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ABSTRACT

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

with distributed micro sensors and deformable actuators. The authors has developed a new algorithm

to detect quasi-streamwise vortices near the wall by using wall shear stress information only [1]. In the

present study, the realizable control algorithm is applied to the drag reduction of the turbulent channel

ow. Contrary to the previous turbulence control studies, each deformable actuator is assumed to have

�nite dimensions. The wall velocity of each actuator is determined to counteract the wall-normal velocity

induced by the streamwise vortices. By the present control scheme with the arrayed sensors and actua-

tors, 10% drag reduction is achieved through selective manipulation of the streamwise vortices and streak

meandering. It is also found that the energy input of the present control is one order of magnitude smaller

than the pumping power saved. High-speed region accompanied with the quasi-streamwise vortices are

elevated from the wall, hence it is considered that the wall shear is attenuated with the present control.
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1. INTRODUCTION

Turbulence and concomitant phenomena such as heat

transfer, di�usion, friction drag and noise play impor-

tant roles in industrial and environmental problems.

From the view point of saving power and protecting the

environment, it is strongly desired to develop e�cient

turbulence control techniques for drag reduction and/or

heat transfer augmentation. Among various method-

ologies, active feedback control attracts much attention

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

put [2],[3],[4].

Since 1960's, a considerlable degree of knowledge has

been accumulated on the turbulent coherent structures

and their underlying mechanism (e.g., [5]). Among

those coherent structures, quasi-streamwise vortices

(QSV; hereafter) are known to play a dominant role

in the near-wall turbulent transport phenomena [6],[7].

Jeong et al. [8] proposed a conceptual model of the

near-wall coherent structures, which consists of a train

of QSVs having alternative signs of the streamwise vor-

ticity. They also showed that QSV tilted in the span-

wise direction have close relation with the meandering
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of low-speed streaks, and have major contribution to the

regeneration mechanism. Kravchenko et al. [9] showed

that the streamwise vorticity accompanied with QSV

has strong correlation with the wall shear stress up-

stream of the QSV. Kasagi & Ohtsubo [10] found that

the production and destruction of the Reynolds shear

stress as well as the turbulence heat ux are concen-

trated in the regions close to QSV.

These facts indicate that an e�ective control of fric-

tion drag and/or heat transfer in wall turbulence can be

established through selective manipulation of QSV.

Choi et al. [11] investigated turbulent channel ow

with local blowing/suction on the wall, which is opposite

to the wall-normal velocity in the bu�er layer. They

obtained 30% drag reduction in their DNS, and found

that QSV are attenuated. Bewley et al. [12] employed a

suboptimal control theory [13] 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 determined by

their suboptimal scheme is similar to that of Choi et al.

[11].

Lee et al. [14] have developed a control algorithm

based on neural networks. They determined the con-

trol input by using only wall variables, and found that

the wall shear is substantially decreased when the blow-

ing/suction rate is roughly proportional to the spanwise



gradient of the spanwise shear stress. Lee et al. [15]

proposed a suboptimal control scheme with the Fourier

transformation, and showed that their control scheme

by using elaborate cost function is very e�ective in re-

ducing drag.

It is noted that in most previous DNS studies for con-

trolling wall turbulence, an in�nite number of sensors

and actuators were assumed, and their volumes were

neglected. Since this assumption is unrealistic, it is de-

sired to develop a new control algorithm assuming ar-

rayed sensors and actuators of �nite spatial dimensions.

Devices for turbulence feedback control should have

spatio-temporal scales comparable with those of the co-

herent structures [16]. Recent development of micro-

electromechanical systems (MEMS) technology enables

us to fabricate prototypes of such micro devices [17].

Among various kinds of actuators, wall deformation is

considered to be one of the most promising candidates,

because of its robustness against the hostile environment

[18].

Carlson & Lumley [19] employed a Gaussian-shaped

deformable bump as an actuator in their DNS of a min-

imal channel ow [20]. They found that, when a bump

having a maximum height of 12 viscous length and a

maximum velocity of one friction velocity swells under-

neath the high-speed regions, the faster moving uid is

displaced away from the wall, and thus the friction drag

is decreased as much as 7%. They showed thath the wall

deformation is e�ective in modi�cation of turbulence.

Endo et al. [1] employed DNS of turbulent channel

ow with actively deforming walls. They showed that

about 12% drag reduction is observed when the wall

volocity is given to be out-of-phase of the wall-normal

velocity in the bu�er region. The power input for de-

forming walls are fairly small than the pumping power

saved, and it is showed that the wall deformation is e�ec-

tive in turbulence control. They also showed the charac-

teristic dimensions ow wall deformation, i.e.; about 200

and 60 viscous lengths in the streamwise and spanwise

directions, respectively.

They has developed a new algorithm to detect QSV

near wall by wall shear stress information. They showed

that QSV is successfully captured by the spanwise gra-

dients of wall shear stress. QSV is observed at 50 �=u�
downstream from the sensing location.

The objectives of the present study are to evaluate

their control algorithm with arrayed wall deformable ac-

tuators for drag reduction, where the actuators have a

�nite dimension. And to investigate the e�ciency and

the mechanism of drag reduction under the present con-

trol. For this purpose, we employed DNSs of turbulent

channel ow with deformable two walls.

2. NUMERICAL PROCEDURE

The ow geometry and the coordinate system

are shown in Fig. 1. The governing equations are the

incompressive Navier-Stokes equations and the continu-
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Figure 1. Flow geometry and coordinate system.

ity equation. Wall deformation is represented with a

boundary-�tted coordinate system for moving bound-

ary. Periodic boundary conditions are employed in the

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

non-slip boundary condition is imposed on the top and

bottom deformable walls.

A modi�ed Crank-Nicolson type fractional-step

method [21] is used for the time advancement, while a

second-order �nite di�erence scheme is employed for the

spatial discretization of both ow variables and metrics

on a staggered mesh [22]. The pressure Poisson equation

is solved with the multi-grid method [23].

The size of the computational volume is respectively

2:5�� and 0:75�� in the x� and z� directions, where

� is the channel half width. The simulation is per-

formed under the constant ow rate condition through-

out the present study. The Reynolds number based on

the bulk mean velocity Ub and the channel width 2� is

4600 (about 150 based on the wall friction velocity u�
and �). The computational domain is about 1180 and

360 viscous length scales in the x� and z� directions,

respectively, which are about 2:5 and 3:6 times larger

than the minimal ow unit [20]. Hereafter, ( )+ rep-

resents a quantity non-dimensionalized by the friction

velocity u� in the plane channel ow without control

and the kinematic viscosity �.

The number of grid points is 96, 97 and 96 in the

x�; y� and z�directions, respectively. A non-uniform

mesh with a hyperbolic tangent distribution is employed

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� . The initial condition is given from

a fully-developed velocity �eld of preceding channel ow

DNS.

3. DETECTION OF QUASI-STREAMWISE

VORTEX BASED ON WALL VARIABLES

It is well known that the near-wall streaky struc-

tures do not always ow straight in the streamwise direc-
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Figure 2. Schematic of a modelled streaky structure.

tion, but often meander in the spanwise direction. Jo-

hansson et al. [24] made a conditional average of a DNS

database [25] and found that the turbulent production

was very large near the streaky structures asymmetric in

the spanwise direction. Hamilton et al. [26] pointed out

that QSV and the streaky structure have close dynami-

cal relationship with each other, and the meandering of

streaks plays an important role in a quasi-cyclic process

of turbulence regeneration. Jeong et al. [8] proposed

a schematic model of QSV alternatively tilting in the

x� z plane associated with the meandering of the near-

wall low-speed streak. From the information mentioned

above, it is expected that QSV can be identi�ed from the

wall information by detecting the streak meandering.

Figure 2 shows a schematic of a modelled streaky

structure. When the velocity gradients in the two hori-

zontal directions are taken into account, the edges of the

streak can be grouped into four events E1�E4, depend-

ing on the signs of @u0=@x and @u0=@z. Note that E1

and E4, and also E2 and E3 are respectively of mirror

symmetry in the spanwise direction.

Endo et al. [1] investigated a conditionally averaged

ow �eld around the meandering streaks given the con-

dition of the combination of the signs @u0=@x and @u0=@z

at y+ = 15 using DNS database of turbulent channel

ow. They showed that the QSV with strong stream-

wise vortices are observed at the downstream edge of

low-speed streaks, i.e.; large peaks of positive and nega-

tive !x are observed at Events E1 and E4, respectively,

while small values of !x are observed at Events E2 and

E3.

They also showed that the spanwise gradients of

�+u (� @u0+=@y+jw) and �+w (� @w0+=@y+jw) instead

of the velocity gradients in the bu�er layer are good in-

dicators for the meandering streaks. The signs of the

shear stress gradients and the corresponding events are

summarized in Table 1. A negative value of @�w=@z is

observed 50�=u� upstream of Events E1 and E4, while

@�w=@z > 0 for E2 and E3. Note that Event E1 can

be distinguished from E4 by the sign of @�u=@z at the

same location.

Figure 3 shows the contours of the streamwise velocity

uctuation < u0+ > at y+ = 15, conditionally averaged

for S1 (@�+u =@z
+ > 0:035 and @�+w =@z

+ < �0:005). The

meandering of the low-speed streak corresponding to E1

is well captured at 50�=u� downstream from the detec-

tion point. A large positive peak of !+x at y+ = 15 is

also observed in the same region, where the streak me-

anders as shown in Fig. 4. Although it is not shown

Table 1. Four signals and corresponding events.

Signal @�u=@z @�w=@z Event !0

x

S1 Positive Negative E1 Positive

S2 Positive Positive E2

S3 Negative Positive E3

S4 Negative Negative E4 Negative
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Figure 3. Contours of streamwise velocity at y+ = 15,

given the conditions of @�+u =@z
+ > 0:035 and

@�+w =@z
+ < �0:005.
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Figure 4. Contours of streamwise vorticity at y+ = 15,

given the conditions of @�+u =@z
+ > 0:035 and

@�+w =@z
+ < �0:005.

here, a large negative peak of !+x is associated with S4

(@�+u =@z
+ < �0:035 and @�+w =@z

+ < �0:005), which

corresponds to Event E4. Thus, QSV as well as its di-

rection of rotation can be detected by the combination

of the signs of @�+u =@z
+ and @�+w =@z

+.

Figure 5 shows contours of the conditionally averaged

wall-normal velocity< v0+ > at y+ = 15 for S1. Positive

and negative peaks are aligned side-by-side in the span-

wise direction, and they respectively correspond to the

ejection and sweep motions. The spanwise distance of

the positive and negative peaks is about 30�=u� , which

is almost the same as the mean diameter of QSV [6].

It is noted that the present control scheme based on

the dynamics of the near-wall coherent structure is sim-

ilar to the algorithm by Lee et al. [14],[15] in the sense

that it requires @�w=@z, although they employ di�er-

ent schemes such as a suboptimal control scheme and

an adaptive control method based on neural network.

The main di�erence of the present scheme and their al-

gorithm is the locations of the sensor and the actuator,

i.e.; in the present scheme, the sensor and the actuator

is separated around 50�=u� in the streamwise direction,

while they are the same location in the algorithm pro-

posed by Lee et al. [14],[15].

4. FEEDBACK CONTROL WITH ARRAYED
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Figure 5. Contours of wall-normal velocity at y+ = 15,

given the conditions of @�+u =@z
+ > 0:035 and

@�+w =@z
+ < �0:005.

(a)

(b)

Figure 6. Schematic of arrayed actuators and shear

stress sensors. (a) Dimension of a single deformable

actuator. (b) Arrangement of the actuators and the

sensors.

DEFORMABLE ACTUATORS

In previous studies, sensors and actuators are as-

sumed to be in�nitely small, and placed at each com-

putational grid point on the wall. In the present study,

we assume control devices having �nite dimensions, and

design arrayed actuators and sensors based on the dis-

cussion descrived above.

Figure 6 (a) shows a schematic of deformable actu-

ator assumed in the present computation. By taking

into account the characteristic length of the wall defor-

mation [1], the streamwise and spanwise dimensions of

the actuator is chosen as 172 and 60�=u� , respectively.

Each actuator is assumed to be deformed only in the

y�direction. The shape is determined with a sinusoid

in the spanwise direction, in such a way that the dis-

tance between the peak and trough is about the mean

diameter of QSV.

Figure 6 (b) shows an arrangement of arrayed shear

stress sensors and deformable actuators. A shear stress

sensor is assumed to be centered at 12:3�=u� upstream

from the upstream end of the deformable actuator.

Hence, the streamwise distance between the sensor and

the center of the actuator is 50�=u� , which corresponds

to the displacement between the detection point of

Events E1 and E4, and the peak of the streamwise vor-

ticity shown in Fig. 4. In the present study, 36 actuators

(6 � 6 in the streamwise and spanwise directions) are

distributed with a regular pitch on both walls of the

channel.

Each sensor measures the spanwise gradients of the

instantaneous wall shear stresses, @�u=@z and @�w=@z.

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;

(1)

where ym is the wall displacement at the peak/trough,

and �; �; and  are control parameters, 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

�+2z

#

� sin

�
2� (z+ � z+c )

m+
z

�
; (2)

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

of the actuator smooth in the streamwise direction. The

function f is determined with 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:

(3)

In Eqs. (4) and (5), xc and zc denote the location of the

center of the actuator. The parameters are somewhat

tuned through preliminary computations, and chosen as

� = 2:3; � = 0:077;  = 0:3; �+x = 6:14, and �+z = 22:2,

respectively.

Figure 7 shows a time trace of the normalized pressure

drop for the cases of local blowing/suction [11] and the

continuous wall deformation [1]. It is seen the drag is

gradually decreased from the onset of the control. The

present result, however, exhibits no control e�ect until

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

A maximum drag reduction rate of 17% is obtained at

t+ = 800. Therefore, even with coarsely distributed sen-

sors and actuators on the wall, the e�ect of the present

control scheme appears to be e�cient through selective

manipulation of QSV.



1.0

0.8

0.6

0.4

0.2

0.0

<- dp/dx > / < -dp/dx|c >

1000
800

600
400

200
0

t +

N
o-C

ontrol

C
ontinuous 

w
all deform

ation

Local blow
ing 

/ suction

A
rrayed deform

able
actuators

Lam
inar flow

F
ig
u
re

7
.
T
im
e
tra

ce
o
f
th
e
n
o
rm

a
lized

m
ea
n
p
ressu

re

g
ra
d
ien

t.

100

806040200

-20

-40

-60

G
+

1000
800

600
400

200
t +

20151050 Win
+

 G
ain in pum

ping pow
er

 E
nergy input 

         for w
all deform

ation

F
ig
u
re

8
.
T
h
e
g
a
in

in
p
u
m
p
in
g
w
o
rk

a
n
d
th
e
en
erg

y

in
p
u
t.

T
h
e
g
a
in

in
p
u
m
p
in
g
p
o
w
er

G
a
n
d
th
e
en
erg

y
in
-

p
u
t
to

d
efo

rm
a
ctu

a
to
rs
W

in
a
re

ca
lcu

la
ted

to
ev
a
lu
a
te

th
e
p
erfo

rm
a
n
ce

o
f
th
e
p
resen

t
co
n
tro

l.
A
fter

M
ito

&

K
a
sa
g
i
[2
2
],
(i)

w
o
rk

o
f
co
n
v
ectin

g
o
f
tu
rb
u
len

t
k
in
e-

m
a
tic

en
erg

y
,
(ii)

p
ressu

re
w
o
rk
,
a
n
d
(iii)

stress
w
o
rk
,

a
re

ta
k
en

in
to

a
cco

u
n
t
a
s
en
erg

y
in
p
u
t,

a
lth

o
u
g
h
th
e

w
o
rk

fo
r
stretch

in
g
th
e
w
a
ll
m
a
teria

l
is
n
eg
lected

.

G
= ��

�
@
p

@
x �

N
o
-c
o
n
t
r
o
l

� �
�
@
p

@
x �

C
o
n
t
r
o
l �
�
Q
;

(4
)

W
in
= Z

�
w 266664

p
0w
�
v
n

|{z}
(i)

+
k
�
v
n

|{z}(ii)

+ �
�

1R
e

@
k

@
n �

|
{z

}
(iii)

377775
d
�
w
;

(5
)

w
h
ere

Q
;k

a
n
d
p
0w
d
en
o
te
th
e

o
w
ra
te,

tu
rb
u
len

t
k
in
etic

en
erg

y,
a
n
d
w
a
ll
p
ressu

re

u
ctu

a
tio

n
,
resp

ectiv
ely.

T
h
e

su
b
scrip

t
n
d
en
o
tes

w
a
ll-n

o
rm

a
l
d
irectio

n
,
a
n
d
E
q
.
(7
)

is
th
e
su
rfa

ce
in
teg

ra
tio

n
o
v
er

th
e
d
efo

rm
a
b
le
w
a
ll.

A
s
sh
o
w
n
in

F
ig
.

8
,
th
e
en
erg

y
in
p
u
t
fo
r
d
efo

rm
-

in
g
a
ctu

a
to
rs
a
re
m
u
ch

sm
a
ller

th
a
n
th
e
p
u
m
p
in
g
p
o
w
er

sa
v
ed
.
T
h
e
m
ea
n
e�

cien
cy

�
(�

G
=
W

in
)
is
o
n
th
e
o
r-

d
er

o
f
1
0
,
a
n
d
th
is
fa
ct

d
em

o
n
stra

tes
th
a
t
th
e
e�

cien
cy

o
f
th
e
p
resen

t
co
n
tro

l
sch

em
e
w
ith

a
rra

y
ed

d
efo

rm
a
b
le

a
ctu

a
to
rs
ca
n
b
e
m
a
rk
ed
ly

la
rg
e.

F
ig
u
re

9
sh
o
w
s
th
e
to
p
v
iew

s
o
f
in
sta

n
ta
n
eo
u
s

o
w

�
eld

s
a
t
t
+
=
0
a
n
d
6
0
4
.
V
o
rtica

l
stru

ctu
res

a
re

id
en
ti-

�
ed

w
ith

th
eir

n
eg
a
tiv

e
v
a
lu
e
o
f
th
e
seco

n
d
in
va
ria

n
t
o
f

th
e
d
efo

rm
a
tio

n
ten

so
r
(I
I
0
=
u
0i;j u

0j
;i )

[2
7
],[[7

].
U
n
d
er

(a
)

(b
)

-
x

?

z

-
x

?
zF
ig
u
re

9
.
T
o
p
v
iew

o
f
th
e
in
sta

n
ta
n
eo
u
s

o
w
�
eld

.

F
lo
w
:
left

to
rig

h
t.
W
h
ite:

I
I
0+

=
�
0
:0
3
,
D
a
rk

g
rey

:

u
0+

=
�
3
:5
,
L
ig
h
t
g
rey

:
u
0+

=
3
:5
.
(a
)
t
+
=
0
,
(b
)

t
+
=
6
0
4
.

(a
)

806040200

 y
+

-150
-100

-50
0

50
100

150
∆

 x
+

 1
.6

 
 1

 
 0

.8
 

 0
.6

 

 0.4 

 0
.2

 

 -0
.2

 

 -0
.2

 
 -0

.4
 

 -0
.4

 

 -0
.8

 
 -1

 
 -1

.2
 

(b
)

-150
-100

-50
0

50
100

150
∆

 x
+

806040200

 y
+

 1
 

 0
.6

 
 0

.4
 

 0
.2

 
 -0

.2
 

 -0
.4

 

 -0
.6

 
 -0

.8
  -1

 

F
ig
u
re

1
0
.
C
o
n
d
itio

n
a
lly

a
v
era

g
ed

strea
m
w
ise

v
elo

city


u
ctu

a
tio

n
o
n
th
e
x
�
y
p
la
n
e
g
iv
en

th
e
co
n
d
itio

n
o
f

I
I
0+

=
�
0
:0
3
a
t
y
+
=
1
5
.
(a
)
N
o
-C
o
n
tro

l,
(b
)
C
o
n
tro

l.

th
e
p
resen

t
co
n
tro

l
w
ith

d
efo

rm
a
b
le
a
ctu

a
to
rs,

Q
S
V
b
e-

co
m
es

less
p
o
p
u
la
ted

n
ea
r
th
e
w
a
ll
a
n
d
th
e
m
ea
n
d
erin

g

o
f
lo
w
-sp

eed
strea

k
is
su
rp
ressed

.

F
ig
u
res

1
0
(a
),

(b
)
sh
o
w

th
e
co
n
d
itio

n
a
lly

a
v
era

g
ed

strea
m
w
ise

v
elo

city

u
ctu

a
tio

n
<

u
0+

>
o
n
th
e
x
�
y

p
la
n
e,
g
iv
en

th
e
co
n
d
itio

n
o
f
I
I
0+

=
�
0
:0
1
a
t
y
+
=
1
5
.

N
o
te
th
a
t
th
e
sp
a
n
w
ise

a
x
is
is
rev

ersed
d
ep
en
d
in
g
o
n
th
e

sig
n
o
f
th
e
!
x
a
t
th
e
d
etectio

n
p
o
in
t.

S
o
lid

lin
es

co
rre-

sp
o
n
d
to

th
e
h
ig
h
-sp

eed
reg

io
n
w
h
ile

d
a
sh
ed

lin
es
rep

re-

sen
t
th
e
lo
w
-sp

eed
strea

k
s.
H
ig
h
-
a
n
d
lo
w
-sp

eed
strea

k
s

a
cco

m
p
a
n
ied

w
ith

th
e
Q
S
V

h
a
v
e
n
eg
a
tiv

e
a
n
d
p
o
sitiv

e

w
a
ll
n
o
rm

a
l
v
elo

city,
w
h
ich

co
rresp

o
n
d
to

th
e
sw
eep

a
n
d

ejectio
n
ev
en
ts,

resp
ectiv

ely.
H
ig
h
-sp

eed
reg

io
n
is
co
m
-

p
a
ra
tiv

ely
su
p
p
ressed

a
n
d
is
slig

h
tly

elev
a
ted

a
w
a
y
fro

m

th
e
w
a
ll
u
n
d
er

th
e
co
n
tro

l,
h
en
ce

th
e
h
ig
h
w
a
ll
sh
ea
r
re-

g
io
n
is
su
p
p
ressed

.
O
n
th
e
o
th
er

h
a
n
d
,
lo
w
-sp

eed
strea

k

sta
y
s
n
ea
r
w
a
ll
reg

io
n
,
th
u
s
th
e
ejectio

n
ev
en
t
sh
o
u
ld

b
e



attenuated.

6. CONCLUSIONS

A new simple control scheme using only wall vari-

ables is evaluated with distributed sensors/deformable

actuators in direct numerical simulation of turbulent

channel ow. About 10% drag reduction is achieved.

This fact shows a realizable control is expected through

selective manipulation of QSV, although micro sen-

sors/actuators are distributed rather coarsely on the

wall. The streamwise vortices and streak meandering

are selectively attenuated by the present control scheme.

And the energy input of the present control is one order

of magnitude smaller than the pumping power saved.

Owing to the present control with deformable actuators,

high-spped region accompanied with the sweep event is

elevated from the wall, while low-speed streak remains

near-wall region.
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