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Transition aburningguestionfor 100+yearsX

What happengwhy?

Time-Averaged

. Velocity Profiles
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Laminar Turbulent

http://en.wikipedia.org/wiki/Boundary layer transition

Y ¥he concept of boundary layer transition is a complex one and still lacks a
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http://en.wikipedia.org/wiki/Boundary_layer_transition

Whatwe know already

A 2D TSvaves

SUPERCRITICAL TRANSITION
0 T 2 NJ diBt@arvandeévely

L -vortices hairpinvortices

PhilippSchlatter 2009




Whatwe know already

A Emmong1951)spots inducedby free-streamturbulence

SUBCRITICAL (BYPASS) TRANSIT! ,
6 2 NJ Wisturhdhcslévelst dz

streamwise fluctuations
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Zaki& Durbin 2005



Whatwe know already

WYptimalperturbationsQ eipkainbypasdransition??

- Linear(basedon B/Lscaling¥.

AnderssonBerggren& Henningson1999

Luchini, 2000
- Nonlinear(basedon B/Lscaling¥.
ZuccherLuchini &ottaro, 2004

X but a = Ostreaksare not
good at kickingtransition

Waleffe 1995
Anderssoret al., 2001

Fig. 12. Curve of initial perturbation energy E as a
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Whatwe know already

Whatabout ECSsaddlesedgestates etc.?

Sketch in some
phasespaceX

edgesurface

laminarfixed point  °



Whatwe knowalready ‘ turbulence

homocliniccycle ‘

laminarfixed point

edgesurface



Whatwe know already turbulence

Whatabout ECSsaddlesedgestates etc.?

homocliniccycle

E, = fixed edgesurface

s : :
trajectoryto turbulencestartingfrom
the optimal disturbance E, = fixed

laminarfixed point

disturbanceamplitude



Whatwe know already

Whatabout ECSsaddlesedgestates etc.?

(a) 3507 (b) 260 ¢
300 | 250 |
250} 240 |
E; 200} E; 230t e
150 220 e
r’_‘_?:.u,—-‘"
100 | 210t /// //////,,////
50 N S 200 . . .
1800 2000 2200 2400 2600 2800 3000 3200 2700 2750 2800 2850 2900

Re b Reb

Figure 7. (a) Ey ‘energy’ versus Re,. The laminar fixed point with Re,=3163 and E;=306.45 is
denoted by a square. (b) Better details of the flow trajectory on the edge (dashed curve).

Biau& Bottaro, 2009 squareduct)



Whatwe know already

Whatabout ECSsaddlesedgestates etc.?
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NL E(0)=0.004444275
08Fcecucnn-. NL E(0)=0.004444025

Cherubini et al., 2011 506} P i s
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FIG. 2. (Color online) Snapshots of the streamwise component of the pertur-
bation (darker surfaces, blue online, for # = —0.13) and of the Q-criterion
(lighter surfaces, green online) at ¢ = 300 and ¢ = 700 (top and bottom,
respectively) obtained by the DNS initialized with the nonlinear optimal per-
turbation with Ey = 0.004444275.



Whatelse?

A Localizednitial disturbance(in x, y and z)
A Efficient(small inputd catastrophicoutput)
A Nonlinearinteractions

A Maintain @bliquityQ 0 A ® Scdledy 2
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Questionswve will try to answerX

A Linearhonlinearmechanisms

A Whatis the mostdangerouslocalizednitial flow
state (whichwe will call theminimalseed?

A Howrobustisit with respectto flow domain
constraints Re nitial energylevelX K

A Pathto transition? Goingnearsomesaddlepoint
In phasespace(the edgestate)?

A Canwe imaginesomethinglike a cyclefor the
regenerationof flow structures?




Effectof 3Dinlet noise suboptimal

A, criterion
high dist. velocity
low dist. velocity

PhilippSchlatteret al., 2009



Optimizingthe initial disturbancefield

A Directadjoint procedure tomaximizethe
disturbanceenergyat giventarget time T

Polack &Ribiere 1969 conjugategradientapproachneeded
to convergealso¥ 2 NJ Witidl disHrBafceenergies



The DNS code

MNon-dimensional incompressible Navier-Stokes equations:

u +(u-yhu = — —I—i u
i ? - ?p IEG ¥

Voo = D:

with 1 = (u, v, w)? the velocity vector, p the pressure and Re = L'-";ﬁ*
@ Fractional step’ method on a ‘staggered grid.
@ Centered second-order spatial discretization
@ Temporal discretization: Crank—Nicolson for the viscous terms,
third-order Runge-Kutta for non-linear ones.
@ Domain: 200 x 20 x 10.5 in terms of 4, discretized on a
901 = 150 = 61 gnd
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Convergence
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Convergence
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Pringle Willis &Kerswel] 2011 periodic pipe flow)
P Xoweverthe domainis by nomeanslongenoughfor usto observe
truly localisdoptimalsasopposedto periodicdisturbances Q
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For target time Bufficientlylargenonlinearoptimals

producemuchlargergains



Linear versugsonlinear
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ForgivenRe and T, &nresholdon E existsabove
which nonlineareffectsbecomeimportant



Dependenc®f nonlinearoptimal on E,

t=0, T=75, Re=610
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Abovethe thresholdthe samebasicbuildingblockreappearsx



THE MINIMAL SEED

Optimal initial perturbation at 7' =75, Fy = 0.01 and Re = 610 —
alternated vortices inclined in x and tilted upstream (yellow and blue), which
lay on the flanks of a region of high negative streamwise disturbance (green).

0 Large differences w.r.t. the linear optimal:
@ it is localized in = and =

@ vortices are streamwise-inclined

45 N
@ ' is the largest component
(|tmaz| = 0.018)
10 @ regions with high negative u’ are
210 230 250 associated with high positive v’




F universalityof the minimalseed

Re=610, T=75, E,=0.01

L,=-10.5 5N
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130 140 X 150 160

@ The minimal seed is observed at
different Re.

@ It slightly depends on the domain
length

@ |t is has a characteristic spanwise and
streamwise size



Whathappensat the target time T?

t=T=75, Re=610

=
E,:0.001 ?
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Beyond the norinearity thresholdL -vorticesappeat
their interactionsleadthe flow toturbulencewhen
severalminimal seedsare presentin theinitial field



Pathto turbulenceof the minimalseed




Pathto turbulenceof the minimalseed

Orrmechanismntilts the vortices(drawnin green
via the Qcriterion) downstream



Pathto turbulenceof the minimalseed

Lift upc relatedto @9 ¢ to amplifythe
streamwisedisturbancefield (drawnin blue)



Pathto turbulenceof the minimalseed

oLandah(1975 1980 studiedthe linearevolutionof localized
disturbancesandformalizeda physicalexplanationfor the
streakgrowth mechanismwhichwe denotethe lift-up effect.
Sinceafluid particlein a streamwisevortex will initially retain
lts horizontalmomentumif displacedn the wall-normal
direction, suchadisturbancen the wall-normalvelocitywill

causein ashearlayera perturbationin the streamwisevelocity €
105 20 - L.BRANDT, P. SCHLATANHER D.SHENNINGSQNFM 2004

Lift upto amplifythe streamwisedisturbancefield
(drawnin blue)



Pathto turbulenceof the minimalseed

Structuresremainobliquethanksto the term ww,



Pathto turbulenceof the minimalseed
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Structuresremainobliquethanksto the term ww,



E(t)/E(0)

Pathto turbulenceof the minimalseed
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Pathto turbulenceof the minimalseed

Creationof aL -vortexbecauseof stretching of the
vorticaldisturbancedy themeanflow, via theterm Uu



Pathto turbulenceof the minimalseed

Formationof anarchvortexA hairpin, (switchingoff the
term (dz@dhhibitsthe developmentof the hairpinhead)



Pathto turbulenceof the minimalseed

Smallerscalevorticesand subsidiaryhairpins



Pathto turbulenceof the minimalseed

t=100
ww, (vortex tilting term Uv,(vortex stretching term)

v'Uy (lift-up term)
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Smallerscalevorticesand subsidiaryhairpins



minimal seed snapshotfrom asimulationof turbulence
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FIGURE 23. Iso-surfaces of the streamwise component of the velocity (green, v’ = —0.25) and
streamwise vorticity perturbations (yellow and blue for w), = 0.6 and w} = —0.6), respectively.

The top frame shows the entire view of the wave packet, whereas the bottom ones provide the

local view of the three regions of the flow marked by black rectangles on the top.

Thissuggestsa cyclefor the regenerationof flow
structuresat smallevfasterspacétime scalesX



Thedisturbanceregenerationcycle
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Summingup

A Minimal seed localizedspatialstructureinvariantw.r.t. Re,
E, domainsize target time

A Minimal seeddiffersin shapeandamplitudefrom both
classicaDP Anderssoret al. 1999, Luchini 2000) and from
linear, localizedOP

A It triggerstransitionfasterthan anyother IC petter than
obliguetransition, for detailsconsultthe paperby Cherubini
et al., In pressSINONLINEARITY IS CRUCIAL!

A Steps Orrmechanismlift-up (@\9), maintainobliquity
(ww),, L-vortices(Uu(), hairpinsA THEN REPEAT

A Disturbanceegenerationcyclecouldstart fromother
disturbancessuchasfree-streamturbulenceX



