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Summary Theinverseenepgy cascad@resentn two-dimensiona(2D) turbulenceleadsto theformationof large-scaldlow structures.
In the caseof decaying2D turhulenceon a squaredomainwith no-slip walls the flow usually shaws self-oiganizationinto a single
domain-filling circulation cell with an associatedncreasein the total angularmomentumof the flow — a processreferredto as
'spontaneouspin-up’. Subsequent|ythis organizedstatemay persistuntil all enegy is depletedby viscousdissipationandthe fluid
eventually comesto rest. In contrast,if the enegy of the flow is maintainedby someexternalforcing mechanisma spectacularly
differentbehaiour may be obsered. Boundarylayerspresentat the domainwalls candestabilizethe organizedstate,suchthatthe
dominatingcirculationcell collapsesandthe self-oilganizationprocessnay startanav. Most strikingly, the circulationmay evenshav
signreversal.This flow behaiour hasbeeninvestigatedy high-resolutiomumericalsimulationsbasedn spectrakechniques.

DECAYING 2D TURBULENCE

A well-known featureof two-dimensional2D) turbulenceis the inverseenegy cascadeaccordingto which enegy is
passedrom smallto large scalesof motion. It is generallyassumedhat the inversecascadas linkedto the formation
of vortex structuresln the caseof slowly decayingturbulence thesestructuresshov complicatednteractionsyesulting
in adecreasingiumberof vorticesof increasingsize. Numericalsimulationscarriedout for a turbulentflow on a double
periodicsquaredomainhaverevealedhattheflow eventuallybecome®rganizedn theform of acombinatiorof two cells
of positive andnegative circulations[1]. In contrastthe’final state’of decaying2D turbulenceon a squaredomainwith
no-slip boundariesonsistsof a large centralcell with eitherpositive or negative circulation, surroundedy a shielding
ring of negative or positive vorticity, respectiely, suchthatthetotal circulationof theflow is zero(asdictatedby the no-
slip conditionatthe domainboundaries)This long-timebehaiour hasbeenfoundbothin laboratoryexperimentsandin
high-resolutiomumericaflow simulations A remarkablebsenationwasthatin mary caseghetotalangulatTmomentum
L(¢) of theflow, whichis initialized randomly with L(¢ = 0) ~ 0 shavsasudderchangdo non-zerovalues— afeature
termed’spontaneouspin-up’[2]. This total spin-upof the fluid is directly associateavith the self-organizationof the
flow into a singlelargervortex structurethatfills the domainalmostcompletely In the next stageof the flow evolution,
theabsoluteangulamomentun L(¢) | shovs a very slow decayto zerofor verylatetimes. It is importantto notethatthe
no-slipboundaryconditionis a prerequisitefor the spin-up,asthe angularmomentumL(¢) is anirrelevantquantityfor
theflow evolution on a double-periodiadomain. Also, the squaredomaingeometryis important,spin-upbeingvirtually
absenton a circulardomain[3] or on along rectanguladomainin which the 'final state’consistsof a linear (domain-
filling) arrayof counterrotatingcells[4]. Obviously, the changeof the total angularmomentunduring the spontaneous
spin-upis connectedvith the actionof forcesat the domainboundariesNumericalsimulationshave revealedthat— for
the caseof a squaregeometry— the contribution of the inviscid normalstresg(i.e., the pressurejs muchlargerthanthe
effectsof viscoussheatandnormalstresses.

FORCED 2D TURBULENCE

In recentdirectnumericalsimulationsof stochasticallfforced2D turbulentflow on a squaredomainwith no-slip bound-
ary conditionswe alsoobsened spontaneouspin-upbehaiour, althoughremarkablydifferentfrom the decayingcase.
In theseforcedturbulenceexperimentsoneobsenesseveral consecutie eventsof rapidincreaseanddecreasef |L(t)|,
oftenwith signreversalof L(t) betweemeighbouringoeaksin |L(t)|.

Theevolution of the flow is governedby thevorticity equation
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with v(r,t) = (u,v) thevelocity vectorandr = (z,y) the positionvectoron a squaredomainD definedby {—1 < z <
1;-1 <y < 1}; furthermorew(r,t) =2 -V x v = g—; - g—z is thevorticity componenperpendiculato the flow field,
v is the kinematicviscosity andq representshe stochastiexternalforcing of the flow. Subjectto the no-slip condition
v = 0 ondomainboundan®D, andinitially, w(r,0) = 0 onD, equation(1) is solvednumericallyusinga pseudo-spectral
codebasedn Chebyshe expansionsnda semi-implicitAdams-BashfortiCrank-Nicolsortime integrationschemd5].
Theforcing ¢ is modelledasa first orderMarkov procesg6]. Thetotal angularmomentuml(t) of theflow with respect

to thedomaincentreis definedas

L(t) = /D(r X V) -ZdA . 2

A typical exampleof the evolution of the normalisedangularmomentumL’(t) = L(t)/L,(t) — whereL,(t) is the
angulamomentumassociatedvith a uniformrotationwith kinetic enegy E(t) — duringasimulationwith integral scale
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Figure 1. Evolution of the normalized angular momentum L’ (¢), showing distinct phases of spin-up.

ReynoldsnumberRe = (Ud/v) ~ 3000 (whereU is the root-mean-squareelocity andd the domainsize)is shovn
in Figurel. It is clearly seenthat— althoughbeingequalto zeroinitially — the angularmomentuntendsto reacha
non-zerovalue,i.e. the flow exhibits spontaneouspin-up. Moreover, several signchangesn L' areobseredto occur:
apparentlytheflow reversesabruptlyin thosecases.

In fact, a few different stagescan be distinguishedin the flow evolution: first the flow is shaving evidenceof self-
organizationor spin-up, as can be obsened from the build-up of a larger circulation cell and the associatecangular
momentum,followed by a relatively rapid destructionof the cell and a dramaticdecreasef the flow’s total angular
momentum Subsequentlytheflow become®rganizedagaininto alargercirculationcell — eitherwith the sameor with
oppositerotationdirectionasthe previous cell. The no-slipboundarieenclosingthe flow domainplay a crucialrole in
therepeatedlestructiorof the organizedlow state.Theviscouslayersat thewalls containoppositely-signedorticity, as
a consequencef the no-slip condition. Oncethe larger cell is establishedthe boundarylayersdetach giving riseto the
formationof smallervorticesin the cornersof the domain. The cornervorticesgraduallygrow in sizeandstrength,and
subsequentlgtartto interactwith theflow in theinterior. The centralcell is thusprogressiely eroded it soonbecomes
unstableandthenbreaksdown rapidly. At thatstage theflow hasbecomdrregular, consistingof filamentarystructures
withoutary overall coherenceSubsequentlyhe self-organizatiorprocessnay startanav, possiblyleadingto aflow cell
with oppositelysignedcirculation.
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