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ABSTRACT

Direct numerical simulation of turbulent channel flow was made in order to evaluate the feedback
control with distributed micro sensor/deformable actuator units. The authors have developed a new
realizable algorithm to detect quasi-streamwise vortices near the wall by only using the information of
wall shear stresses [1]. In the present study, this control algorithm is applied to the drag reduction of the
turbulent channel flow. Contrary to the previous studies of turbulence control, each deformable actuator
is assumed to have finite dimensions. By the present control scheme with the arrayed sensor/actuator
units, 17% drag reduction is achieved through selective manipulation of the streamwise vortices. It is
found that the deformation of the actuators directly attenuate the streamwise vortices. When the stream-
wise vortices are diminished, the meandering of the streak becomes inactive, and the regeneration cycle

of the streamwise vortices is attenuated.
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1. INTRODUCTION

Turbulence and concomitant phenomena such as heat
transfer, mass diffusion, friction drag and noise play im-
portant roles in industrial and environmental problems.
From the view point of saving power and protecting the
environment, it is strongly desired to develop efficient
turbulence control techniques for momentum and heat
transfer. Among various methodologies, active feedback
control attracts much attention because of 1ts large con-
trol effect with small control input [2-4].

Since the 1960’s, a considerable degree of knowl-
edge has been accumulated on the turbulent coherent
structures and their underlying mechanism (e.g., [5]).
Among those coherent structures, quasi-streamwise vor-
tices (QSV; hereafter) are known to play a dominant role
in the near-wall turbulent transport phenomena [6,7].
Jeong et al. [8] showed that QSV tilted in the span-
wise direction has close relation with the meandering of
low-speed streaks, and makes 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
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stress as well as the turbulent heat flux are concentrated
in the regions close to QSV. These facts indicate that
an effective control of friction drag and/or heat transfer
in wall turbulence can be established through selective
manipulation of QSV.

Choi et al. [11] investigated turbulent channel flow
with local blowing/suction on the wall, which is oppo-
site to the wall-normal velocity in the buffer layer. They
obtained 30% drag reduction in their direct numerical
simulation (DNS; hereafter), 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 control input. They obtained
15% drag reduction and showed that the spatial distri-
bution of blowing/suction determined by their subopti-
mal scheme is similar to that of Chot 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.

It is noted that, in most previous DNS studies for con-
trolling wall turbulence, an infinite number of sensors
and actuators were assumed, and their volumes were
neglected. Since these assumptions are unrealistic, 1t is
desired to develop a new control algorithm assuming ar-
rayed sensors and actuators of finite spatial dimensions.

Devices for turbulence feedback control should have
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Figure 1. Flow geometry and coordinate system.

spatio-temporal scales comparable with those of the co-
herent structures [15]. Recent development of micro-
electromechanical systems (MEMS) technology enables
us to fabricate prototypes of such micro devices [16].
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
[17].

Endo et al. [1] employed DNS of turbulent channel
flow with actively deformed walls. They showed that
about 12% drag reduction is observed when the wall
velocity i1s given so as to be out-of-phase of the wall-
normal velocity in the buffer region. The power input
for deforming walls are fairly small than the pumping
power saved, and it 1s shown that the wall deformation
1s effective in turbulence control. They also found the
characteristic dimensions of effective wall deformation,
1.e., about 200 and 60 viscous length units in the stream-
wise and spanwise directions, respectively.

They have developed a new algorithm to detect QSV
near the wall from the wall shear stresses in their DNS of
turbulent channel flow with arrayed sensor/deformable
actuator units on the walls. They showed that QSV is
successfully captured by the spanwise gradients of wall
shear stress, and that QSV is observed at 50 v/u, down-
stream from the sensing location. The friction drag is
reduced as much as 17%, although the sensors and ac-
tuators are distributed rather coarsely.

* The objective of the present study is to investigate the
the drag reduction mechanism under the control with
arrayed sensor/deformable actuator units.

2. NUMERICAL PROCEDURE

The flow geometry and the coordinate system are
shown in Fig. 1. The governing equations are the in-
compressive Navier-Stokes equations and the continu-
ity equation. The wall deformation 1s represented by
a boundary-fitted 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.
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A modified Crank-Nicolson type fractional-step
method [18] is used for the time advancement, while a
second-order finite difference scheme is employed for the
spatial discretization of both flow variables and metrics
on a staggered mesh [19].

The size of the computational volume is respectively
2.57m6 and 0.757é in the z— and z— directions, where
0 1s the channel half width. The simulation is per-
formed under a constant flow rate condition through-
out the present study. The Reynolds number based on
the bulk mean velocity Uy and the channel width 26 is
4600 (about 150 based on the wall friction velocity u,
and é). The computational domain is about 1180 and
360 viscous length scales in the ¢— and z— directions,
respectively. Hereafter, ( )t represents a quantity non-
dimensionalized by the friction velocity u, in the plane
channel flow without control and the kinematic viscosity
V.

The number of grid points is 96, 97 and 96 in the
z—,y— and z—directions, respectively. A non-uniform
mesh with a hyperbolic tangent distribution is employed
in the y—direction. The first mesh point away from the
wall is given at yT = 0.25. The computational time step
is chosen as 0.33v/u2. The initial condition is given from
a fully-developed velocity field of preceding channel flow
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 flow straight in the streamwise di-
rection, but often meander in the spanwise direction.
Hamilton et al [20] pointed out that QSV and the
streaky structure have close dynamical relationship with
each other, and the meandering of streaks plays an im-
portant role in a quasi-cyclic process of turbulence re-
generation. Jeong et al. [8] proposed a schematic model
of QSV alternatively tilting in the @ — z plane associated
with the meandering of the near-wall low-speed streak.
From the information mentioned above, it 1s expected
that QSV can be identified by detecting the streak me-
andering.

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 0u'/0z and 0u'/0z. 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
flow field around the meandering streaks given the con-
dition of the combination of the signs du’/dz and O’ /0=
at y* = 15 using DNS database of turbulent channel
flow. They showed that the QSV with strong stream-
wise vortices are observed at the downstream edge of
low-speed streaks, 1.e.; large peaks of positive and nega-
tive w, are observed at Events E1 and E4, respectively,
while negligible values of w, are observed at Events E2
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Figure 3. Contours of streamwise vorticity at y* = 15,
given the conditions of 87,5 /0z* > 0.035 and
ot /9=t < —0.005.

and E3. ‘

They also showed that the spanwise gradients of
F (= ou't/OyT|w) and 7F (= Ow't/8yt|y) instead
of the velocity gradients in the buffer 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 97, /0z is
observed 50v/u; upstream of Events E1 and E4, while
07w /0z > 0 for E2 and E3. Note that Event El can
be distinguished from E4 by the sign of 0r,/0z at the
same location.

Figure 3 shows the contours of the streamwise vortic-
ity < wr > at y* = 15, conditionally averaged for S1
(87} /827 > 0.035 and 87 /8=t < —0.005). A large
peak of streamwise vorticity is well captured at 50v/u,
downstream from the detection point. Although it is not
shown here, a large negative peak of w] is associated
with S4 (97} /8zF < —0.035 and 97} /8= < —0.005),
which corresponds to Event E4. Thus, QSV as well as
its direction of rotation can be detected by the combina-
tion of the signs of shear stress gradients, i.e.; dr}f/9z%
and Ot} /8=

Figure 4 shows contours of the conditionally averaged
wall-normal velocity < v/* > 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 30v/u,, which
is almost the same as the mean diameter of QSV [6].

4. FEEDBACK CONTROL WITH ARRAYED
DEFORMABLE ACTUATORS

In previous studies, sensors and actuators are as-
sumed to be infinitely small, and placed at each com-
putational grid point on the wall. In the present study,
we assume control devices having finite dimensions, and
design arrayed actuators and sensors based on the dis-
cussion described above.

Table 1. Four signals and corresponding events.

Signal | 07, /0z | Ory/0z | Event wh
S1 Positive | Negative | El Positive
S2 Positive | Positive E2
S3 Negative | Positive E3
S4 Negative | Negative E4 Negative

1
100 150

Figure 4. Contours of wall-normal velocity at y* = 15,
given the conditions of &7 /dz% > 0.035 and
drF /0% < —0.005.

Figure 5 (a) shows a schematic of deformable actuator
assumed in the present study. By taking into account
the characteristic length of the wall deformation [1], the
streamwise and spanwise dimensions of the actuator is
chosen as 172 and 60v/u,, respectively. Each actuator
is assumed to be deformed only in the y—direction. The
shape is determined with a sinusoid in the spanwise di-
rection, in such a way that the distance between the
peak and trough is about the mean diameter of QSV.

Figure 5 (b) shows an arrangement of arrayed shear
stress sensors and deformable actuators. A shear stress
sensor Is assumed to be centered at 12.3v/u, upstream
from the upstream end of the deformable actuator.
Hence, the streamwise distance between the sensor and
the center of the actuator is 50v/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 sen-
sor/actuator units (6 x 6 in the streamwise and span-
wise 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, d7,/0z and 07, /0z.
The wall velocity at the center of the peak/trough of
the actuator vy, is determined by:

+
atanh (0 - (j )/3> — vy (1),
‘U:q(tn+l) = aTw(t ) 07 (1)
Oz
—yyt (t,), otherwise,

where Y, is the wall displacement at the peak/trough,
and o, 3, and v are control parameters, respectively.

The wall velocity of each grid point on the actuator is
given by

.t

+ (z —Z-j‘)j
m(tn+1) flz™)-exp A

-sin [———————2#(%”'1: 7+)}, o (2)

v (tnt1)
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Figure 5. Schematic of arrayed actuators and shear

stress sensors. (a) Dimension of a single deformable

actuator. (b) Arrangement of the actuators and the
Sensors.

where the function f(z*%) is introduced to keep the shape
of the actuator smooth in the streamwise direction. The
function f is determined with a hyperbolic tangent as:

[1 + tanh {+(T+-fa+)+73~7}]
if — 86 <zt —at < —61.5,
if —61. 5+<) .E;; —}:}cj’ < 61.5,
1 — tanh J &T=2)=787
[ mlf{615<1:+——x+<86

M

fla®) =

o=

: (3)
In Egs. (2) and (3), z. and z, denote the location of the
center of the actuator. The parameters are somewhat
tuned through preliminary computations, and chosen as
a=23,0=0.077,7y=03,0 =6.14, and o = 22.2,
respectively.

Figure 6 shows a time trace of the mean pressure gra-
dient normalized by that without control. The present
result, however, exhibits no control effect until t+ = 200,
and then the drag is decreased at ¢+ > 200. A maxi-
mum drag reduction rate of 17% is obtained at t* = 800.
Therefore, even with coarsely distributed sensors and ac-
tuators on the wall, the present control scheme appears
to be efficient through selective manipulation of QSV. It
1s expected that the time lag for appearing the control
effect is caused by the spatial phase relation of QSV and
coarsely distributed sensors. Although it is not shown
here, the energy input for deforming actuators are much
smaller than the pumping power saved.

Figure 7 shows a time trace of the normalized stream-
wise vorticity at y* = 15, with mean pressure gradient

1.0y
A.
T 03
Al
v 0.6 Deformable actuators
A
5 044
S
v 0.2
Laminar flow
0.0 T T T T
0 200 400 . 600 800 1000
Figure 6. Time trace of the normalized mean pressure
gradient.
" 6
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4
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Figure 7. Time trace of the normalized mean pressure
gradient, streamwise vorticity and two-point
correlation of streamwise velocity fluctuation.

under the present control. The streamwise vorticity is
diminished relatively faster than the pressure gradient
by the control. From this, it is expected that the de-
formable actuator which has a sinusoidal shape in the
spanwise direction, directly attenuates the rotation of
the QSV. As a result, the friction drag is reduced.

Temporal evolution of the two-point correlation of the
velocity fluctuations are computed from the instanta-
neous field. In Fig. 7, time trace of the character-
istic streamwise distance X(R,u = 0.5) in which the
streamwise two-point correlation of the streamwise com-
ponent is decreased to 0.5. The quantity is normal-
1zed by that without control. As the drag is decreased,
X (Ryu = 0.5) is increased. It is conjectured that the in-
crease in the streamwise two-point correlation is due to
the reduction of the streak meandering. By comparing
the time traces shown in Fig. 7, the streamwise vorticity
fluctuation is decreased as soon as the onset of the con-
trol, followed by the decrease in drag and the increase
in the two-point correlation.

Figure 8 shows the top views of instantaneous flow
fields at t* = 0 and 604. Vortical structures are identi-
fied with their negative value of the second invariant of
the deformation tensor (11" = uj ;u} ;) [21],[7]. Before
the present control is adopted, the low-speed streaks me-
ander in the spanwise direction, and the vortical struc-
tures are active and regenerated continuously. However,
QSV becomes less populated near the wall under the
present control as shown in Fig. 8(b). Meandering of
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(b)

Figure 8. Top view of the instantaneous flow field.
Flow: left to right. White: /I’ = —0.03, Dark grey:
u't = —3.5, Light grey: v'* = 3.5. (a) t+ =0, (b)
tt = 604.

the low-speed streaks becomes inactive and longer in
the streamwise direction. As it is discussed in Fig. 7,
two-point correlation of «’ in the streamwise direction
shows higher values under the control than that without
control. :

Figure 9 shows the rms values of vorticity fluctua-
tions. Since the wall has finite wall-normal velocity com-
ponent, 1t produces higher w, at the wall, although all
components of vorticity fluctuations are diminished near
the wall.

The evolution equation of w, is written as:

P%:wmg—z—i-wyg—;-i-wz%—i-vgwx. (4)
The terms on the RHS of Eq. (4) are the production
term due to stretching, tilting, twisting, and viscous
diffusion, respectively. The largest term in the RHS in
Eq. (4) is (Ou/0z)(0u/dy), which is involved in tilting
and twisting terms with alternative signs, so that it has
no net contribution [22]. Therefore, it is convenient to
rewrite Eq (4) as:

Dt "9z "\ 9z ) \ by 9z ) \ oz Wa-

Since the stretching term is zero where the stream-
wise vorticity does not exist, the streamwise vorticity is
mostly generated by the tilting term in its early stage.
Once the streamwise vorticity is formed, it is strength-
ened by the stretching term. The tilting term-as well
as the stretching term has close relation with the streak
meandering, since both terms have spatial gradient of
velocity field. Thus it is expected that all production
terms are suppressed under the present control by di-
minishing the meandering of the streak.

Figure 10 shows the rms value of the production terms
in Eq. (5). Although the stretching term and the term
derived from tilting term has non-zero value at the wall,

. Symbols: No-Control
2rms Lines: Deformable actuators

Figure 9. RMS value of vorticity fluctuation.

0.016

0 — o (duldx)
0.014 gﬁﬂb O — (-dwidx) (duidy)
001245 A === (dvldx) (duidz)

Symbols: No-Control
Lines: Detformable actuators

-

0 20 40 + 60 80

Figure 10. Production terms of streamwise vorticity.

all production terms are successfully suppressed near the
wall by the present control.

Figure 11 shows an instantaneous spatial distribu-
tion of strong stretching of QSV. The threshold of
lwF - (dw't/dz*)| = 0.01 is used to extract strong
stretching. The stretching is actively induced at the
edge of the meandering low-speed streaks. When the
meandering of the streak is suppressed by the present
control, the stretching is diminished. Although it is not
shown here, the tilting is also weakened by the present
control.

From these observatiohs, 1t 1s expected that mean-
dering of the streaks is inactivated by diminishing the
rotation of the QSV, using the arrayed deformable ac-
tuators. When the meandering of the streaks becores
mild, it leads to a calm spatial gradient of the velocity
fluctuation. Hence, production of streamwise vorticity
becomes small. As a result, regeneration of the QSV
is attenuated and friction drag reduced. This control
mechanism is schematically illustrated in Fig. 12.

5. CONCLUSIONS

A simple control scheme using only wall variables is
achieved with arrayed sensor/deformable actuator units
in the direct numerical simulation of turbulent chan-
nel flow and 15% drag reduction is achieved. This fact
shows a realizable control is expected through selective
manipulation of QSV, although micro sensors/actuators
are distributed rather coarsely on the wall.

The rotation of the streamwise vortices is directly at-
tenuated by distributed deformable actuators which has
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Figure 11. Top view of the instantaneous flow field.
Flow: left to right. White: jw} - (du't/8z%)| = 0.01,
Dark grey: v/t = —3.5, Light grey: vt = 3.5. (a)
tt =0, (b) tT = 604.

Control
Streak
meandering
Streamwise 4_
Vortices

Production by
Stretching

Figure 12. Schematic illustration of regeneration of
streamwise vortices and the control mechanism.

sinusoidal shape in spanwise direction. The meandering
of streak is suppressed by small streamwise vorticity,
and the regeneration of the streamwise vortex is dimin-
ished. As aresult, the generation cycle of the streamwise
vortices is cut off, and then, drag reduction is obtained.
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