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ABSTRACT

Intr oduction. Theproblemof thetransitionto turbulenceisbestunderstoodin agloballysupercritical
context, e.g. for Rayleigh–B́enardconvection.Difficulties arisefor openflows that aremechanically
stable(no inflection point in the basevelocity profile), that is, boundarylayer flows, planePoiseuille
flow or planeCouetteflow (pCf). In thatcasethetransitionto turbulencecanbedirectfrom thelaminar
stateandoccurvia spatiotemporalintermittency asdiscussedfirst by Pomeau[1] ata conceptuallevel.
Subcriticalityandcoexistenceof laminarandturbulent domainsarethe key featuresof the proposed
scenariobut, in practice,it is noteasyto setexperimentalobservationswithin thatframework. A review
of thework doneon thepCf atSaclayhasbeengivenin thefirst partof apaperby Dauchotandmyself
[2]. Its secondpart was devoted to a presentationof preliminary simulationresultson a model [3]
mimickingthebehavior of thatflow. After abrief summaryof thismodelingattempt,I will describenew
resultsaboutthegrowth of spotsandturbulentdomainsthatresemblewhatis observedexperimentally
andfurtherraisesnew questions.

Themodel. Theproblemof how turbulenceissustainedin wall flowsisadifficult onethatWaleffeap-
proachedby developingaLorenz-likemodelin termsof ordinarydifferentialequations[4] couplingthe
amplitudesof few Fouriermodes,andaccountingfor theregenerationcycle of streaksandstreamwise
vorticessupposedto play theprincipalrole in theprocess.Thoughnontrivial solutionsof theexpected
type arepresentin his model,sucha low-dimensionalapproachis not satisfactorysinceit postulates
periodicboundaryconditionsat a smalldistancethatbehave asconfinementeffectsincompatiblewith
theobservedspatiotemporalevolution. In orderto go beyondand,in somesense,to unfreezethespace
dependenceof thesystem,few yearsagoI developedaSwift–Hohenberg-like model,from whichWal-
effe’s modelcanbe recoveredwhenhis specificboundaryconditionsareimposed.In this model,the
in-planespace( ����� ) dependenceis fully accountedfor while thecross-stream( � ) dependenceis trun-
cated,hencethe term “2.5 dimensional”model.The baseflow is taken1 as ���	��
��	������������ and
“stressfree” boundaryconditionsareassumedat ������� which implies ������ "! (theflow is driven
by anappropriatebodyforce).TheperturbationsareexpandedasFourierseriesin � with coefficients
dependingon � , � , andtime # :�%$��'&)(+*,&.-���/�0���1�2�1*�3465 - &87

4�9;: <�=!?>@�1�2�1*,&)7 4BA - ��/�1�C�=!?>D*E�F�G�1�2� (1)

with similar expressionsfor H $ and I $ . Up to now only a consistenttruncationat lowestorderhasbeen
considered(subscripts0 and1). TheNavier–Stokesequationsfor theperturbationsthenread:J continuityequation: KML &)(+* KONFP (Q� R (2)KML &S-�* KONFP -T� �)U0- (3)

1Velocitiesandlengthsarescaledwith thespeedof theplatesVXW andthehalf gap Y ; theReynoldsnumberis thendefined
as Z\[\VXW)Y?]_^ , asusuallydoneby experimentalists.Physicallyit would bemoremeaningfulto choosea Reynoldsnumber`Z basedon theshearrateandthethicknessof thelayer, hence

`Z�[\a;Z , in orderto allow comparisonswith otherflows,e.g.
Poiseuilleor Couette–Taylor.



J � -componentof themomentumequation( � independentprojection):KMb &)(S*,&8( KcL &)(S* P ( KMN &8(S* -7 &S- KML &S-�* -7 �)U0-B&S-)* -7 P - KON &S-�ed KML"f (Xd -7
KML &S-Sd -7 �)U0-)*hgDi -_j 7 &)( (4)

where
j 7lk KMLBL * KON�N and g is the Reynoldsnumber. Similar equationsareobtainedfor the other

componentsof themomentumequationandtheprojectionson _�/�1���1�2� and
9;: F������� .

In order to eliminate the pressure,streamfunctionsand potentialsare introducedsuch that &)(E�d KMNFm ( , P (n� KMLcm ( , &S-o� KMLOp -Od KMNFm - , P -.� KONFp -?* KcLMm - , and U�-o�q� j 7 p -_�C 6� , whichleadsusto
work with threenonlinearpartialdifferentialequationsfor threeunknowns

m ( , m - , and

p - . Themodel
respectsthemaincharacteristicsof theproblem(linearstability of baseflow, appropriatestructurefor
thenonlinearadvectiontermsthatconserve thekineticenergy, non-normality).

The results. Early numericalsimulationswereperformedunderconditionsthatcorrespondto exper-
imentswith aturbulentstatepreparedathigh g andsuddenlyquenchedata lower g . They haveshown
theexistenceof transientssimilar to thoseobservedin thelaboratoryfor g below someTheglobalsta-
bility thresholdgsr andsustainedturbulenceabove.In themodel,gsr is of theorderof tMu [2,3], whereasg r �wv?!?u in thelaboratoryexperiments[2]. Resultspresentedherereferto new simulations2 obtained
afterseveraldoublingsof thesystem’s linearsize.They haveshown thatthestatisticalpropertiesof the
turbulentregimewereextensive (turbulentenergy perunit surfaceindependentof sizein theconsidered
range)andconfirmedpreviousfindingsabout gxr . Our unrealisticallylow valueis likely to be related
to thechoiceof stress-freeboundaryconditions(asfor convection)andto thelow ordertruncationthat
underestimatesviscousdissipation.

Herewe focuson themostrecentnumericalexperimentsdealingwith spotgrowth andthecoexistence
of large turbulent andlaminardomains.The initial conditionsarederived from a previously obtained
homogeneousturbulent regimeat gq�y�BR?R by maskingpartof it in orderto definethelaminarregion,
i.e. settingto zerothefields z8( , zo- , and {1- outsidedomainsof differentshapesandconnectingstates
smoothlyat the boundary. Circular domainswith small diameterserved asinitial conditionsto study
thenucleationof droplets.Bands,streamwise,spanwise,or oblique,werepreparedto testthebehavior
of domainfronts betweenthe laminar and turbulent states.Several valuesof the Reynolds number
have beenconsidered.Figure1 displaystheevolution of theenergy containedin thespotdeveloping
from a small germ.As understoodfrom the left panel,the spot decaysfor g|�}u"R and g~���"R .
The perturbationis thusinsufficient to trigger thehomogeneousturbulent regime otherwiseobserved
for thesevaluesof g in thequenchexperiment.By contrast,the right panelshows that thedeveloped
regime is obtainedfor g����<R aftera transientin two steps.The initial growth stageresemblesthose
for lower g but is now sufficiently powerful to give rise to a large domainof sustainedturbulence.
During thelatestagethisdomaininvadesthewholesystem.Picturesof it atseveraltimesaredisplayed
in Fig. 2.

Thesecondexperimentpresentedherefocusmoreon theinvasionstageandtheproblemof front prop-
agationbetweentheturbulentandlaminardomains.Herewe only displaythecaseof spanwisebands.
For gy�q�<R , thewidth of theturbulentdomaingrows andthefinal stateis theexpectedhomogeneous
turbulentstate(seeFig. 3 in which thelocal kineticenergy containedin theperturbationis displayedin
colors)whereasfor g��qu"R thebandstill widensbut turbulencefinally decaysin muchthesameway
asit doesin thequenchexperiment.A crude,naive, but economicvisualizationof the fronts separat-
ing turbulentandlaminardomainsis displayedin Fig. 4: the local turbulent intensityis averagedover

2Pseudo-spectralcodewith alias removing, �C�;��a������C� modes,�_��[E����[w��������� hence����[e�C��� and ���D[��_a ,
second-ordertime integrationwith exactevaluationof lineartermsandanAdams–Bashforthschemefor nonlinearterms.



thespanwisewidth of thesystemandthis functionof the remainingstreamwisecoordinateis further
evaluatedevery ��#n�e!@��u from #��eR to #��q�"R . The interestingresultis obtainedthat thefront moves
fasterfor g��w�<R thanfor g���u"R , thatin bothcasestheaverageturbulenceintensityfirst decreasesas
thedomainexpands,but thatit remainsatasufficiently highvalueto triggerthereturnto theuniformly
turbulentregimewhen g��w�<R while it eventuallydecayswhen g���u"R .
Provisional conclusions. Beyond the qualitative restitutionof the globally subcriticalbehavior al-
readyreportedbefore[2,3], it shouldbe remarked first that themodelmimics thegrowth of turbulent
spotsor bandsequallywell. This suggestsus to studyin moredetail how the initial growth stagede-
pendson g andthe initial shape/intensityof theperturbation,thushow theboundaryof theattraction
basinof theturbulentregimeis approached.(Tumblingfrom thisearlystageto theinvasionstageis still
certainlydependenton thesystem’s size.)

Thoughefforts shouldbe madeto improve the monitoring of front motion, interestingresultshave
alreadybe obtained,in particularthat turbulencegrow throughadvancingfronts but decayby local
collapseratherthanby recedingfronts.This raisesquestionsaboutonefacetof Pomeau’s conjecture
[1] abouttheconcreteapplicabilityof thespatiotemporalintermittency scenarioto thepCf case.

Interestingthingshappenin themodelatunrealisticallylow valuesof g . DevelopingaGalerkinexpan-
sionon anappropriatepolynomialbasisaptto dealwith theno slip boundaryconditionsat themoving
platesis straightforward. However, for the momentI prefer to checkthe role of an increasedcross-
streamresolutionby jumpingto thenext consistentmodelingandaddingtwo morefields,

m 7 and

p 7 ,
to

m ( , m - , and

p - . This impliestakinginto accountsomeenergy transfertowardssmallerscaleswhere
dissipationis expectedto take place,while keepingthefocuson coherentstructuresat thescaleof the
gapbetweentheplates.In this way many moreindividual mechanismscanbetestedby manipulating
the initial conditionsin a controlledway. Finally, the breakdown of spiral turbulencein the caseof
counterrotatingTaylor–Couetteflow is very similar to thatof transitionalpCf andanadaptationof the
presentstrategy is anappealingtopic thatI begin to considerin parallel.
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Fig. 1: Totalenergy containedin evolving turbulentspots;shorttermevolutionfor g���u"R , �"R , �<R (left)
andtransitionto thesustainedturbulentregimefor g����<R (right).
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Fig. 2: Snapshotstaken during the transitionfrom a germwith g����<R . (Spanwiseandstreamwise
coordinateshorizontalandvertical,respectively.)

Fig. 3: Wideningof aspanwisebandfor g��w�<R . (Coordinatesasin Fig. 2.)

Fig. 4: Turbulenceaveragedover thelength.Left: g���u"R . Right: g��w�<R .


