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Direct numerical simulation of turbulent channel ow was made in order to evaluate feedback control

in low-to-moderate Reynolds number ow. Three kinds of active feedback controls are adopted in the

present study. When the local blowing/suction from the wall or wall velocity is determined to be out

of phase with the wall-normal velocity near the wall, the friction drag is e�ectively reduced in both low

and higher Reynolds number ow. Under the control, there observed a thin region near the wall where

momentum transport in wall-normal direction is suppressed. It is also found that a practical turbulence

control device on which shear stress sensors and deformable actuators are distributed regularly, reduces

drag e�ectively in low Reynolds number ow. The deformation of the actuators encounters the rotation

of the near-wall vortices, and attenuates the meandering of the streaky structures. It is shown that the

quasi-streamwise vortices near the wall are well captured by the wall shear stress, in both low and higher

Reynolds number ows.

1. Introduction

Turbulence and concomitant phenomena such

as heat transfer, di�usion, friction drag and noise

play important roles in industrial and environ-

mental problems. From the view point of sav-

ing power and protecting the environment, it is

strongly desired to develop e�cient turbulence

control techniques for drag reduction and/or

heat transfer augmentation. In the last three

decades, various control strategies have been pro-

posed (e.g., Bushnell & Hefner, 1990; Gad-el-Hak,

1994a). Among various methodologies, which are

roughly classi�ed into passive and active control,

active feedback control attracts much attention

because of its large control e�ect with small con-

trol input (Moin & Bewley, 1994; Gad-el-Hak,

1996; Kasagi, 1998).

Since 1960's, a considerable degree of knowl-

edge has been accumulated on the turbulent co-

herent structures and their underlying mechanism

(e.g., Cantwell, 1981). Kline & Robinson (1989)

grouped coherent motions observed in wall tur-

bulence into eight classes. Among those coherent

structures, quasi-streamwise vortices (QSVs here-

after) are known to play a dominant role in the

near-wall turbulent transport phenomena (Robin-

son, 1991; Kasagi et al., 1995). Jeong et al.(1997)
proposed a conceptual model of the near-wall co-

herent structures, which consists of a train of

QSVs having alternative signs of the streamwise

vorticity. They also showed that QSV tilted in

the spanwise direction have close relation with the

meandering of low-speed streaks, and have ma-

jor contribution to the regeneration mechanism.

Kravchenko et al.(1993) showed that the stream-

wise vorticity accompanied with QSV has strong

correlation with the wall shear stress upstream of

the QSV. Kasagi & Ohtsubo (1992) found that

the production and destruction of the Reynolds

shear stress as well as the turbulence heat ux

are concentrated in the regions close to QSV.

These facts indicate that an e�ective control of

friction drag and/or heat transfer in wall turbu-

lence can be established through selective manip-

ulation of QSV.

Choi et al. (1994) investigated turbulent chan-
nel ow with local blowing/suction on the wall,

which is opposite to the wall-normal velocity in

the bu�er layer (active cancellation algorithm).

They obtained 30% drag reduction in their direct

numerical simulation (DNS, hereafter), and found

that QSV are attenuated. Bewley et al. (1993)

employed a suboptimal control theory (Choi et
al., 1993) in order to determine the distribution of
wall blowing/suction as the control input. They

obtained 15% drag reduction and showed that

the spatial distribution of blowing/suction deter-

mined by their suboptimal scheme is similar to

that of Choi et al.(1994). It is noted that in most

previous DNS studies for controlling wall turbu-

lence, an in�nite number of sensors and actuators

were assumed, and their volumes were neglected.

Devices for turbulence feedback control should

have spatio-temporal scales comparable with

those of the coherent structures (Gad-el-Hak,

1994b). Recent development of microelectrome-

chanical systems (MEMS) technology enables us

to fabricate prototypes of such micro devices (Ho
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& Tai, 1996). Among various kinds of actuators,

wall deformation is considered to be one of the

most promising candidates, because of its robust-

ness against the hostile environment. Grosjean et
al. (1998) fabricated pneumatic wall deformation
actuators with MEMS techniques, and showed

that these actuators survived transonic ight test

with large temperature uctuation.

Endo et al.(1999) showed in their DNS of tur-

bulent channel ow with continuously deformable

walls, that the friction drag is e�ectively reduced

when the wall velocity is given to be out of phase

with the wall-normal velocity near the wall. The

displacement and deformation velocity of the wall

are quite small, and thus the energy input for

wall deformation is order of 1=30 of the pump-

ing power savings. This result indicates that the

wall deformation is e�ective as well as practical

in turbulence control as an actuator. They also

showed that the typical scales of the wall defor-

mation are 200 and 60 viscous units in streamwise

and spanwise directions, respectively.

Successively, they performed a DNS of tur-

bulent channel ow with Smart Skin on which

sensors and deformable actuators are distributed

regularly. Since the sensors are located rather

coarsely, obtained information of the ow �eld is

inferior to that measured by ideal sensors. And

the deformation of the actuators is restricted in a

�xed shape. Although there are these disadvan-

tages in the control with Smart Skin, the friction

drag is reduced as much as 17% at maximum.

This result indicates that a practical turbulence

control is possible in the real world.

However, exiting control algorithms have been

evaluated in turbulence ows of quite low

Reynolds number. On the other hand, it is high

Reynolds number ow which is often observed

and the objective of control in industrial world.

Therefore, it is necessary to con�rm whether

the turbulent control techniques are applicable in

high Reynolds number turbulence.

The objectives of the present study are to eval-

uate the existing turbulence control schemes in

low-to-moderate Reynolds number ow with the

aid of DNS, and investigate the applicability of

the control to high Reynolds number turbulence.

2. Numerical Procedure

The ow geometry and the coordinate sys-

tem are shown in Fig. 1. The governing equa-

tions are the incompressive Navier-Stokes equa-

tions and the continuity equation. Wall defor-

mation is represented with a boundary-�tted co-

ordinate system for moving boundary. Periodic

boundary conditions are employed in the stream-

wise (x�) and spanwise (z�) directions, while

non-slip boundary condition is imposed on the

top and bottom deformable walls.

Flow
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Figure 1. Flow geometry and coordinate system.

A modi�ed Crank-Nicolson type fractional-step

method (Choi & Moin, 1994) is used for the time

advancement, while a second-order �nite di�er-

ence scheme is employed for the spatial discretiza-

tion of both ow variables and metrics on a stag-

gered mesh (Mito & Kasagi, 1998). The pres-

sure Poisson equation is solved with the multi-

grid method (Demuren & Ibraheem, 1998). Two

levels of meshes are used to accelerate the con-

vergence, in which a successive over relaxation

(SOR) method is adopted in both the �ner and

the coarser meshes.

The size of the computational volume is respec-

tively 2:5�� and 0:75�� in the x� and z� direc-

tions, where � is the channel half width. The

simulation is performed under the constant ow

rate condition throughout the present study. The

Reynolds number based on the bulk mean ve-

locity Ub and the channel width 2� is 4600 for

lower and 10300 for higher Reynolds number ow

(about 150 and 300, respectively, based on the

wall friction velocity u� and �). The computa-

tional domain for low Reynolds number is about

1180 and 360 viscous length scales in the x� and

z� directions, respectively. And those for high

Reynolds number are 2360 and 720 viscous length

scales, respectively. Hereafter, ( )+ represents a

quantity non-dimensionalized by the friction ve-

locity u� in the plane channel ow without control

and the kinematic viscosity �.

The number of grid points for Re� = 150 is

96� 97 � 96 in the x�; y� and z�directions, re-
spectively. And the number of grid points is twice

in each direction for Re� = 300, so that the grid

spacing represented in viscous unit is the same

for both Reynolds numbers. A non-uniform mesh

with a hyperbolic tangent distribution is em-

ployed in the y�direction. The �rst mesh point

away from the wall is given at y+ = 0:25. The

computational time step is chosen as 0:33�=u2�
and 0:29�=u2� for low and high Reynolds number,

respectively. The initial condition is given from a

fully-developed velocity �eld of preceding channel

ow DNS.
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Figure 2. Schematics of control algorithms.

(a) Control 1, (b) Control 2, (c) Control 3.

3. Turbulence Control Schemes

In the present study, three existing turbulence

control schemes are evaluated with DNS of tur-

bulent channel ow of Re� = 150 and 300. The

control algorithms used here is as follows;

(1) Active Cancellation (Local Blowing/Suction)

(Choi et al., 1994)

(2) Active Cancellation (Continuous Wall Defor-

mation) (Endo et al., 1999)

(3) Smart Skin (Arrayed Deformable Actuators)

(Endo et al., 1999)

where those schemes are schematically described

in �gures 2(a)�(c).

In the control (1), the uid velocity of blow-

ing/suction from the wall vw is given to be out

of phase with wall-normal velocity component vs
measured by virtual sensors located at y+ = 15,

i.e., v+w (tn+1) = v+s (tn), where tn is time step n.

Similar to the control scheme (1), velocity of

the wall deformation vw is determined in the con-

trol (2) as follows;

v+w (tn+1) = �

�
v+s (tn)� << v+s (tn) >>

	
�0:31y+w (tn):

(1)

where the double bracket << � >> denotes an

ensemble average of quantity � in the x� z plane
at each time step. The second term of the RHS

of Eq. (1) is a damping term to suppress excess

wall deformation, where yw is the displacement

of the wall.

Figure 2(c) shows a schematic of deformable ac-

tuator assumed in the present computation. By

taking into account the characteristic scale of the

wall deformation in the control (2), the stream-

wise and spanwise dimensions of the actuator is

chosen as 172 and 60�=u� , respectively (Endo et
al., 1999). Each grid point on the actuator is

assumed to move only in the y�direction. The

shape is determined with a sinusoid in the span-

wise direction, in such a way that the distance

between the peak and trough is about the mean

diameter of QSV, i.e., 30�=u� (Robinson, 1991).

an arrangement of arrayed shear stress sensors

and deformable actuators are also shown in Fig.

2(c). A shear stress sensor is assumed to be cen-

tered at 12:3�=u� upstream from the upstream

end of the deformable actuator.

In the control (3), distributed sensors measure

the spanwise gradients of the instantaneous wall

shear stresses, @�u=@z and @�w=@z at each time

step, where �u � @u=@y and �w � @w=@y are

shear stresses in the streamwise and spanwise di-

rections, respectively. The wall velocity at the

center of the peak/trough of the actuator vm is

determined by;

v+m(tn+1) =

8>>>>><
>>>>>:

� tanh

�
@�+u (tn)

@z+
=�

�
� y+m(tn);

� � � if
@�w(tn)

@z
< 0;

�y+m(tn); � � � otherwise;
(2)

where ym is the wall displacement at the

peak/trough, and �; �; and  are control param-

eters, respectively. The wall velocity of each grid

point on the actuator is given by

v+w (tn+1) = v+m(tn+1) � f(x
+)

� exp

"
�

(z+ � z+c )
2

�+2
z

#
� sin

�
2� (z+ � z+c )

m+
z

�
;(3)

where the function f(x+) is introduced to keep

the shape of the actuator smooth in the stream-

wise direction. The function f is determined with
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Figure 3. Time trace of the normalized mean

pressure gradient.

a hyperbolic tangent as:

f(x+) =

8>>>>>>>><
>>>>>>>>:

1
2

h
1 + tanh

n
(x+�x+

c
)+73:7

�
+
x

oi
� � � if � 86 � x+ � x+c � �61:5;

1 � � � if � 61:5 � x+ � x+c � 61:5;

1
2

h
1 � tanh

n
(x+�x+

c
)�73:7

�
+
x

oi
� � � if 61:5 � x+ � x+c � 86:

(4)

In Eqs. (3) and (4), xc and zc denote the location
of the center of the actuator. The parameters are

somewhat tuned through preliminary computa-

tions at the Reynolds number of Re� = 150, and

chosen as � = 2:3; � = 0:077;  = 0:3; �+x = 6:14,
and �+z = 22:2, respectively. The same size of

the deformable actuators is used in low and high

Reynolds number ows, therefore, the number of

sensor/actuator units distributed on a wall are

6� 6 and 12� 12, respectively.

4. Results and Discussions

4.1. Low Reynolds Number Case

The control results in the low Reynolds num-

ber ow (Re� = 150) are shown in this subsec-

tion. Time traces of the mean pressure gradi-

ent normalized with its value for the uncontrolled

plane channel ow, are shown in Fig. 3. Since the

present calculation is done under the condition of

ow rate constant, this �gure describes a behav-

ior of the friction drag. Note that the form drag

of the deformable walls are found to be negligi-

ble, so the friction and total drags are employed

synonymously in the present study.

It is seen that the drag is gradually decreased

from the onset of the controls (1) and (2) are

started (t+ = 0). The mean drag reduction rate

under the control (1) during the period t+ = 0 �

1000 is 20%, while that under the control (2) dur-

ing t+ = 0 � 600 is about 8%. Under the con-

trol (3), however, exhibits no control e�ect un-

til t+ = 200, and then the drag is decreased at

t+ > 200. A maximum drag reduction rate of

(a)

(b)

Figure 4. Instantaneous ow �eld. (a) Without

control, (b) Under the control (3).

17% is obtained at t+ = 800. Therefore, even

with coarsely distributed sensors and actuators

on the wall, the e�ect of the control scheme (3)

appears to be e�cient through selective manipu-

lation of QSV.

Figure 4 (a) shows a top view of instantaneous

near-wall ow �eld of unactuated plane channel

ow at t+ = 60. The ow direction is left to right.

Red and blue contours show high- and low-speed

streaks with a threshold u0+ = �3:5. And vor-

tical structures are identi�ed with their negative

value of the second invariant of the deformation

tensor (II 0 = u0i;ju
0

j;i) (Chong et al., 1990; Kasagi
et al., 1995).

As it is often observed in near wall turbu-

lence, the streaky structures often meander in

the spanwise direction. Endo et al.(1999) showed
from a conditionally averaged ow �eld of plane

channel ow, that QSVs with large absolute

value of streamwise vorticity exist mostly at the

downstream edge of the meandering of low-speed

streaks. Jeong et al.(1997) proposed a concep-

tual model of the near-wall streaky structures and

QSVs, and showed that the rotation of the QSVs

activates the meandering of the streaky struc-

tures, and hence causes the regeneration of QSVs.

On the other hand, the streaky structures un-

der the control (3) shows quite calmer meandering

phenomenon, and QSVs are less populated (Fig.

4(b)). It is expected that the rotation of QSVs

is suppressed by the wall-normal velocity of the

uid induced by the deformation of the actuators,

and the meandering of the streaks is attenuated.

Then the regeneration mechanism of the QSVs is

suppressed, and as a result, a remarkable drag re-

duction is obtained.
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pressure gradient.
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Figure 6. Conditional averaged streamwise

vorticity pro�le < !+
x > at y+ = 15 given the

condition of (a) @�u=@z > 0; @�w=@z < 0, (b)

@�u=@z < 0; @�w=@z < 0.

4.2. High Reynolds Number Case

The control results in the high Reynolds num-

ber (Re� = 300) are shown in this subsection.

Time traces of the mean pressure gradient nor-

malized with its value for the uncontrolled plane

channel ow is shown in Fig. 5. Similar to the

low Reynolds number case, the friction drag is

decreased from the onset of the controls (1) and

(2). The mean drag reduction rate under the con-

trols (1) and (2) during the period t+ = 0 � 1000

is 20% and 10%, respectively. Since the sensors

used in controls (1) and (2) are ideal, these con-

trols are impractical. However, it is shown that

an e�ective turbulence control is quite possible

even in higher Reynolds number ow. On the

other hand, there observed no control e�ect un-

der the control (3).

Figure 6 shows conditionally averaged stream-

wise vorticity < !0+
x > pro�le at y+ = 15 in plane
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Figure 7. Velocity uctuation pro�les.

(a)

(b)

Figure 8. Instantaneous ow �eld. (a) Without

control, (b) Under the control (2).

channel ow, given the condition of the sign of

@�u=@z, and @�u=@z < 0 on the wall. The de-

tection point is centered in the �gure. It is clear

that the peak of the streamwise vorticity as well

as its sign is clearly captured at 50 viscous length

units downstream from the sensor, with the infor-

mations of the wall shear stress. Therefore, the

algorithm of control (3) should work in higher

Reynolds number ow.

Note the dimensions of the actuator used here

are the same of those used in low Reynolds num-

ber ow. It is expected that the scales of actu-

ator should depend on the Reynolds number of

the ow. Therefore, it is necessary to optimize

the maximum displacement, deformation veloc-

ity, and the dimensions of the deformation actu-

ators. And the Reynolds number dependency of

the optimal dimensions of the deformable actua-

tors should be investigated.

Figure 7 shows the velocity uctuation pro-

�les. Under the control (1), there observed a
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minimum of wall-normal velocity uctuation v0+

at y+ = 8, which Hammond et al.(1998) named
\virtual wall". The momentum transport in wall-

normal direction is suppressed at the virtual wall.

And there slightly observed the virtual wall also

under the control (2). Therefore, it is expected

that the active cancellation algorithm is e�ective

even in quite high Reynolds number ow, by pre-

venting the high-speed uid approaching towards

the wall.

Figure 8 shows the top views of instantaneous

ow �eld of unactuated plane channel ow and

that under the control (2). The ow direction is

left to right. As it is shown in low Reynolds num-

ber case, the meandering of streaky structures

actively generate QSVs. Under the control (2),

however, the meandering of the low-speed streaks

and QSVs are much attenuated. Although it is

not shown here, displacement of the wall deforma-

tion is quite small and less than 5 viscous units.

Therefore, it is expected that an e�ective turbu-

lence control is possible by manipulating actua-

tors on the wall, even though the control object

is high Reynolds number ow.

5. Conclusions

Direct numerical simulation of turbulent chan-

nel ow with low-to-moderate Reynolds number,

was made in order to evaluate feedback controls

in various Reynolds number ow. The following

conclusions can be obtained:

1. It is shown that the active cancellation

algorithm works well in both Re� = 150 and

Re� = 300. The sensors used in the algorithm

are ideal and are not practical. However, it is

shown that an e�ective turbulence control can be

established in higher Reynolds number ow, by

manipulating actuators on the wall in such a way

to encounter to the rotation of the QSVs.

2. The distributed wall shear sensor / de-

formable actuator units shows as much as 17

% drag reduction in low Reynolds number ow.

On the other hand, there observed no e�ect in

Re� = 300 when the same size of deformable ac-

tuators are used. However, wall shear stress in-

formation is a good indicator of the QSVs with

large absolute value of the streamwise vorticity,

in both ows of Re� = 150 and Re� = 300.

Therefore, it is expected that the control algo-

rithm to capture QSVs from informations of the

wall shear stress, can be adopted in practical tur-

bulence control. And the Reynolds number de-

pendency of the scales of the deformable actua-

tors should be investigated as a leading design of

the practical control device.
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