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ABSTRACT

We propose a new strategy of shear flow turbulence
control which is realized by the imposition in the plane Cou-
ette flow of a specially designed, non-symmetric in span-
wise direction seed velocity perturbations by a near wall
volume forcing. The configuration of the imposed perturba-
tions ensures a gain of shear flow energy and the breaking of
turbulence spanwise reflection symmetry — generates span-
wise mean flow. The latter changes the self-sustained dy-
namics of turbulence and results in considerable reduction
of its level and kinetic energy production. It has to empha-
sized that the generated spanwise mean flow is a result of
the intrinsic, nonlinear processeis the forced turbulence
and not directly introduced in the system. A model, near-
wall weak forcing is designed to impose in the flow the per-
turbations with required statistics and characteristitise
efficiency of the proposed scheme has been demonstrated
by direct numerical simulation (DNS) using the plane Cou-
ette flow as a representative example. However, the strat-
egy can be naturally applied to channel and boundary layer
flows. The results are promising: the reduction of level of
turbulence about 35% was obtained. Of course, the consid-
ered forcing is volume and hypothetical one. Nevertheless,
it helps to gain a knowledge about the design of the seed ve-
locity field that is necessary to impose in the flow to achieve
a substantial reduction of the turbulent kinetic energy.

INTRODUCTION

Control of wall-bounded turbulent flows is an impor-
tant topic in modern fluid mechanics. Investigations of
problems concerned with a reduction of consumption of
fuel in aeronautical applications, or reduction of endoget
costs at pipeline transportation of fluids, have a centuryg lo
history. A wide variety of active and passive, linear and
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nonlinear flow control mechanisms have been suggested
and developed over the years. Comprehensive review and
analysis of the problem can be found in the following publi-
cations (Chogt al., 1993; Gad-el-Hak, 2000; Bewley, 2001,
Kim, 2003; Dean & Bhushan, 2010). The fresh discussion
of the subject is presented in 2011 year April issue of Phil.
Trans. R. Soc. A, on the theme: “Flow-control approaches
to drag reduction in aerodynamics: progress and prospects”

It is now well recognized that the coherent structures
play an important role in wall-layer dynamics in turbulent
flows (Robinson, 1991). There is strong evidence (see e.g.,
Kim (2011); Garcia-Mayoral & Jimenez (2011) and refer-
ences therein) that the most high skin-friction regions in
near-wall turbulent layers are induced by the nearby stream
wise vortices. The ubiquitous structural features in the
near-wall region are streaks, spanwise modulation of the
streamwise velocityCommon features of all drag-reduced
flows are weakened near-wall coherent structuré&ner-
ally, streamwise vortices are formed and maintained by a
self-sustained dynamics of turbulence, which also inmlve
wall-layer streaks and streamwise-dependent disturlsance
and is driven by the linear and nonlinear processes associ-
ated with these structures.

Recently efforts have been made to control turbulence
through the different spanwise wall-based forcing methods
(Karniadakis & Choi, 2003). To modify the near-wall tur-
bulence by direct generation of a spanwise mean flow has
been tried. There are many different ways of transverse flow
generation or modification, e.g. by using the simplified ex-
perimental and numerical models of the shark-skin riblets
(Garcia-Mayoral & Jimenez, 2011; Goldsteshal.,, 1995;
Strand & Goldstein, 2011), wall oscillations (Ricebal,
2012; Touber & Leschziner, 2012) and streamwise travel-
ing waves (Quadriet al, 2009). However, there could be
another, indirect way of a spanwise mean flow generation,
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for instance, by a week near-wall forcing that initiates the
breaking of turbulence spanwise reflection symmetry that,
in turn, leads to the turbulence control. The scheme of this
control strategy is the following:

(i) a specially designed (non-symmetric in spanwise direc-
tion) near-wall weak volume forcing generates seed vejocit
perturbations that draw the shear flow energy and undergo
substantial transient growth;

(ii) the amplified non-symmetric velocity perturbationade

to the breaking of turbulence reflection symmetry and the
generation of mean spanwise flow;

(iii) the latter, in turn, changes the statistics of the tuemce
leading to a considerable reduction of its level.

NON-SYMMETRIC NEAR-WALL FORCING

We consider forced incompressible plane Couette flow
with shear parametérand Reynolds numb&e=UL/v =
ALZ/V, based on the wall velocity, the channel half-width
L, and the kinematic viscosity. We use(x,Y,z) for the
streamwise, wall-normal and spanwise directions respec-
tively. No-slip boundary conditions are used on the walls.
The transient growth of perturbations due to the non-
normality of the linearized dynamical operators of shear
flow is the basis of the dynamical activity in smooth shear
flows. It is well-known that the constant shear flows for
sufficiently high Reynolds numbers support a set of optimal
perturbations that undergo large transient growth dutieg t
dynamical time of turbulence. The latter can be defined as
the characteristic time of the nonlinear proceségs/A).

A robust growth takes place foDBperturbations that sat-
isfy the following conditions:

— characteristic streamwise and spanwise scales are the
same order and at the same time both are larger than the
viscous dissipative length scalg,~ ¢; > ¢, or, in terms

of wavenumbersky, k, < ky (herek, = vRex 1/4,);

— the perturbations are tilted with the background shear
(Craik & Criminale, 1986; Farrell & loannou, 1993), or, in
terms of wavenumbergy/ky < 0.

This type of seed (i.e., small amplitude) velocity perturba
tions can be imposed in the flow by the following model of
the helical forcing (see Figure 1):
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whereLy = 2a(N — 1)cosp and L; = 4aM(1 —sing) are
sizes of the simulation box arld+ 1 andM + 1 are num-
bers of the forcing centers in the streamwise and spanwise
directions, respectivelyg and ¢ define the configuration of
the forcing @ defines the forcing “cells” size ang — the
forcing orientation inx — z plane, e.g., atp = 11/4 quasi
equipartition of the forcing in the streamwise and spanwise
directions occurs), ly andl; are sizes of the forcing local-
izations in the streamwise, wall-normal and spanwise di-
rections; A; and A, define the forcing amplitudes in the
streamwise/spanwise and wall-normal directioXs(a, @)

and Zm(a, @) define the location of the forcing symmetry
centers andn(a, @) andZm(a, @) define the location of the
forcing localization centers in the streamwise and spaawis
directions, respectivelyypeak defines the location of the
forcing localization center in the wall-normal direction.

RESULTS OF NUMERICAL SIMULATIONS

The pseudo-spectral code developed at KTH, Stock-
holm was used in the simulations. Fourier decomposi-
tion in the horizontal X and zZ) and Chebyshev discretiza-
tion in the wall-normal ¥) directions were used respec-
tively. Time integration was performed using a third-order
Runge-Kutta method for the advective and forcing terms
and Crank-Nicolson for the viscous terms. All guanti-
ties were normalized on the half of the velocity differ-
ence between the walls and the channel half-width (for
details see Skote (2001)). The original code was modi-
fied to implement the forcing presented by Egs.1. DNS
at different parameters of the controlled and unmanipu-
lated flows have been performedRe= 750. (The turbu-
lent Reynolds number based on friction velocity and chan-
nel half-width wasRe = 52.) The simulation box was
Lx x Ly x Lz = 81 x 2 x 4rt. Two different number of modes
were usedNy x Ny x N, = 256x 97x 128 512x 257x 256
to study the grid convergence. The simulations have shown
that the increase of number of modes does not change the
numerical results. The resolution of the simulations was
Axt =5, Ayt =0.03—1.6,Az" = 5. The statistics and in-
stantaneous velocity fields of the unmanipulated and forced
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Figure 1. Geometry of the forcing with a zoomed segment in the plaRe-ypeak= —095 with parameterdl =13 M =7,a=1.2221 ¢ =

/4,15 =1, =1/v10,ly = 0.2,A; = 0.4,A; = 0.008.

Figure 2. Velocity field imposed by the forcing kz-plane aty = —Ypeak=

and negative-£0.0001---) spanwise velocity.

turbulence were compared. It was found that the production
of turbulent kinetic energy is very sensitive to the forcing
parameters. Here only the case with the significant reduc-
tion of turbulent kinetic energy production is presented.

Figure 2 presents the imposed at each action of the
forcing the seed velocity field in thezplaney = —0.95
and contours @005 (solid line) and-0.0001 (dashed line)
of the spanwise velocity component. The vector field in
the area of the solid contour initiates the breaking of the
spanwise symmetry. The velocity field in the area of the
dashed contour is due to the incompressibility conditich an
is unfavorable to the spanwise symmetry breaking. Never-
theless, the imposed velocity configuration, for the set of
parameters presented in Figure 1 leads to the generation of
mean spanwise velocity and, finally, to substantial reduacti
of the turbulent kinetic energy.

It is well known that Couette flow is spectrally sta-
ble and that the turbulence in this flow has a subcritical
nature which is realized by the bypass concept. The pro-
posed strategy or route of the flow control is based on pecu-
liarities of linear and nonlinear processes in the framé&wor
of the bypass concept, according which the self-sustenance
of the turbulence in shear flows is the result of the linear
transient growth of kinetic energy of perturbations indlice
by the non-normality of these flows and positive nonlinear
feedback. The role of nonlinearity in this case is princi-
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—0.95 with contours of positive (0005—)

pally different from the role in the Kolmogorov theory. The
turbulence level/balance depends on the nonlinear redistr
bution process in the wavenumber space. If we act some-
how on the nonlinear redistribution process, the balanee be
tween the linear and nonlinear processes can be achieved
at different levels (low or high) of turbulence. So, at the
control the imposed specially designed perturbations afte
transient growth become powerful and active participant of
the nonlinear redistribution process, change it and lead to
the balance at a lower level of turbulence. In Figure 3 the
slices of the spanwise velocity for the unmanipulated (top
plot) and controlled (bottom plot) flows are shown xp
plane. The levels of contours are in the rangé-€3.3,0.3].
Green and red colors correspond to the negative and positive
spanwise velocities correspondingly. In the case of unma-
nipulated turbulent flow, the contours with different signs
are uniformly distributed in the wall-normal direction tha
give, as it was expected, zero mean spanwise flow. A com-
pletely different picture is observed on the bottom plot, fo
the controlled flow. The contours with the negative values
are mainly located in the upper half of the simulation box
and the contours with the positive values are in the lower
half of it. This means the appearance and generation of the
mean flow in the spanwise direction. The another feature of
the controlled flow is also observed. The coherent strusture
in the flow become rare indicating a reduction of the level



International Symposium

‘/T/,,, N—
ﬁ\\\%ku On Turbulence and Shear Flow
———~=""A_"— Phenomena (TSFP-8)

August 28 - 30, 2013 Poitiers, France

CON1B

1
<o? -
_1 A
5

10

15 20 25

Uz:
Figure 3. Slices of spanwise velocity ixy-plane for unmanipulated (top plot) and controlled (bottglot) flows.

Figure 4.
lower wall for turbulent (top plot) and controlled (bottorfipws.
The coherent structures in the controlled flow become ratitia
dicates a reduction of level of turbulence.

Iso-surfaces of streamwise of vorticitwy( = 0.5) at

of the turbulence intensity that one can see from the plots in
Figure 4 which presents iso-surfaces of streamwise compo-
nent of vorticity () for turbulent (top plot) and controlled
(bottom plot) at the lower wall. The statistics of Reynolds
stress tensor components in unmanipulated (dashed lines)
and forced, controlled (solid lines) cases are shown in Fig-
ures 5, 6 and 7. The plots in Figure 7 represents the non-
diagonal components of Reynolds stress tensor that usually
are zero in the unmanipulated flow, they appear only in the
controlled flow. The plots of Reynolds stress components
show that the level of turbulence decreases significantly in
the latter case. Figures 8 and 9 show the deviation of the

controlled flow mean streamwisaly = U™ — Ti"™)

and spanwiseAU, = U™ — U'""™) velocity profiles from

the unmanipulated flow corresponding profiles. It is obvi-
ous that the forcing does not create the mean wall-normal
flow. The left plot shows that the maximum deviation
of the controlled flow mean streamwise velocity is quite
small: AUy max~ 0.014. For the unmanipulated turbu-
lent flow, the mean spanwise velocity is zero, consequently,
AT, =T™. For the controlled flow the mean spanwise
velocity appears with the maximum vallk pgy ~ 0.07.

As for the production of turbulent kinetic energy, be-
sides the classical ternry = —uu{dUx/dy, the addi-
tional componentPr, = —ug,u’szz/dy, appears due to the
forcing. The power input in the flow can be defined by:
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Figure 5. Diagonal components of Reynolds stress tensor for

unmanipulated turbulent-¢—) and controlled {—) flows.

PN = Ry + R, + Fup = P+ RN+ PN, where the term
P)‘,n is negligible. The terms characterizing the energetics
of the control process (as a function of wall-normal coordi-
nate) are presented in Figure 10. The top plot dispRy's
(dashed-dotted line) arfery for the unmanipulated (dashed
line) and controlled (solid line) flows. The bottom plot dis-
plays the same but for the spanwise components. These fig-
ures show thali", P Pr, < Pry and the turbulent kinetic
energy production is substantially reduced in the coredbll
case.

The results presented in Figure 10 are confirmed by
plots in Figures 11 and 12 that displays the time evolution
of the (averaged in the streamwise, wall-normal and span-



=_— International Symposium
——\\ ﬁ\¥ On Turbulence and Shear Flow
A_— Phenomena (TSFP-8)

August 28 - 30, 20183 Poitiers, France

CON1B

107°

5400 5600

5500

5800

3000 3200 3400

2000 3600
t
Figure 11. Time evolution of the production of turbulent kinetic eng(gveraged in space) for the unmanipulated 8000) and controlled
(t > 3000) flows at two different locations of the forcing centierghe wall-normal directionypeax= 0.95,——, andypeak= 0.90,— ——.
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Figure 12. Time evolution of the production of turbulent kinetic engfgr unmanipulatedt(< 3000) and controlledt (>~ 3000) flows for
Ypeak= 0.95.
5x 107 50X 10

Figure 6. u,u, component of Reynolds stress tensor for unma-
nipulated turbulent——) and controlled+—) flows.

wise directions) production of turbulent kinetic energheT
time regiont < 3000 corresponds to the unmanipulated tur-
bulent flow andt > 3000 corresponds to the manipulated
and controlled flow. As a result, the reduction of the level
of turbulence about 35% was obtained. Figure 11 compares
the time evolutions of the productions for two different lo-
cations of the forcing center in the wall-normal direction.
The figure shows that the shifting of the forcing location
away from the wall (fromypeak= 0.95 toypeak= 0.90) re-
markably changes (in the worse direction) the reduction of
turbulent kinetic energy production. In Figure 12 the lange
time evolution ofPry in the case of forcing foypeak= 0.95

is presented.

CONCLUSIONS

The aim of this study was to propose and analyse a
new strategy/route of the flow control by imposition in the
flow a specially designed seed perturbations with the spe-

5

Figure 7. uju, andu,u, components of Reynolds stress tensor
for unmanipulated turbulent--) and controlled{—) flows.

cial length scales that have potential of transient growth.
These perturbations generate the helical turbulencel{#sat
nonzero streamwise vorticity) and simultaneously crdate t
spanwise mean flow.

Taking into account the feature of the subcritical tur-
bulence and definition of optimal perturbations the model
of near-wall body forcing with nonzero helicity was con-
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Figure 8. The deviation of the controlled flow mean streamwise
(AUY) velocity profile from the unmanipulated turbulent flow.
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Figure 9. The deviation of the controlled flow mean spanwise

(AU) velocity profile from the unmanipulated turbulent flow.

structed and DNS was performed to evaluate the efficiency

of the proposed scheme on the example of plane Couette

flow. The results are promising and encouraging: the ap-
plied forcing considerably reduces the kinetic energy pro-
duction in comparison to the unmanipulated turbulent flow.
Of course, the considered forcing is volume and hypotheti-
cal one. However, the forcing helps to gain the knowledge
about the design of the seed velocity field, permanent (at
each simulation time step) imposing of which leads to the
substantial reduction of the turbulent kinetic energy. sThi
convinces in the vitality of the proposed control strategg a
initiates further investigations. It is obvious that thepioa

sition of the needed seed perturbations can be achieved by

manipulation of the boundary conditions. Specifically, by
the properly designed blowing and suction or riblets. To de-
sign the nonuniform blowing and suction and study the flow
control is the next step of our activity. As for the ribletath

replicate the shape of the shark-skin, their design can be

quite complicated that is the final aim of our investigation.
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