu，mS

distributionoftheDNSat Re＝1700issimilartotheexperimentaldistribution
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atRe＝1710thoughtheu，mSOftheDNSisslightlylower．u，mSOftheDNSat

Re＝2650isalsolowerespeciallynearthewall．BecauseOftherelaminarization

atRe＝1330intheexperiment，theurmsdistributionisflatandmuchlowerthan

theDNS．

The transitionalflOw has the characteristic that the walLnormalfluctuation

v，mSShowninFigure4．5（C）risesaroundthechannelcenterregardlessoftheflow

State，laminaror turbulent，reSultingintheplateau distribution．Asshownin

Figure4・5（d），thischaracteristicisenhanCedinthedistributionsofthespanwise

fluctuation wrms ofthe whole and thelaminar part，Where the distributions of

thelaminarparthaveapeakatthechannelcenterinthetransitionalflow．The

distributionsoffluctuationsofthefu11yturbulentflowforRe≧2200arevery

similartotheDNSresultbyKim．［12］

Thedependenceoftheu，mSOnRecomparedwiththeexperimentsisshownin

Figure77．Thevalueofthewholeaty＝0．1increaseswithReinthetransitional

RerangeandgraduallydecreasesforRe≧2050・Intheexperimentthetendency

Ofgradualdecreaseisalsoobservedin1800SReS2400．Thoughthefluctuation

Oftheturbulentpartislowerthantheexperimentalone，theDNScapturestheRe

dependenceintheexperimentintermsofthegraduallydecrease．Thefluctuation

Ofthelaminarpartareinagreementwiththeexperimentalresultfor1500＜Re＜

2000．TheDNSresultsaty＝0・5indicatetheclearpeaksatRe＝1500regardless

Oftheflowstate，thoughtheincreasebeforethepeaksismodestintheDNS．

Figure4・7showsthepeakvaluesup，Vpandwpinthewallqnormaldistribution

Ofthevelocityfluctuationsu，mS，V，mS andw，mS，reSpeCtively．Inthetransition

rangeofRe，uPandYplnCreaSeSWithRewhilewpfluctuates・Allpeakvalues

Oftheturbulent partsdecreaseinthetransitionrangeandthenincreaseinthe

turbulentrange．Itisworthytonotethatthepeakvaluesintheturbulentrange
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OfRecontinuetoincrease，lnCOntraSt tOthe highReynolds numberturbulent

boundarylayer．

TbsummarizethecomparisonsbetweenthepresentDNSandtheexperiment，

thestatisticsareconsistent，thoughthevelocityfluctuationsarelowerintheDNS．

The statisticalresults also suggest thatin thelaminar part ofthe transitional

且owthereexistlargedisturbancesthatincreasetheskinfrictionandthevelocity

fluctuation．Thedisturbancesinthelaminarpartsarediscussedbelow．

Beforecommentingonasnapshotofthevelocityfield，thephasevelocityofthe

patchesandthebulkvelocitiesoflaminarandturbulentpartswillbediscussed．

Thepatchphasevelocitytちwasestimatedfromthemaximumcorrelationsofthe

detectorfunctionDintheかtplane．AsseeninFigure4．8，themeanvelocitiesof

laminarparts，UL，andturbulentparts，（方「，arealmostunityindependentofRe，

indicathgtheyarethesameasthewholebulkvelocityth・Thepatchvelocityis

decreaslngSlightlywithincreaslngReinthetransitionalrange．Fukudomeetal．

［7］alsoobservedthatthemeanvelocitiesofthelaminarandturbulentpartsare

thesame，andthataphasevelocityoftheslantedturbulentstripeis1．02UbClose

tothebulkvelocity・ThephasevelocityfortheturbulentrangeOfReisroughly

COnStantthoughthisvalueisnotthepatchvelocityanymoresincetheflowisfully

turbulent．Theestimationofthephasevelocitymayrelatetothelargestructures

embeddedintheturbulent channelflow．

Figure4．9showsasnapshotoftheflOwBeldinthewholecomputationalboxat

Re＝1600．Thereexisttwoslantedturbulentpatcheswithvelocityfluctuations．

Tsukaharaetal・［4610bservedslantedturbulentstripesintheirlargecomputational

box．Fromobservationofthetimesequences，thepatternoftheturbulentpatches

dynamicallyvariesandanysteadypatternneverappearsinthepresentsimula－

tions．Thoughthisiscontrarytothequasi－Steadystripepatternoftheturbulent
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partobservedbyFukudomeetal・［7］，thetemporalchangeofturbulentpatchpat－

ternwasalsoconfirmedintheflowvisualization・［9，11］Thepairofstreakswith

alternating vin the z direction are seen upstream oftheleading edges ofthe

patchesaround（X，y）＝（10，7）and（25，23）・Thescaleofthepatchisabout20din

thestreamwisedirectionand5dinthespanWisedirection．Thelarge－SCalestreams

areobservedbothalongtheupstreamanddownstreamedgesofthepatches，and

thestreamwisevelocityinthelaminarreglOndeceleratesdownstreamofthepatch

edgesandacceleratesupstreamtheedges．

Thisstreamwisevelocitychangeisclearlyobservedintheintegratedstreamwise

Velocityinthewal1－nOrmaldirection，Res，

Reβ＝

、／ニー
祝砲， （4．3）

asshowninFigure4．10．Inthedirectionoftheaow，Resincreasesinthelaminar

partanddecreaseintheturbulentpart・Thissupportsthattheconditionalsam－

plingofthehot－Wireslgnalswellcapturesaninstantaneous且owfieldbetweentwo

patches．［42］TheamplitudeoflhintheDNSis40％thatiscomparableto25％

amplitudeintheconditionalsampling．

Figure4．11showsay－ZCrOSSSeCtionoftheinstantaneousaowfieldshownin

Figure4．9．Thevorticesarealternativelylocatedfromz＝4tollwiththelow

StreamWisevelocityreglOnS at the upwardstreamfromthewalltothe channel

CenterSuggeStingthelift－upeffect．TheselowandhighVelocityreglOnSelongates

toalengthofaboutlOd，aSSeeninFigure4．9．Theyhasanasymmetryinthatthe

downwardstreamsskewtowardthepositivezdirection，thecontraryistruefor

thedirectionoftheupwardstream．Thespanwisesizeofthevorticesisl．2dand

thewall－nOrmalsizeexceedshalfthechannelwidth．Incontrasttothelongitudi－

nalvortices，theturbulent vorticesarerandomlypositionedinsidetheturbulent
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patches．

Tbrevealthegenerationmechanismofthelarge－SCalevelocityundulationbe－

tweenturbulentpatchesasseeninFigure4・10andtheconditionalsampling，［42】

theflowfieldintegratedinthewa11－nOrmaldirectionisinvestigatedindetail．Fig－

ure4・12（a）showsdistributionsofthedetectorfunctionDandtheintegrated

StaticpressureP．ComparlngtOthex－ZplanesnapshotshowninFigure4．9，itis

COnfirmedthatDwellcapturestheturbulentregions．ThehighpressureregiOns

aredistributedaroundthedownstreamedgesofthepatches．Therelativestream－

linesshowninFigure4．12（b）circulateinthelaminalregiOnsbetweenthepatches

andinsidethepatches．ThesecirculatingstreamswerealsoconfirmedintheflOw

WiththeslantedturbulentstripeintheDNSbynlkudomeetal・［7］Theabsolute

streamlinesinFigure4．12（C），areObtainedbyaddingUbZtOtherelativestream

function．Theyskewastheyavoidhittingtheturbulentpatchesthatplaytherole

Ofblockageduetothehigherskinfrictionthantheirsurroundings．

Asaresultoftheskewingthereexistareasofhighcurvatureofthestreamlines

inthelaminarregionasseeninFigure4．12（d）．Thecurvatureisestimatedhom

∂痴／∂X，Where痴istheintegratedspanwisevelocity．ItisobviollSthatemergenceof

theelongatedvortexstructures，Whichareclearlydetectedbytheintegratedwall－

normalvelocityi），Wellcorrelateswiththehighcurvatureareas・Thisstrongly

SuggeStSthat thevortexstructuresgrowduetoacross－flowinstabilitysuch as

three－dimensionalboundarylayeronasweptwing・ItisnotedinFigure4．12（C）

thattheareasofthevortexstructurehashighskinfrictionthatcauseSgreaterCf

inthetransitionalchannelflowthantheparabolicprofilevalue．
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4．4　Summary

Theintermittencyfactorandthemeanvelocityprofileofthetransitionalchannel

flow arein good agree叫ent With experimentalmeasurementsexcept atlow Re

ofthetransitionalrange．Thedetailedanalysiswiththewa11－nOrmalintegration

indicatesthatblockageeffectoftheturbulentpatchesinducesatwo－dimensional

flowoflarge－SCalearoundandinsidetheturbulent patches．Appearanceofthe

Streakystructureswellcorrelatestothestreamwisecurvatureofthestreamline

Skewedbytheblockage，SuggeStingthatacross一aowinstabilityinducesthem．The

Streakystructureslocallyenhancethewallnormalmomentumtransferthatcauses

hightotalskinfrictioninthetransitionalflowevenatalowintermittencyfactor．
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Figure4・1・Timevarlationofthevelocityfluctuationenergy・Inexperimentaldata，

thehorizontalaxiswaBreSCaledtocomparethepresntresults．
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Figure4．5：MeanvelocltyprOfilesanddistrlbutlOnSOfvelocityfluctuations．
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Flgure4．6．StreamwisevelocityfluctuationsatfiXedwall－nOrmalpositlOnS，y＝0・1

andO．5．ThellneSCOlorandsymboIsaresameasinFigure4．4．
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1500　　　　　2000　　　　　2500　　　　　3000

月e

Figure4．7．Redependenceofthepeakvaluesofvelocltynuctuations．Lineswith

Circles，trlanglesandsquares areup，Vp andwp，reSpeCtively・Colorofthelines

representsthewhole（blue），theturbulent（red）andlaminar（green）parts．
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Figure4・8：Redependenccofpatchphasevelocity，thandthemeanvelocities，UL

andL与，Ofthelamlnarandturbulentparts．
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．l■

25　　　30

Figure4・9‥　A snapshot oftheveloclty nowfield at Re＝1600，y＝0．25and

l＝460，Colorimagerepresentsthewal1－nOrmalvelocltyfluctuation，V，andar－

rowsrepreselltVelocityvectorswllOSeCOmpOnentSarethestreamwiseandspanwise

velocity且uctuations，u′andw，reSpeCtively．
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Figure410・StreamwisedistrlbutlOnOfthelocalReynoldsnumberReSatZ＝8．4

1nthesnapshotofFigure4．9．
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Figure4．11：AyNZCrOSSSeCtlOnatニr＝10．0inthesnapshotofFigure4．9　Color

imagerepresentsthestreamwisevelocltyfluctuationu′，andarrowsindicatethe

Wall－nOrmalandspanwisevelocitycomponents，Vandw，reSpeCtlVely．

85



20

15

10

5

0

0　　5　　10　15　　20　　25

J

30

0　　5　　10　15　　20　　25　　30

0　　5　　10　15　　20　　25　　30

．1

Figure4・12・Wall－nOrmalInteglatedaowfieldofthesnapshotofFigure4・9・（a）

Colorimageofthedetectorfunction，D，andcontoursoftheintegratedpressure

Pwith contourspacing ofO・005（b）The relativestream1ine and theveloclty

vectors．Pinkareasrepresenttheturbulentpatches・（C）Thelocalskinfriction

wlththeabsolutestreamlines（whitellneS）Shadedareasencircledwlthablack

linerepresentturbulentpatches・（d）Colorimageoftheintegratedwallnormal

velocity，ij，and∂痴／∂xwithcontourspacingofO・003・Blueandorangeshading

reprcsents areas ofnegative and positive curvatures ofthe absolute streamline，

respectively．
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CHAPTER5

Conclusions

Theinvestigationsofthetransitionalchannelflowhavebeendescribed．Themain

goalSofthethesisaretodeterminethetransitionalrangeandtounderstandthe

generationmechanismsoftheturbulentpatchandthestreakystructureappeared

inthetransitionalflow．

TransitionalrangeandmarglnalReynoldsnumberinchan－

nel aow

AsseeninChapter3and4，thetransitionalrangeestimatedfromthevariation

Ofintermittencyfactoris Re＝1600－2000・Theintermittencyfactorisgood

indextodescribetheintermittentflow，butitshouldbecarefultoestimatefrom

thestatisticalinformationoftheflow・Thesingle－Slopemethodwasappliedtothe

resultsofthehot－WiremeasurementsandtheDNS．Theadvantagesofthismethod

areaNOidanceofanalystsubjectivityandunlquedeterminationoftheintermittency

factor．Moreover，thethresholdvaluedeterminedbythismethodwasutilizedto

decomposetheflOwintolaminar andturbulent parts．We also discovered and

utilized the2／3exponentlaw fbr aprobability densityfunctionofthe second

StreamWisederivativeofthevelocitiesintransitionalandlow－Reynolds－number

turbulentflows．Theoreticalexplanationofthislawisstillanopenquestion．It
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isveryinterestingwhythescalinglawisappearatthesecondderivatives，What

themeansofthescalingexponent2／3，andwhetherthisscalinglawexist br

Otherintermittentflows，e．g．tranSitionalboundarylayer and outer regiOn of

turbulentbouhdarylayeretc．Thescalinglawofprobabilitydensityfunctionof

Burger’sturbulencehasinvestigatedbymanyresearchers．Attentionofthesecond

derivatives，however，israretobestudied．

Thelower marginalReynolds numberis obtained around Re＝1400，from

neutralgrowth ofstreamwisefluctuation energyln relaminamZlng ChannelflOw

andinterpolationofintermittencyfactor．Thisvalueisgoodagreementwiththe

valuesh・OmpreViousworkers．However，thisvalueisnotexcellentagreementwith

thepresent DNS result suggestingthat moreextensive computationis required

forthequantificationofthetransitionalrangeofReynoldsnumber．Indeedthe

StreamWisefluctuationenergyatthemostdownstreammeasurementpositionstill

increasesaroundthelowermarginalReynoldsnumber．Thisindicatesthatthere

issomepossibilitytoincreasetheintermittencyfactorfurtherdownstream．

The upper marginalReynolds numberis estimated at Re＝2600from the

intermittencyfactordistribution・Thespectramapindicatesthatthelarge－SCale

StruCtureeXists abovethe upper marglnalReynolds number．This factinduces

Seriousproblemtotreattheaowashomogeneousanditisrequiredthateffbctof

theinhomogeneityshouldbetakenintoaccountfortheoretical血・ameworks．

ThegenerationmechanismofcharaCteristicdisturbancesin

channelflow

Inthetransitionalchannelflow，fromtheanalysISOfthepremultipliedspectraof

thevelocityauctuationweconfirmedthreepeaks・Oneisatverylowfrequency
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that correspondstotheappearancefrequencyoftheturbulentpatchesandthe

peakofthehighfrequencylSOftheturbulentdisturbance・Themiddle－frequency

peakscaleappearingbrRe≦1800atnearthewallcorrespondstothestreaks

Observedbyflowvisualization．

Thenumberofturbulentpatchesisroughlyobeyedbytheparabolicdistribu－

tionasafunctionoftheintermittencyfactorthat hasthepeakattheT＝0．5，

SuggeStingthatprobabilityofturbulentpatchappearanceisalmostindependent

Oftheposition．

BymeansoftheensembleaveraglngteChniquebasedonノthelaminar－turbulent

interfaces，the且owfieldwithapassingturbulent patchwasreconstructed．The

reconstructedflowfieldindicatesdynamicchangeofthetime－meanVelocityprofile

andthelocalReynoldsnumbersuggestingthatthereexisttw0－dimensionalflOw

StruCtureinsideandoutsideturbulentpatches．Thewall－nOrmalintegratedflow

fieldoftheDNSconfirmedthislarge－SCaleflOwstructureandrevealedtheblockage

e鮎ctofturbulentpatchescausesitwithskewingthestreamlines．Appearanceof

thestreakystructuresinthelaminarpartwellcorrelateswiththelocalskewnessof

thestreamlines・Thisfactstronglysuggeststhatthecross－flowinstabilityinduces．

Asaresultofenhancementofthemomentumtransferinthewal1－nOrmaldirection

bythestreakydisturbances，themeanvelocityprofileofthelaminarpartbecomes

Similartotheturbulentoneandtheskinfrictioninthelowerrangeoftransitional

Reynoldsnumberarerelativelyhighinspiteoflowintermittencyfactor．

89



REFERENCES

l11S．J．DaviesandC・M・White・AnexperimentalstudyoftheflOwofwaterin

plpeSOfrectangularsection・Proc・R・Soc・Lond・A，119‥92－107，1928・

［2］M．A．BadriNarayanan・Anexperimentalstudyofreversetransitionintwo－

dimensionalchannelflow．J．FluidMech．，31：609－623，1968．

［31V．C．PatelandM．R．Head．Someobservationsonskinfrictionandvelocity

profilesinfullydevelopedpipeandchannelflows・J・FluidMech・，38：18ト201，

1969．

［4］D・R・Carlson，S・E・Widnall，andM・F・Peeters・Anowvisualizationstudy

oftransitioninplanePoiseuilleflow．J．FluidMech．，121：487－505，1982．

［5］F・Alavyoon，D・S・HenniTgSSOn，andP・H・Alfredsson・mrbulentspotsin

planePoiseuilleflow－flowvISualization・Phys・Fluids，29（4）：1328p1331，1982．

［6］M・NishiokaandM・Asai・Someobservationsofthesubcriticaltransitionin

planePoise11illeflow．J・FluidMech・，150：441－450，1985．

［7］K．Fukudome，0・Iida，andY・Nagano・Large－SCalestructureandthesuste－

nancemechanisiminturbulentPoiseuilleflowatlowReynoldsnumber．Thns．

Jβ〟旦β，76：92－107，2010・

［8］T．Tsukahara，Y・Kawaguchi，H・Kawamura，N・Tillmark，andP．H・Alfreds－

SOn．Turbulencestripeintransitionalchannelflowwith／withoutsystemrota－

tion．Inf）mceed慮れ卵げ兢e5reVeγ助JUm〟勒γ叩0血mo†lエαm哀れαr一九rあuJeγ古土

7ねnsition，IUTAMBookseries，萌）ringer，VOlume18，pageS421－426，2009．

［9］T．OkumuraandM・Matsubara・ExperimentalstudyonininimalReynolds

numberwithLDVmeasurementandvisualization．InPrvc．qf2006Annual

Meeting，Page42．JapanSocietyofFluidMechanics，2006．

［10］T・Numano and M・Matsubara・Visualization and LDVmeasurements of

disturbance observationinlaminarizing two dimensionalchannelflow．In

Prvc．qF2008AnnualMeeting，page29．Japan SocietyofFluid Mechanics，

2007．

［111T．Natori，K・Watanabe，D・Aoki，D・Seki，andM・Matsubara・Flowvisual－

izationinarelaminarzingchannelaow．InPrvc．2011AnnualMeeting，pageS

75－76．JSMEHokuriku－ShinetsuBranch，2011．

90



［12］J・Kim，P・Moin，and R・Moser・nlrbulence statisticsinfully developed

channelflow．J．FluidMech．，177：133－166，1987．

［13］S・A・OrszagandK・C・Kells・TransitiontoturbulenceinplanePoiseuilleand

planeCouetteflow．J．FluidMech・，96：159－205，1980．

［14］S．ChenandG・D・Doolen・LatticeBoltzmannmethodforfluidflow・Ann．

Re肌F祝摘〟ecた．，30：329－364，1998．

［151T・Inamuro・LatticeBoltzmannmethodsforviscousauidflowsandfortwo－

phasefluidflows．FluidDyn．Res・，38：6411箔9，2006．

［16］T・Inamuro・Alatticekineticschemebrincompressibleviscousflowswith

heattranSfbr．Phil．7hms．R．Soc．Lond．A，360：477A84，2002．

［17］A．K・M・F・HussainandW・C・Reynolds・Ti1rbulencestatisticsinfu11y

developedchannelflowatlowreynoldsnumber，J．FluidMech．，177：133－166，

1987．

［18］Y．Tanaka・Directnumericalsimulationofrelaminarizingplane－parallelchan－

nelflow．Master’sthesis，ShinshuUniv．，2004．

［191J．PeixnhoandT・Mullin・Decayofturbulenceinpipeflow．Phys．Rev．Leit．，

96：094501，2006．

［20］T．M．SchneiderB・Hof，J．Ⅵ屯sterweelandB．Eckhardt．Sensitivedependence

Oninitialconditionsintransitiontoturbulenceinpipeflow．Nature，443：59－

62，2006．

［21］S・A・Orszag・AccuratesolutionoftheOrr－Sommerfeldstabilityequation．J．

ダ祝詞〟ec．，50：689－703，1971．

［22］0・IidaandY・Nagano・Therelaminarizationmechanismsofturbulentchannel

flowatlowReynolds numbers．Flow，7brbulence and Combustion，60：193－

213，1998．

t23］J・D・Skufcaand，J・A・Ybrke，andB・Eckhardt・Edgeof9haosinaparallel

Shearflow．Phys．Rev．Lett．，96：174101，2006．

［24］T．M．Schneider，B・Eckhardt，andJ・A・Yorke．Turbulencetransitionand

theedgeofchaosinpipeflow．Phys．Rev．Lett．，99：034502，2007．

［251T．M．Schneider，J・F・Gibson，M・Lagha，F．De Lillo，and B．Eckhardt．

Laminar－turbulentboundaryinplaneCouetteflow．Phys．Rev．E．，78：037301，

2008．

91



［261P．SchlatterY・DuguetandD・S・Henningson・Localizededgestateinplane

Couetteflow．Phys．Fluids，21：111701，2009．

［27］T．M・Schneider，J・F・Gibson，andJ・Burke・Snakesandladders：localized

solutionofplaneCouetteflow．Phys．Rev．Lett．，104：104501，2010．

［28］S・Cherubini，P・DePalma，J・Ch∴Robinet，andA・Bottaro・Edgestateina

boundarylayer．Phys．Fluids，23：051705，2011．

［29］F・Mellibovsky，A・Meseguer，T・M・Schneider，andB・Eckhardt・nansition

inlocalizedpipeflowturbulence．Phys・Rev．Leit．，103：054502，2009．

［301Y・Duguet，A・P・Willis，andR・R・Kerswell・Transitioninpipeaow‥the

Saddlestructureontheboundaryofturbulence．J．FluidMech．，613：255－274，

2008．

［31］Y・Duguet，A・P・Willis，andR・R・Kerswe11・Sluggenesisincylindricalpipe

aow．J．ダ祝詞〟ec／．，663：180－208，2010．

［321M．AsaiandM・Nishioka・Boundary－layertransitiontriggered byhairpin

eddiesatsubcriticalReynoldsnumbers．J．FluidMech．，297：10ト122，1995．

［33］P．H・A脆・edssonandM・Matsubara・Free－Streamturbulence，Streakystructure

andtransitioninboundarylayerflows．AIAA－PqPer，2000－2534，2000．

［34lA・V・JohanssonandP・H・Alfredsson・Onthestructureofturbulentchannel

aow．J．ダ祝詞〟ec．，122：295－314，1982．

［35］B・G・B・Klingmann・Ontransitionduetothree－dimensionaldisturbancesin

planePoiseuilleflow．J．FluidMech．，240：167－195，1992．

［36］P・T・Tsilingiris・Thermophysicalandtransportpropertiesofhumidairat

temperaturerangebetweenOandlOOOc．Energ．Convers．Manage．，49：1098－

1110，2008．

［37］T・B・HedleyandJ・F・Keffer・Turbulent／non－turbulentdecisionsinaninter－

mittentflow．J．FluidMech．，64：625－644，1974．

［38］C・LKuanandT・％ng・InYeStigationoftheintermittentbehavioroftransi－

tionalboundarylayeruslngaCOnditionalaveraglngteChnique．Eq．77Lermal

ダ祝詞gc豆．，1990．

［39］M．MatsubaraandP・H・Alfredsson・Disturbancegrowthinboundarylayers

Subjectedtofreestreamturbulence・J．FluidMech．，430：149－168，2001．

92



［40］B．G・B・KlingmannandP・H・Alfredsson・TurbulentspotsinplanePoiseuille

且owrmeasurementsofthevelocityfield．Phys．FluidsA，2：2183－2195，1990．

［41］J．P．Monty，J・A・Stewart，R・C・Williams，andM・S・Chong・Large－SCale

featuresinturbulent pipe andchannelflows．J．FluidMech．，589：147－156，

2007．

［42】D・SekiandM・Matsubara・Experimentalinvestigationofrelaminarizingand

transitionalchannelflows．Phys．Fluids，24：124102，2012．

［43］G・KawaharaandS・Kida・PeriodicmotionembeddedinplaneCouettetur－

bulence：regenerationcycleandburst．J．FluidMech．，449：291－300，2001．

［44日・F・Gibson・Channelflow：AspectralNavier－StokessimulatorinC＋＋．Tbch－

nicalreport，U．NewHampshire，2012．

［45］J．F・Gibson，J・Halcrow，andP・Cvitanovi6・Visualizingthegeometryofstate

SpaCeinplaneCouetteflow．J．FluidMech．，611：107－130，2008．

［46］T．Tsukahara，Y・Seki，H・Kawamura，and D・Tbchio．DNS ofturbulent

Channelaow at verylow Reynolds numbers．TsinghuaUniversity Press＆

SpringerLVerlag，2004．

93


