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Abstract

An experimental study has been undertaken to
reduce skin friction drag by applying spatially
periodic forcing in the near wall region of a
turbulent channel flow with micro plasma actuators.
Measurements are made by a laser Doppler
velocimeter (LDV) at Re, =297 and 602. We
fabricate arrayed micro plasma actuators and
reproduce spatially periodic control input assumed in
the previous numerical simulation. However, the
present plasma actuators induce a spanwise
tangential velocity very close to the wall surface as
we expect, but with considerable wall-normal
velocities (blowing and suction). The latter effect
cannot be neglected and should be taken into
account for the turbulent drag reduction control in
the future study.

1 Introduction

Predetermined control schemes for turbulent
wall shear flows have been extensively investigated,
because they have a possibility of achieving notable
drag reduction despite their simple control
algorithms. Various types of predetermined control
schemes such as uniform (Quadorio et al., 2007)
and sinusoidal (Yakeno et al., 2009) wall velocities
have been proposed. Although intensive research
efforts have been directed toward achieving
turbulence drag reduction control over the decades,
its real application still remains to be a difficult task
because of lack of appropriate hardware
components such as small enough actuators. Many
actuators have been developed such as mechanical
flaps and wall synthetic jets. These actuators have
been successfully applied to mixing control in jet,
separation control, and so forth. However, they
cannot be readily applied to wall turbulence control
because of their size, complex structure and energy
consumption rate.

Roth et al. (1998) developed a plasma actuator
by exploiting atmospheric pressure dielectric barrier
discharge. Figure 1 shows the configuration of a
typical plasma actuator. A plasma actuator consists
of two metallic electrodes asymmetrically mounted
on both sides of a dielectric plate and the lower
electrode is covered with dielectric. A pulsed high
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Figure 1: Structure of dielectric barrier discharge
plasma actuator

voltage applied between the electrodes causes
localized ionization of the air around the exposed
electrode. In atmospheric pressure air, electric
excitation at several kV and kHz is required to
produce stable glow discharge plasma. Within the
plasma region, localized forcing is produced due to
the presence of charged particles within a highly
non-uniform electric field. This force is transmitted
to the ambient air through ion-neutral collisions, and
results in a tangential flow induced a few
millimetres away from the exposed electrode.

Okochi et al. (2009) fabricated micro plasma
actuators for wall turbulence control through a
MEMS  process, and clarified the basic
characteristics of the flow around the actuator. They
showed that the maximum induced velocity, Umax,
can be easily controlled by the applied voltage,
driving frequency and electrode width. Achieving to
fabricate micro plasma actuators by MEMS
technique, it is possible to arrange them intricately,
and to apply them to flexible flow control.

This study aims at experimentally achieving and
validating the latest idea of turbulent drag reduction
control, which has been proposed and assessed by
numerical simulation. To do this, we fabricate and
employ micro plasma actuators to mimic spatially
periodic control input at the wall, and investigate
the control effect by systematically changing the
control parameters.

2 Experimental arrangement

2.1 Flow measurement
The experiment is carried out in a two
dimensional turbulent channel, which is about 5 m



long with a cross section of 10 X 50 cm’. The
Reynolds number based on the friction velocity, Re.,
can be changed up to 750. In the present work, we
consider two different Reynolds numbers, i.e., Re, =
297 and 602. The streamwise and wall-normal
velocity components, ¥ and v, are measured by a
laser Doppler velocimeter (Dantec Dynamics, 55X)
with seeding of oil particles of 1 um in diameter. The
traverse of LDV is controlled by a 3-axis traverse
mechanism with a resolution of 0.5 wm in the
streamwise (x) and wall-normal (y) directions, and 30
um in the spanwise (z) direction.

The turbulence control experiment is carried out
under the bulk mean velocity of U, = 3.04 and 6.78
m/s. The friction velocity, u, is calculated from
Dean’s empirical equation;

L 2
", = 0.0365(2(]’”6) N (1)
v

Presently, u, is 0.184 and 0.371 m/s at Re, =297 and
602, respectively.

2.2 Evaluation of drag reduction

In this experiment, the plasma actuators are
installed flush on the bottom of the wind tunnel.
Since it is very difficult to measure the wall shear
stress at the same time, we use a theoretical identity
(FIK identity) delivered by Fukagata et al. (2002),
which represents the relationship between the
Reynolds stress and the skin friction coefficient, Cp.
Based on this, we can evaluate the drag reduction
rate by measuring the Reynolds stress under the
condition of zero wall-normal velocity, V' = 0. FIK
identity is written as:

12 s2( v\ uv
C =2 21- 2] -1y,
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where Uy, 6 and v are the bulk velocity, the half
channel-height and the kinematic viscosity,
respectively.

2.3 Control system
2.3.1 Control input

We aimed to reproduce experimentally a steady,
but spatially periodic control for skin friction
reduction as shown in Fig. 2 as proposed by Viptti
et al. (2009) and Yakeno et al. (2009). The control
input is defined as the following tangential wall
velocity:

. (2w
wwall = WO sin T'x (3)

where w,,,; is the wall velocity component in the
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Figure 2: Schematic figure of spanwise-periodic
wall transpiration

z-direction on the wall. The parameters to be
optimized in Eq. (3) are the amplitude wy and the
streamwise wavelength L. This control scheme has
several advantages such as steady control input,
week parameter dependence of friction drag
reduction rate, and relatively large energy saving
rate. Yakeno et al. (2009) succeeded in achieving
drag reduction up to 45 % when w," = 8 and w'=
1178 at Re, = 150in their direct numerical
simulation.

2.3.2 Actuator layout

Plasma actuators are fabricated through a MEMS
process. It starts with a 525 wum-thick Pyrex glass
wafer. Upper and lower 300 nm-thick Cr/Au/Cr
electrodes are vapour-deposited with a standard
lithography process. In order to create periodic
control in the near-wall region described by Eq. (3),
we use asymmetric surface plasma electrodes as
depicted in Fig. 3. The width, a, and length, b, of
electrode are 1 mm and 18 mm, respectively. A
micro plasma actuator sheet fabricated by this
process is shown in Fig. 4.

According to previous work (Forte et al., 2007), it
is suggested that, within the plasma region, localized
forcing is produced due to the presence of charged
particles within a highly non-uniform electrical field.
Therefore, it is important to set up densely-arranged
plasma actuators in order to mimic uniform
disturbance at the wall. However, in order to avoid
the parasitic ionization, it is essential to space
between sets of upper and lower electrodes. Hence,
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Figure 3: Plasma actuator arrangement to mimic
spatially-periodic control
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Figure 4: Plasma actuator sheet fabricated by MEMS
technique

the interval of each plasma actuator, s, is set to be 10
mm. It is noted that, unlike spatially periodic
continuous control input considered in the simulation,
the plasma forcing only occurs at discrete locations
over the surface and also at a certain height from the
solid wall. These actuators are embedded to the
bottom wall of the test section of the wind tunnel,
where a fully developed turbulent channel flow is
established. The gaps between the actuator sheets and
the bottom of the wind tunnel are within =70 um.

Hasegawa et al. (2008) demonstrated that over
30 % drag reduction is reached at the time ¢ > 200
after the onset of control. This suggests that at least a
streamwise length of L, ~ 2000 is necessary to
achieve similar control effect considering the typical
convection velocity of U,” ~ 10 near the wall. In the
present experiment, the streamwise and spanwise
extents of actuator sheet are 200 and 80 mm, which
corresponds to (2400 x 960) and (4800 x 1920) in
wall units at Re, = 300 and 600, respectively.

In order to achieve dielectric barrier discharge the
upper electrode is connected to a high voltage
amplifier (HEOPT-5B20-L1) driven by a function
generator delivering a sinusoidal waveform. The
lower electrode is grounded. A sinusoidal wave
voltage V), with the maximum amplitude up to 5 kV
is applied between the electrodes at the frequency fof
5 kHz.

3 Results

3.1 Induced velocity in laminar flow

Previous studies on the use of multiple actuators
placed in parallel have shown that one behind the
other enhances the induced velocity (Forte et al.,
2007). We investigate this phenomenon with the
present arrangement of plasma actuators and measure
the induced velocity. In order to distribute seeding of
small oil particles uniformly in the wind channel and
to compensate the wall position, we experimented
under the condition of fully developed laminar flow
with the center velocity of 0.3 m/s.

Figure 5 shows the measured distribution of
induced velocity above the eight actuators (at y = 0.5
mm) when discharge is ignited (V, = 5 kV, f =5

kHz). As expected, additional acceleration occurs at
each actuator and the spanwise mean velocity, W,
progressively increases at z < 40 mm, while W
changes periodically at 40 <z < 80 mm. The average
of W is about 1.8 m/s, and this amplitude is sufficient
large to control wall turbulence since it corresponds
to W ~ 10 under the condition of Re, = 300. As for
the wall-normal velocity, ¥, suction is observed on
each actuator, while blowing is observed downstream
the actuator. The amplitude of V is about 0.3 m/s,
which is much smaller than that in the case of single
actuator.

Figure 6 shows the spanwise velocity distribution
changing along the streamwise direction. Spatially
periodic velocity distribution like a square wave is
induced. The boundary layer thickness is 0 <y <5
mm, and especially large spanwise velocity is added
to the buffer layer as proposed in the numerical
simulation (Also see Fig. 7). In this experiment, the
spanwise wall disturbance is mimicked by the body
fore, which plasma actuators generate. Therefore, W
should vanish at the wall, and this is in contrast to the
wall velocity assumed in the simulation of Yakeno et
al. (2009).
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Figure 5: Streamwise and wall-normal velocities
above the plasma actuators (V, =5 kV, f = 5 kHz)
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Figure 6: Spatially-periodic disturbance in the
streamwise direction (V, =5 kV, f =5 kHz)
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Figure 7: Phase-averaged spanwise velocity with dif-
ferent V), (f = 5 kHz)

3.2 Wall turbulence control at Re, =297

Figure 8 shows the mean streamwise and
wall-normal velocities, and the Reynolds stress at
different amplitudes of spanwise induced velocity at
z" = 480, which corresponds to the location of one of
the plasma actuators arranged. The DNS data
(Iwamoto et al., 2002) is also plotted for comparison.
In this experiment, /¥ is not measured at the same
time, but it is shown in Fig. 7. It is observed that the
plasma causes large streamwise velocity acceleration
in the buffer region of the boundary layer. The
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Figure 9: Mean streamwise and wall-normal veloci-
ties and Reynolds stress at z* = 540. (black line is
DNS data)

Figure 10: Spatially averaged values of mean
streamwise and wall-normal velocities and Reynolds
stress (Line is DNS data)

magnitude of the streamwise velocity acceleration
becomes larger with increasing the applied voltage.
This phenomenon can be explained by the
wall-normal velocity. On the plasma actuator, it is
well known that strong suction is generated as shown
in Fig. 8. As a result, high-speed fluid away from the
wall goes down to the near-wall region, and thus the
streamwise velocity in the buffer layer is accelerated.
Generally, it is known that uniform suction decreases
the wvelocity fluctuations (Park et al., 1999).
Therefore, these experimental results show mainly
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the influence of local suction.

Figure 9 shows the streamwise and wall-normal
velocities at different amplitude of spanwise velocity
at z© = 540, which corresponds to the location in
between two neighboring actuators. Unlike the
results in Fig. 8, a streamwise deficit is observed in
the buffer and logarithmic region. This is because the
induced flow is directed away from the wall at this
point. Therefore, low-speed fluid is transferred to the
center of the channel, resulting in the increase of the
turbulence intensities.

Spatial averaged values of experimental data are
shown in Fig. 10. The averaged wall-normal velocity,
V", is -0.1, which is very small and nearly identical to
the uncontrolled value. Therefore, the friction drag
reduction rate can be estimated by using the eq. (3).
The estimated drag reduction rate is negative and
about -17 %, -13% and -2.6% for ¥, = 5, 4 and 3.5
kV, respectively. The friction drag increases with
increasing the applied voltage. Quadrio et al. (2007)
examined the effect of a distributed transpiration at
the wall with zero-net-mass-flux through DNS, and
demonstrated that drag increases except the cases of
some selected wavelengths. Therefore, it is expected
that the blowing and suction in the spanwise
direction result in increase of friction drag.

3.3 Wall turbulence control at Re, = 602

A similar experiment is carried out at Re,= 602.
Figure 11 shows the mean streamwise and
wall-normal velocities, and the Reynolds stress at
different amplitudes of spanwise induced velocity at
z* =960, which corresponds to the location of one of
the plasma actuators arranged. The same tendency
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Figure 11: Mean streamwise and wall-normal

velocities and Reynolds stress at z' = 960. (Open
circle is no-control experimental data, black line is
DNS data)
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Figure 12: Mean streamwise and wall-normal veloci-
ties and Reynolds stress at z* = 1080. (black line is
DNS data)
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Figure 13: Spatially averaged values of streamwise,
wall-normal velocity and Reynolds stress (Line is
DNS data)

as that observed at Re,= 297 is confirmed. However,
in the case of z' = 1080 as shown in Fig. 12, which
corresponds to the location in between two
neighboring actuators, the observed amplitude of
blowing is weak, so that it is estimated that flow
statistics are not remarkably changed in contrast to
the case of Re, = 297.

Spatially averaged statistics are shown in Fig. 13.
On average, suction is induced on the plasma
actuator sheet, and an increase of the flow rate is
confirmed. Therefore, in the case of Re,= 602, it is



not appropriate to evaluate the drag reduction rate by
using Eq. (3). The following facts are considered as
major reasons for the overall suction. First, the body
force induced by the multiple plasma actuators is
discrete. Second, the measurement points are limited.
Finally, the control is added to the limited area only
on the bottom of the wind tunnel. However, these
experimental data show that it is possible to cause the
remarkable change of flow statistics in turbulent
channel flow at low to moderate Reynolds numbers.

4 Conclusions

In the present work, we fabricated the arrayed
micro plasma actuators and tried to mimic spatially
periodic control input assumed in the previous
simulation. We applied the actuators to the turbulent
channel flow and assessed their control effect. The
major findings are summarized as follows:

1. From the LDV measurement of the flow field, it
is found to be possible to induce spatially periodic
wall velocity distribution like a square wave by
arraying multiple plasma actuators although local
body force is induced discretely by each of the
plasma actuators.

2. The amplitude of the Stokes layer oscillation
induced by the arrayed plasma actuators is
sufficient large, so that the periodic spanwise
velocity component penetrates even to the buffer
layer of turbulent channel flow. According to the
previous numerical simulation, these results
suggest a possibility of achieving substantial
control of wall turbulence with arrayed plasma
actuators.

3. Considerable blowing and suction flows exist
near the plasma actuator electrodes, so that it is
not possible to confirm net drag reduction
presently. However, it is found that the plasma
actuator array tested offers manipulation of
turbulence strong enough to change the
turbulence statistics at Re, = 297 and 602.
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