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Primary instability: TS vs TG
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Movie of streaks breakdown (Luca Brandt)

Fundamental sinuons
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Fundamental varicose

|

Sl o O S e n wE e ==
S —_— e - W - e T
ol 3. e W
- - - i Tl ol g T - = —
= mE m T it e T e e e s o

)
)
)
)

i

SR AT e T S TSNS
| B ¢ 2 3 [
p— =S — e S aF Sy L —

- [— [— —>

Onset for streaks instability is at amplitude 26% for

sinuous disturbances, and even larger for varicose.



Unstable sinuous eigenmode
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(From PhD thesis of Luca Brandt)

Temporal growth for unstable sinuous disturbance:
amplitude A=0.28, 0.32, 0.34, 0.36.



Secondary transient growth

Primary growth: streaks Secondary growth

Conjectured by Schoppa&Hussain(2002) and Lundell(2004).
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e Inflow condition from optimal vortices on 0.45

Blasius flow
e Streaks are generated and grow downstream

e Extract Base flow +streaks at downstream

location of maximum amplitude

. . . . v i 5
e Freeze this flow and assume invariance in z - 5
— Uly, 2) 0.05 ‘ '
0 200 400 600 800 1000
e Use U(y, z) as base flow for linear stability X
analysis.

From Anderson et al (2001)
e floquet formulation for the spanwise periodic

base flow U(y, 2)

Eigenvalues tell about asymtoptic stability
Singular values tell about transient behaviour



Stability equations
Perturbation (v,7) on the base flow U(y, 2)

Wavelike behaviour in the streamwise direction:
v, 1] = vy, 2,t),n(y, 2, t)] el 4 coc
Derivation similar to the Orr—Sommerfeld /Squire equation:

)
Avy + UAv, + U v, + 2U,0,, — Uyyv, — 20w,y — 2U w0, = ﬁAAv,

/\\

ne+Un, — Uy +Upv+ Uy, +U,,w = éAn.

\ (with Wy, + w., = =Ny — vy2)

+ Floquet analysis: base flow and disturbance are

periodic in spanwise direction.

Look only at fundamental modes
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Floquet analysis

e Base flow is spanwise-periodic
e Fundamental mode and its harmonics are coupled
e Detuned modes are decoupled to each other

e We look at fundamental modes in this study



Transient growth
e Dynamic system with initial condition:

e Input-output operator H.:

e Maximum possible growth:

+
G(7) = max —”HTQHE — max (H-q,Hrq) £ max (. 1 HTq),

¢ |lglle q (¢,9) q (¢,9)
e with adjoint operator:
(HQ17 QQ) — (Q17 H+g2)7 vgla g2

Max G(7) is the largest eigenvalue of operator HH,;



Computation by power iterations

Power lteration:

e Consider initial guess ¢°(0)

e March forward in time with dynamic equation : ¢"(7) = H.¢"(0)
e March backward in time with adjoint equation: ¢*(0) = H¢"(7)

e Renormalize energy

Each of these power iteration magnifies

the component of the initial guess on the optimal initial condition.

Convergence in less than 20 iterations — well separated eigenvalues
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Model limitations

Infinitely elongated and frozen streak:

e Disturbance wavelength small compared to streak evolution in x
— a >0

e Disturbance should be quick to reach high energy

Look at amplification for short times
and streamwise dependent perturbations



Results



Introduction to energy envelope

Energy envelope for several .
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a =0.01, 0.1, 0.2, ..., 0.6

The envelope shows for each time the greatest reachable energy
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«a =0.01, 0.1, 0.2, ..., 0.6
(a),(b),(c),(d): Amplitudes: A=0.14, 0.2, 0.25, 0.29.



Sinous: onset of instability

for large streak amplitude
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wavenumber a = 0.2 is linearly unstable,

but can reach quickly high energy due to transient growth.
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«a =0.01, 0.1, 0.2, ..., 0.6
(a),(b),(c),(d): Amplitudes: A=0.14, 0.2, 0.25, 0.29.



for low amplitude

Varicose: TS-like instability

Decreasing «

b

(@)

~ 200 400 600

T

800

1000

TS-like instability progressively disapear for streaky base flow...

(cf Cossu&Brandt 2003)
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Amplitudes: A=0.14, 0.2, 0.25, 0.29.

Maximum growth increases with increasing streak amplitude and Reynolds number

Time for maximum increases for increasing amplitude and Reynolds number

But no obvious scaling (we will see later)



Flow structures: Sinuous

Optimal disturbance:

[ v

Optimal response

(Isosurface of constant velocity=20% of maximum)



Flow structures: Varicose

Optimal disturbance:

Optimal response

(Isosurface of constant velocity=20% of maximum)



e

B,
éZ’SKTH%

S Unstable sinuous eigenmode

a%_ ‘%)b

KTH Mechanics ((1.) g 5] (h}

Y

Y

(From PhD thesis of Luca Brandt)

Similarity in structure with our optimal response!
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Analysis

where does the energy come from?
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Energy balance

Kt:/( uva:qu —w - w/Re)dydzdx

T,

T. D

e /;: time variation of kinetic energy
e 1,: production due to interaction with wall normal mean shear
e I',: production due to interaction with spanwise mean shear

e [): dissipation due to viscosity
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Sinuous

Production—Dissipation

e Spanwise shear allways contributes to energy growth

300

15+

Production and dissipation

Varicose
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»

50
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e Wall-normal shear gives then takes: Orr mechanism related to structure tilting

Disturbance can gain energy

by interaction with both mean shear
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e Possibility of energy growth of O(1000) before onset of instability
e Time to reach peak is small (compared to streak evolution time scale)
e Optimal response resembles the unstable mode

e Two production mechanisms acting together: “lift up” +Orr

— Observed transition from streaks may be a TG mechanism

Remaining: how likely are those initial excitation in a boundary layer?
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Transient growth on boundary laver streaks

By JEROME HEPFFNER, LUCA BRANDT.
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The Lnear perourkslions evol ving on streamwise bonmdary laver streakes which vield
i energy growth are computed . The steady and spanwise periodic sireaks arisinsg
frosm the monlinesr ssturation of aptimally growing stieamwise vartioes ars oo Rssdoped
a8 base Bow. B s shown that significant wansient growih may eccar for both sineous
antisymmetric perturbatons and for vrcose syometre mede. The sargy growth is
obeervied sl sapliedes significantly below the throshob] bevond which the streaks bo-
cotne lnearky snstable and s lagest for simoeus perturbations, te which the base Sow
coiligiderad first boveame wnstable, The optinal mitial condition consiets of veloeity per-
bt localimed in the regions of highest stear of the streak base tow, tied upstream
fromm ihe wall. The cprimal resporse is still lecalissd i ihe areas of lrgest shoar bat i
g ikt the fow direction. The most amphfied peptarbations dossly pesamble the e
stabile sgenfwactions bt ained Fr streaks of kigher amplitodes. The results sugzest Lhe
possibility af 5 ransivion seenario charactansasd by the mon-modsl growth of priomary per-
vrbarionis, the stpeaks, Eillowed by the sernwlary rarsient growth of higher recueney
perarbations. [mphestion for torbalent faw (s also discyssed.

1. Lt rodaction

Fipenvaine ansbvsis i ursdiiomally performed o imwstignie the Enosr siability of a
giver fow configuration. The keast stable amorg the exponentially docay ing cgensoly
vianE w the Eeearsed dstarbance apacions provides mformation abont the fow be-
hawiour at large tiees. Mowevar, mivial sanditions which give transiont energy growth
maw exist, a possibility relaied to ihe can-porembicy of the goverming aperator. This
vransient energy ampliieation = also relerred 1o as pon-medal snes it is et dee o the
bahariour of 8 single sgemmeds bot it s canssd by the superpastion of sveral of thee.
In same rases Lhe enorgy growth can be brge eneugh o ingger panlinear imeractions
and take the Bow mro 3 new cosfiguration. The mitml dsturbenes sble to mducs the
largest perturbstion st a geen Lime s calisd opiemal and can be cormpated  sppld ving
ofpl i don e koo es

Here we spply this analyvsis to myestigs te ihe heberviour of small amypliiade perturbs-
vians developi ey or houndary laver sireamwise sipoaks. Thase clomgstod strocinmes and
chwir bre down are fnmd o be koy faciors bath i ransition m bowndary spvers sob ject
to high levels of free siream tartadanes [ Matsasbara & ANredsson 2000 ) and i @ be near
wall region im (arbulent fows jep. Kim, Kline & Revolds 1971 ). The motivation for this
sy enines from the ohsarvalion that the hraldown may ocrur also for asympioticnl by
stabile streaks. In the case of near-wall tarindenes, 1 was aoted by Schoppa & Hussin
[ 2y thar only 20 of the streaks in the bafler lwver oxcesd the smpliiade threshe b
for instabilivy. By choosing an ad ber inftial copdivin these yuthers were 5 be w identify
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