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Abstract: In this study, an experimental investigation of separation control using a dielectric barrier
discharge plasma actuator was performed on an NACA0015 airfoil over a wide range of Reynolds
numbers, angles of attack, and nondimensional burst frequencies. The range of the Reynolds number
was based on a chord length ranging from 2.52 × 105 to 1.008 × 106. A plasma actuator was installed
at the leading edge and driven by AC voltage. Burst mode (duty-cycle) actuation was applied, with
the nondimensional burst frequency ranging between 0.1–30. The control authority was evaluated
using the time-averaged distribution of the pressure coefficient Cp and the calculated value of the lift
coefficient Cl . The baseline flow fields were classified into three types: (1) leading-edge separation;
(2) trailing-edge separation; and (3) the hysteresis between (1) and (2). The results of the actuated
cases show that the control trends clearly depend on the differences in the separation conditions. In
leading-edge separation, actuation with a burst frequency of approximately F+ = 0.5 creates a wide
negative pressure region on the suction-side surface, leading to an increase in the lift coefficient. In
trailing-edge separation, several actuations alter the position of turbulent separation.

Keywords: plasma actuator; NACA0015 airfoil; wind tunnel experiment; wide range of Reynolds
number

1. Introduction

The separation of flow has a significant influence on the performance of applications,
including aerial vehicles and rotating machinery. When separation of flow occurs, a
remarkable drag increase and lift change occurs, along with strong flow unsteadiness.
These lead to a reduction in the maneuverability and safety of aircraft and a reduction in
the efficiency of rotating machinery. The control of separated flows has been intensively
researched for many years. In particular, active flow control using microdevices has
attracted considerable attention and has been studied worldwide. A dielectric barrier
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discharge plasma actuator (DBD-PA) is a microflow control device [1–5] consisting of
two electrodes and a dielectric layer with a thickness of approximately several hundred
µm to several millimeters, as displayed in Figure 1 These electrodes are typically connected
to an alternating current (AC) high-voltage source which is operated in the frequency range
of a few kHz to a few tens of kHz. When an alternating voltage is applied continuously
(hereinafter described as normal mode), electrons leave the exposed electrode and move
towards the dielectric layer during the half of the AC cycle in which the exposed electrode is
negative. Because these electrons cannot pass through the dielectric layer, they accumulate
locally. In the other half of the cycle, electrons are supplied from the dielectric layer and
move toward the exposed electrode. Positive ions move from the dielectric layer to the
exposed electrode during the negative phase, then move from the exposed electrode to the
dielectric layer during the positive phase. During a single cycle, the ion sources (electrode
and dielectric) are not symmetrical. This asymmetry of the ion sources causes biased
momentum around the plasma. As these particles collide with neutral particles and transfer
their momentum, a steady zero-net mass flow of a few m/s is induced [6–8]. Compared
with other compact fluid control devices, a DBD-PA has no mechanical moving parts, a
very thin structure, and excellent responsiveness. Benard et al. [9] extensively reviewed a
typical DBD-PA and detailed the voltage-current characteristics, plasma physics, and flow
induction performance of a typical single DBD-PA, and provided a discussion of different
approaches for modifying the discharge behavior and enhancing its performance.

Figure 1. Schematic of a DBD-PA.

When an alternating voltage with an ON/OFF duty cycle is applied (hereinafter,
burst mode), as displayed in Figure 2, a DBD-PA induces an unsteady flow according
to the cycle. The dimensional burst frequency f+ is defined as the inverse of the duty
cycle time T, while Ton is the time at which the DBD-PA is switched on. The ratio Ton/T
is called the burst ratio BR. The energy consumption in burst mode is less than that in
normal mode, as the DBD-PA is switched on for a limited period. Note that the energy
consumption in burst mode is considered to be proportional to the BR. Despite lower
energy consumption, previous studies have reported that burst mode actuation is more
effective than normal mode actuation in suppressing the flow separation, especially with a
low Reynolds number [1,4,10]. The Reynolds number for the flow field around an airfoil
is defined in Equation (1). The subscript ∞ denotes a freestream physical quantity, with
ρ, u, c, and µ the atmospheric density, freestream velocity, chord length of the airfoil, and
atmospheric dynamic viscosity, respectively.

Re =
ρ∞u∞c

µ∞
(1)

In particular, the dimensional burst frequency f+ is considered a dominant periodic
disturbance for burst mode actuation, and the effect of f+ has been experimentally and
computationally investigated [2–4,10–12]. Visbal [13] investigated the control of the sepa-
rated flow around an airfoil, employing both normal and burst modes as well as co-flow
and counter-flow DBD-PAs. For normal-mode actuation, the co-flow DBD-PA provided
little flow control authority, and the counter-flow one resulted in further degradation of
the baseline stalled flow. This indicates the effect of momentum injection by a DBD-PA. By



Actuators 2023, 12, 43 3 of 18

contrast, both co-flow and counter-flow DBD-PAs with sufficiently high frequency were
effective. These results indicate that unsteady forcing is of greater importance compared to
momentum injection. For flow control around the airfoils, the dimensional frequency f+ is
typically nondimensionalized into F+, with a chord length c and the freestream velocity u∞,
as in Equation (2). The optimal F+ for separation control has previously been investigated.
Hereinafter, the “burst frequency” refers to this nondimensional frequency.

F+ =
f+c
u∞

(2)

Figure 2. Schematic of burst-mode driving. In this figure, the burst ratio (BR) is set to 12.5%.

Based on the results of our prior research [10,14,15], we can conclude that there are two
basic separation control mechanisms in burst mode actuation under a Reynolds number
of Re = 6.3 × 104. The first is the generation of a large-scale two-dimensional vortex. This
mechanism is dominant in actuation, with a burst frequency of approximately F+ = 1. This
large-scale structure induces momentum of the main stream towards the surface, resulting
in entrainment of the shear layer. The other mechanism is the promotion of turbulent transi-
tion, which is dominant in actuation with a burst frequency of F+ = 6 or higher (depending
on the freestream Reynolds number). Near the stall angle, promoting a turbulent transition
causes a full-flow attachment of the separated flow, and the aerodynamic performance
increases dramatically. However, at a higher angle of attack from the stall angle, actuation
with a higher burst frequency does not cause flow reattachment, and actuation with a burst
frequency of approximately F+ = 1 is preferred. In that case, a wide negative pressure
region is formed on the suction-side surface, which increases the lift force. In addition to
single airfoil studies, multiple frequency-dependent mechanisms have been pointed out
in other studies. Matsunuma [16] applied a DBD-PA to a turbine cascade and evaluated
the reduction of the passage vortex. He concluded that there are two different effects that
correspond to low and high burst frequencies. In recent years, closed-loop flow control
methods have been investigated. Shimomura et al. [17] applied a deep reinforcement
learning method, specifically a deep Q network, to separation control by using a DBD-PA
around a NACA0015 airfoil, and constructed a neural network that selects the appropriate
burst frequency based on time-series data recording the pressure on the airfoil surface.
Ogawa et al. [18] focused on a relationship between pressure fluctuations and separation
conditions on the airfoil surface and proposed a dynamic burst drive system which does
not require pre-learning.

As mentioned above, a separation control strategy using a DBD-PA under low Reynolds
number conditions has previously been obtained. However, it has been reported that
a typical AC DBD-PA has little or no separation control authority under high Reynolds
number conditions (Re > 1.0× 106) [2,11,19]. There are three possible reasons for this
finding. First, the dynamic pressure of the flow induced by the DBD-PA becomes weaker
than that of the freestream. To strengthen the induced flow of the DBD-PA, several types
of plasma actuators, such as tri-electrode plasma actuators [20–22] and pulsed DC plasma
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actuators [23,24], have been developed. A nanosecond-pulsed plasma actuator [25–29] is
often applied for flow control under high Reynolds number conditions [25,29–36]. This
plasma actuator has the same configuration as that shown in Figure 1, except that the
applied voltage waveform consists of repetitive high-voltage nanosecond pulses instead of
high-voltage AC. By applying nanosecond-order pulses, rapid gas heating occurs around
the plasma discharge and a localized pressure wave is generated. A near-wall flow, similar
to that of an AC DBD-PA, is induced, though it is smaller than that induced by AC voltage.
Therefore, rapid gas heating is considered the dominant mechanism of flow control for a
nanosecond-pulsed plasma actuator. In another approach, a plasma synthetic jet actuator
has been demonstrated [37–39]. This actuator is driven by spark discharge instead of
dielectric barrier discharge. The spark discharge inside the enclosed cavity causes a rapid
increase in temperature and pressure, leading to high-velocity pulsed jets and intense shock
waves. Second, the scale of the induced flow of the DBD-PA becomes smaller than that
of the object. Because flow induction by the DBD-PA depends on local plasma physics,
simply enlarging the size of the DBD-PA does not increase the scale of the induced flow.
Installing multiple DBD-PAs can increase the local maximum induced velocity [40,41],
and is expected to affect the mainstream over a wide area. Third, the dominant fluid
physics change owing to changes in the Reynolds number. The control strategy above is
obtained from the flow conditions under Re = 6.3 × 104 around a NACA0015 airfoil, and
has limitations. For example, even if the angle of attack increases under this condition, the
flow separates from the leading edge (hereinafter, leading-edge separation), and trailing
edge separation, in which the flow attaches to the middle surface of the airfoil and then
separates, never occurs. Therefore, it may be challenging to establish a control strategy for
a high Reynolds number flow based on results obtained for a low Reynolds number flow.

Although the control effect becomes unclear as the Reynolds number (freestream ve-
locity) increases, research on flow control using an AC DBD-PA with a Reynolds number of
approximately Re = 1.0× 106 has been reported. Moreau et al. applied a DBD-PA to the flow
around an NACA0015 airfoil at a chord-based Reynolds number of Re = 1.33 × 106 [42].
The angle of attack was set to 11.5◦, at which flow separation occurred at 50% of the chord.
The position of the separation point was estimated using particle imaging velocimetry, and
the appropriate conditions for most the DBD-PA position in the midchord and the nondi-
mensional burst frequency for delaying the separation were both investigated. Zhang et al.
applied a typical DBD-PA and symmetrical DBD-PA, in which plasma discharges occurred
on both sides of the upper electrode, to an SC(2)-0714 supercritical three-dimensional
airfoil [43]. These actuators were driven by a continuous AC voltage. They measured
the aerodynamic force using a balance system and investigated the control effect of the
DBD-PA in the angle-of-attack range, including the stall angle, for a Reynolds number
range of 0.5 × 106 to 2.0 × 106. Ebrahimi et al. performed numerical simulations of the
flow around an NACA4415 airfoil at Re = 5.5 × 105 with an angle of attack of 18◦, at which
flow separation occurred at the midchord [44]. They operated their DBD-PAs, which were
attached near the separation point and trailing edge, at the frequency of the natural vortex
in the base flow as a nondimensional burst frequency. Sato et al. conducted numerical
simulations of the flow around an NACA0015 airfoil at Re = 1.6 × 106 with an angle of
attack of 20.1◦, at which turbulent separation occurred at 14.5% of the chord [45]. They
selected the DBD-PA positions by considering the first reattachment point and turbulent
separation point, and selected the nondimensional burst frequencies by considering the
dominant frequencies in the flow. In another study, Sato et al. summarized the results of
DBD-PA flow control on an NACA0015 airfoil over a wide range of Reynolds numbers,
from Re = 5.0 × 103 to 1.6 × 106 [15]. The angle of attack was set such that the flow sep-
arated near the leading edge under each Reynolds number condition; thus, the angle of
attack was different for each Reynolds number condition.

According to the research above, the major parameters used for flow control with a
DBD-PA are the Reynolds number, airfoil shape, angle of attack, PA installation position,
and drive burst frequency. Most of the studies mentioned above varied one of these
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parameters. Zhang et al. conducted measurements under various Reynolds numbers and
angles of attack, though their DBD-PA was continuously driven instead of being driven in
burst mode. Sato et al. simulated the flow field by varying the Reynolds number and burst
frequency; however, the angle of attack was fixed. The flow control strategy using a DBD-
PA may change depending on the flow separation situation, even for flows around airfoils
of the same shape. The Reynolds number and angle of attack are essential parameters for
setting the separation conditions. In this investigation, we attempt to establish a general
control strategy in order to investigate both the optimal burst frequency and the change in
the flow field due to actuation over wide ranges of these two parameters.

In the present study, an experimental investigation was conducted on separation
control using a DBD-PA on an NACA0015 airfoil over a wide range of Reynolds numbers,
angles of attack, and nondimensional burst frequencies. The Reynolds numbers based on
the chord length ranged from 2.52× 105 to 1.008× 106. Experiments were conducted under
post-stall conditions, and the angle of attack ranged from 14◦ to 22◦. A plasma actuator was
installed at the leading edge and driven by AC voltage. Burst mode (duty cycle) actuation,
where the nondimensional burst frequency F+ ranged between 0.1–30, was applied. The
control authority was evaluated using time-averaged Cp distributions and the calculated
Cl values.

2. Experimental Setup

Experiments were conducted in a closed-type wind tunnel with a contraction nozzle
of 1000 mm (width) × 850 mm (height); photos of the wind tunnel are not posted in
accordance with confidentiality requirements. A test section with a width of 1020 mm,
length of 970 mm, and height of 588 mm was attached to the contraction nozzle exit
(Figure 3). The sidewalls of the test section were constructed with acrylic plates, and their
heights were set according to the span length of the wing model, which is described later.
The freestream velocity, u∞, was set to 20, 40, 60, and 80 m/s, corresponding to Reynolds
numbers based on chord lengths of approximately 2.52 × 105 (252 k), 5.04 × 105 (504 k),
7.56 × 105 (756 k), and 1.008 × 106 (1008 k), respectively.

Figure 3. Dimensions of the test section.

A two-dimensional NACA0015 airfoil with a chord length c of 200 mm and span length
w of 588 mm (Figure 4) was mounted in the test section. This airfoil was manufactured using
stereolithography (Tokyo Fluid Research Co., Ltd., Tokyo, Japan). There were 39 pressure
ports on the model surface for time-averaged pressure measurements. The angle of attack
α ranged from 6◦ to 22◦ in the present study.

The DBD-PA consisted of two sheets of 70 µm thick copper tape (3M, Cu-35C) and
two sheets of 80 µm thick polyimide insulating layer (Teraoka Seisakusho, 650S, material
thickness of 50 µm). The effective thickness [46,47] of the DBD-PA was approximately
0.02 mm. The widths of the exposed and insulated electrodes were 6 mm and 15 mm,
respectively. These electrodes were placed at the leading edge such that the rear edge of the
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exposed electrode and front edge of the insulated electrode were aligned with an overlap of
1 mm. The widths of the top and bottom dielectrics were 40 mm and 30 mm, respectively.
Ionic wind was generated by the actuator in the direction of the main freestream.

Figure 4. NACA0015 stereolithography wing model.

The exposed electrode was connected to a high-voltage amplifier (Trek, model10/40A),
which amplified the originating sinusoidal waves up to a few kilovolts. The insulated
electrode was connected to the ground. The sinusoidal waves were generated from a
function generator (NF circuit design, WF1974). A high-voltage probe (Tectronix, P6015A)
connecting the exposed and insulated electrodes was used to measure the voltage, which
was monitored using an oscilloscope (Yokogawa, DLM2054). The peak-to-peak voltage
Vpp and base frequency f were set as 9 kVpp and 6 kHz, respectively. Preliminary particle-
imaging-velocimetry experiments in a wind tunnel revealed that this output waveform
can induce a velocity of approximately 2.7 m/s at a distance of 2.5 mm in the downstream
direction from the DBD-PA.

The time-averaged pressure on the airfoil surface was measured using three sets of
16-channel pressure scanners (Scanivalve, ModelDSA3217). Each pressure port on the
model was connected to a scanner using a Toalon tube. The pressure values were averaged
over 500 samples at a sampling rate of 100 Hz. Subsequently, the pressure coefficient
Cp at each point was calculated using the time-averaged pressure value as described in
Equation (3). Here, p and q are the local static pressure and dynamic pressure, respectively.
In this experiment, the pressure scanner had a maximum error of 13.6 Pa, corresponding to
∆Cp = 0.057 at the lowest freestream velocity (20 m/s).

Cp =
p− p∞

q∞
=

p− p∞

0.5ρ∞u2
∞

(3)

Figure 5 shows an overview of the wind tunnel experimental system. A wing model
was installed with the frame inside the test section. The frame was attached to a contraction
nozzle. Note that the distance between the contraction nozzle and diffuser inlet was suffi-
ciently long when compared with the flowstreamwise length of the frame. The freestream
velocity was controlled by the operating board in the control room. The total and static
pressures of the freestream were measured using a Pitot tube installed at the exit of the
contraction nozzle. The function generator and amplifier for the DBD-PA driving system
and pressure sensors were set up in the measurement room. One operator stayed in the
measurement room during testing to operate the DBD-PA. The tubes from the wing model
and the Pitot tube were connected to the pressure sensors.

The generation of the body force by a DBD-PA and the time gradient of the input
voltage are closely related [48]. Therefore, the same frequency (i.e., 6 kHz) was adapted for
the base sinusoidal wave. Table 1 lists the actuation cases for each freestream velocity. The
burst ratio was effectively set to 10%. Because the function generator used in this study can
switch on and off only by an integer number of sinusoidal waves, when the burst frequency
is high the burst ratio cannot be set to 10%, and may reach up to 50%. For example, in the
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case of a freestream of 20 m/s and nondimensional burst frequency of 1.0, the dimensional
burst frequency was calculated to be 100 Hz. Because the base frequency was 6 kHz, the
sinusoidal wave number of one burst cycle was 60. Therefore, the burst-mode actuation in
this case would be 6 waves on and 54 waves off, for a corresponding burst ratio of 10%.
However, in the case of a freestream of 20 m/s and nondimensional burst frequency of 30.0,
the sinusoidal wave number of one burst cycle is 2. Therefore, the burst-mode actuation in
this case is one wave ON and one wave OFF, and the corresponding burst ratio is 50%.

Figure 5. Overview of wind tunnel experimental system. Note that the devices for DBD-PA input
voltage measurement are omitted.

Table 1. Experimental cases for each freestream velocity. The nondimensional burst frequency and
corresponding burst ratio are shown for each case.

Re = 252 k Re = 504 k Re = 756 k Re = 1008 k
(u∞ = 20 m/s) (vu∞ = 40 m/s) (u∞ = 60 m/s) (u∞ = 80 m/s)

0.1 (10.0%) 0.1 (10.0%) 0.1 (10.0%) 0.1 (10.0%)
0.5 (10.0%) 0.5 (10.0%) 0.5 (10.0%) 0.5 (10.0%)
1.0 (10.0%) 1.0 (10.0%) 1.0 (10.0%) 1.0 (13.3%)
3.0 (10.0%) 3.0 (10.0%) 3.3 (16.7%) 3.0 (20.0%)

10.0 (16.7%) 10.0 (33.3%) 10.0 (50.0%) 7.5 (50.0%)
30.0 (50.0%) 15.0 (50.0%)

3. Results and Discussion
3.1. Classification of Baseflow

Figure 6 shows the Cp distributions for the cases in which a DBD-PA was installed on
the surface without actuation (hereinafter NOACT). Because the plasma actuator covered
the leading edge (x/c = 0%), the pressure at that point could not be acquired. Note that
each Cp distribution has two sets of curves. One of the curves having a negative value
corresponds to the upper surface, whereas the other corresponds to the lower one. In each
figure, the Cp distribution at α = 6◦ is plotted as an example of the pre-stall angle. At this
angle, the flow is attached to the suction-side surface and the Cp value at the trailing edge
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is almost zero. For Reynolds number Re = 2.52× 105 (u∞ = 20 m/s), all the Cp distributions
at α = 14◦ and above have a flat region over the whole suction-side surface, indicating that
the flow completely separates from the leading edge (leading edge separation). In several
cases with Reynolds number Re = 5.04 × 105 (u∞ = 40 m/s) and higher, a suction peak
is observed near the leading edge, as in the pre-stall case. However, the Cp value at the
trailing edge is negative and the Cp distribution near the trailing edge is flat. This indicates
that the flow attaches to the surface from the leading edge to the middle of the airfoil and
then separates (trailing edge separation). With increasing freestream velocity, the number
of cases in which trailing-edge separation occurs increases.

Moreover, hysteresis was observed in several cases, as shown in Figure 6e. The black
solid line indicates the Cp distribution before actuation, and the red broken line indicates
the distribution after it stops. Although the DBD-PA was stopped for both distributions,
the flow fields around the airfoil were different.

In this section, three types of flow situations exist under the NOACT condition:
(1) leading-edge separation, (2) trailing-edge separation, and (3) hysteresis between (1) and
(2). Based on these three classifications, the relationships between flow control authority
and separation condition are discussed in Sections 3.2 and 3.3.

(a) (b)

(c) (d)

Figure 6. Cont.
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(e)

Figure 6. Cp distributions of the NOACT cases: (a) Re = 2.52 × 105 (u∞ = 20 m/s); (b) Re = 5.04 × 105

(u∞ = 40 m/s); (c) Re = 7.56 × 105 (u∞ = 60 m/s); (d) Re = 1.008 × 106 (u∞ = 80 m/s); (e) Example of
hysteresis situation (α = 18◦, u∞ = 60 m/s): Note that each Cp distribution has two sets of curves; one
of the curves, with a negative value, corresponds to the upper surface, whereas the other corresponds
to the lower one.

3.2. Flow Control with DBD Plasma Actuator

Figure 7 displays the Cp distributions for the four freestream velocities and five angles
of attack mentioned in the columns and rows, respectively. Each graph shows the Cp
distributions for the NOACT case (black line) and actuated cases (colored lines) according
to Table 1. These plots were classified into the three categories described above based
on the Cp distribution in the NOACT case. The cases corresponding to the conditions
of leading-edge separation, trailing-edge separation, and hysteresis are colored blue, red,
and green, respectively. This figure confirms that leading-edge separation is more likely
to occur under the conditions of lower freestream velocity (lower Reynolds number) and
higher angle of attack than trailing-edge separation.

Under leading-edge separation conditions (cases marked with a blue frame), the Cp
distributions clearly change with variation in the burst frequency, except for the case with
Reynolds number Re = 2.52 × 105 and angle of attack of α = 14◦. In this case, all the
actuations except for the one with a nondimensional burst frequency of F+ = 0.1 were
effective, leading to high suction peaks near the leading edge and near-zero Cp values at
the trailing edge. In other cases, a trend is obtained by actuation of a nondimensional burst
frequency of approximately F+ = 1. This actuation leads to a widespread (though not high)
Cp distribution on the suction-side surface. This trend is obtained under this condition
regardless of the freestream velocity and angle of attack. Here, the case with Re = 2.52× 105

and an angle of attack α = 16◦ is considered. Actuation with F+ = 30 is effective, whereas
that with F+ = 10 is not. This suggests the existence of a different trend. According to the
research concerning flow fields under Re = 6.3 × 104, it seems to be caused by enhancement
of the turbulent transition [10,49]. Because this type of flow control is related to the natural
unstable frequency at the separated shear layer [50], the optimal frequency depends on
the DBD-PA installation position and freestream Reynolds number. Compared with the
former type of actuation, it seems to be effective at lower angles of attack and to become
less effective when the freestream velocity or angle of attack is higher. The trend of the flow
field controlled by a DBD-PA with a nondimensional burst frequency of F+ > 1 differs
depending on the Reynolds number. For example, for a Reynolds number Re = 2.52 × 105,
angle of attack α = 14◦, and nondimensional burst frequency F+ > 1, a suction peak
occurs near the leading edge, with Cp “gradually” recovering towards the trailing edge
and eventually reaching almost zero. The same trend is observed for Re = 6.3 × 104 as well.
However, in certain cases, such as with Reynolds number Re = 7.56 × 105, angle of attack
α = 22◦, and nondimensional burst frequency F+ > 3.33, even tough a suction peak occurs
near the leading edge, the Cp distribution flattens from the middle of the chord and the Cp
value at the trailing edge is negative (approximately equal to that of the NOACT case here).



Actuators 2023, 12, 43 10 of 18

This indicates that the flow separates from the surface in the middle, that is, trailing-edge
separation occurs, although the flow is attached near the leading edge.

Figure 7. Difference in Cp distributions according to the burst frequency under each flow condition.

In comparison with leading-edge separation, the change in Cp distribution from the
NOACT case is smaller under trailing-edge separation conditions (the cases marked with a
red frame). Although the case at Reynolds number Re = 1.008 × 106 and angle of attack
α = 14◦ exhibits the largest change and variation, this change is limited to the range
from the leading edge to the center of the chord. In this case, the Cp at the trailing edge
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approaches zero as the Cp distribution changes; however, the trailing-edge separation
cannot be suppressed within the range used in this experiment.

Under the hysteresis condition (cases marked with a green frame), leading-edge
separation occurs before actuation, and the change in Cp distribution due to actuation can
be clearly observed. For lower freestream velocities and angles of attack, a suction peak
occurs near the leading edge and the trailing-edge Cp increases to zero. As the freestream
velocity and angle of attack increase, a suction peak continues to occur near the leading
edge. However, the Cp distribution from the center to the trailing edge hardly changes
from the distribution in the NOACT case.

3.3. Discussion of Lift Coefficient

The lift coefficient Cl was evaluated using the Cp distribution in order to compare
the experimental cases. The lift force was calculated by integrating the surface pressure
while considering the local gradient. First, linear interpolation for the experimental Cp
distribution was conducted. Next, the local force coefficient was evaluated. Figure 8 shows
the local geometry of the airfoil surface. The magnitude of the local force coefficient c f is
defined using the local pressure coefficient, as provided below. Note that ∆x and θ are the
chordwise length and surface gradient of the local area considered here, respectively.

c f =
Cp∆x
cos θ

(4)

Figure 8. Local pressure force evaluation.

The coordinate system xy is defined as shown in Figure 8. The local gradient θ is
calculated using the symmetrical four-digit NACA airfoil formulas, as provided below. In
these formulas, x is the chordwise position from 0 (leading edge) to 1.0 (trailing edge), and
yupper and ylower are the coordinates in the y-axis direction for the upper and lower surfaces,
respectively. The airfoil shape is NACA0015; therefore, the thickness t is assigned a value
of 15.

θ = arctan(
dy
dx

) (5)

{
yupper(x) = 0.05t(0.2969

√
x− 0.1260x− 0.3516x2 + 0.2843x3 − 0.1015x4)

ylower(x) = −0.05t(0.2969
√

x− 0.1260x− 0.3516x2 + 0.2843x3 − 0.1015x4)
(6)

The local force is decomposed along the axis directions. The local force on the upper
surface is calculated as {

c f x = c f sin θ

c f y = −c f cos θ
(7)
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The local force on the lower surface is calculated as{
c f x = c f sin θ

c f y = c f cos θ
(8)

The total forces along the axes, cFx and cFy, are calculated by summing the local forces.{
cFx = ∑ c f x

cFy = ∑ c f y
(9)

Because the DBD-PA covers the leading edge, Cp data are lacking near the leading
edge, and the local force in this area is not summed. Therefore, a reference length Lre f is
introduced to account for the range in which the local force was summed. The positions of
the pressure holes closest to the leading edge are x/c = 0.075 (upper surface) and 0.0875
(lower surface), and the reference length is defined as Lre f = 0.91875. Finally, the lift
coefficient Cl is calculated using the global forces, angle of attack, and reference length,
as follows:

Cl =
CFy cos α− CFx sin α

Lre f
(10)

Figure 9 shows a comparison of Cl under the NOACT conditions. The large dots are
the Cl calculated from the data displayed in Figure 6, and the lines with dots (Refdata) are
the data acquired by a balance system [51]. The dashed line displays a theoretical lift force
curve slope of 2π. Because the suction peak near the leading edge was not considered for
this Cl estimation, the calculated values are quantitatively different from (that is, less than)
the reference results. However, the estimated Cl values exhibit a trend similar to that of
the reference data, especially after the stall. In the case of Re = 252 k, an abrupt Cl drop
exists post-stall, similar to the case of Re = 144 K in Refdata, whereas the cl drop is more
gradual in the case of a higher Reynolds number. At angles of attack of 16◦ or higher, the
increasing trend of Cl with an increasing Reynolds number is observed. This is attributed
to two reasons. First, the pressure effect has a greater influence than the viscous effect when
leading-edge separation occurs; in this situation, Cl calculated using the Cp distribution
provides a good estimation. The other is that the current pressure hole distributions can
capture characteristics such as the separation point of the Cp distributions when trailing-
edge separation occurs. This section confirms that the qualitative characteristics can be
captured using the current method of integrating the Cp values. The following section
compares cases with DBD-PA.

Figure 9. Comparison of Cl under NOACT conditions. Large dots denote Cl calculated using
data displayed in Figure 6, and lines with dots are reference data (Refdata) acquired by a balance
system [51]. The dashed line displays a theoretical lift force curve slope of 2π.
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Figure 10 displays an increase in the lift coefficient ∆Cl for the actuated cases. Each
value is calculated for each Cl value, including that of the NOACT case with the same
freestream velocity and angle of attack, such as those displayed in Figure 9. The color
of each line corresponds to that of the frame in each case in Figure 7. A comparison of
the trends of the lines shows that the experimental cases were classified relatively well
according to the flow conditions under NOACT. In the case represented by the blue line,
∆Cl reaches its maximum value at a nondimensional burst frequency of approximately
F+ = 0.5, except for the case of Reynolds number Re = 2.52 × 105 and angle of attack
α = 14◦ mentioned in the previous subsection. Note that the increase in CL at F = 30 for
Re = 2.52 × 105 and α = 14◦ could be caused by another trend, which is discussed in the
previous section. The cases represented by the green line have a larger ∆Cl than those
represented by the red line. This is because ∆Cl is calculated using the Cp distributions
prior to actuation (plotted in Figure 6). If the data after actuation are applied, the ∆Cl
values of the cases represented by the green and red lines are similar.

(a) (b)

(c) (d)

Figure 10. Increase in the lift coefficient ∆Cl due to the DBD-PA. The values are calculated for each
Cl value, including that of the NOACT case, with the same freestream velocity and angle of attack
displayed in Figure 9. The color of each line corresponds to that of the frame for each case displayed
in Figure 7: (a) Re = 2.52 × 105 (u∞ = 20 m/s); (b) Re = 5.04 × 105 (u∞ = 40 m/s); (c) Re = 7.56 × 105

(u∞ = 60 m/s); (d) Re = 1.008 × 106 (u∞ = 80 m/s).

The ∆Cl plots of the cases represented by the blue line with a peak at F+ = 0.5 appear
to indicate that DBD-PA-based flow control within F+ < 10 is dominated by only one
mechanism. In other words, it appears that F+ = 0.5 is the optimal nondimensional burst
frequency in that mechanism, with the other frequencies being less effective because they
deviate from the optimum. However, the Cp distributions shown in Figure 7 indicate that
this is not true. Multiple trends in the distribution suggest multiple control mechanisms,
corresponding to the two mechanisms described in the introduction. Burst actuation with
a nondimensional frequency of approximately F+ = 0.5, under which a wide negative
pressure region is formed on the suction-side surface, creates a two-dimensional spanwise
vortex near the leading edge [14]; on the other hand, actuation, under which a high suction
peak at the leading edge is formed, enhances the turbulent transition, leading to early
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reattachment. Among the blue lines, several cases in which ∆Cl is improved by values
other than approximately F+ = 0.5 are considered to be caused by this effect.

In the green and red lines, the Cl peak around F+ = 0.5 disappears, unlike in the
blue lines. This is because these cases do not have a wide negative-pressure region on the
suction-side surface. If a DBD-PA is installed near the separation point, the induced flow
directly affects the separated shear layer, leading to the generation of two-dimensional
spanwise vortices and a wide negative-pressure region. Considering the Reynolds number,
the separation type is turbulent rather than laminar. However, as the surface pressure is
almost constant in the separated region, the separation point can be roughly estimated as
the starting point of the flat region in the Cp distribution. For example, according to this
estimation, the separation point is roughly estimated as x/c = 0.4 in the case corresponding
to Reynolds number Re = 7.56 × 105 and angle of attack α = 14◦. Therefore, the separation
point is predicted to be far from the leading edge, and a wide negative pressure region
is not generated in the green and red cases. Despite the above discussion, the predicted
separation point shifts toward the trailing edge and Cl increases accordingly in several
cases. Because the effective frequencies differ depending on the flow conditions, unlike in
the cases represented by the blue line, it is difficult to draw a general conclusion as to an
appropriate burst frequency. The flow is considered turbulent at the separation point, as
mentioned above. Thus, the movement of the separation point would be caused by another
mechanism, rather than by the turbulent transition.

In addition, unlike in the cases represented by the blue line, the effect of a DBD-
PA is smaller at an angle of attack α = 14◦ than at α = 16◦ with a freestream velocity
of u∞ = 60 m/s. This is due to the distance between the DBD-PA and the separation
point. Because the separation point at α = 14 is located further downstream than that
at α = 16, the effect of the DBD-PA at the leading edge becomes small at the separation
point. Therefore, actuation closer to the separation point may improve the flow control
authority. However, the actual flow conditions, such as the velocity and angle of attack,
change; additionally, the separation point may change. It is difficult for a spanwise DBD-PA
at a fixed position, such as the one used in this study, to respond to such changes in the
separation point. Sato applied a vortex generator-type plasma actuator (VG-PA) to control
the turbulent separation that occurs under a Reynolds number Re = 1.6 × 106 [52]. In the
VG-PA, two actuators are installed facing each other along the chordwise direction and
generate streamwise vortices, similar to a passive vortex generator. The results show that
streamwise vortices were generated by operating the VG-PA, leading to the generation
of small-scale turbulent vortices. Sato concluded that these turbulent vortices promote
negative Reynolds stress in the boundary shear layer, resulting in a delay in the turbulent
separation. Based on this conclusion, the burst drive of the spanwise DBD-PA attached
to the leading edge can be considered to change the turbulent state near the separation
point. Because the VG-PA is installed in the streamwise direction, it may be robust against
movement of the separation point. However, such an arrangement does not generate a
two-dimensional spanwise vortex. A combination of a spanwise DBD-PA near the leading
edge and a VG-PA may have control authority for a wide range of flow conditions from
trailing-edge separation to leading-edge separation.

Experiments conducted over a wide range of Reynolds numbers and angles of attack
show that the control trends clearly depend on the difference in the separation conditions
(leading-edge separation or trailing-edge separation). These results indicate that the posi-
tion and burst frequency of DBD-PAs should be selected based on the separation conditions.
Regarding leading-edge separation, burst actuation with a nondimensional frequency
of F+ = 0.5–1.0 is considered a general strategy for a wide range of Reynolds numbers.
However, an effective control mechanism for trailing-edge separation has not yet been
established. In addition, because the position of trailing-edge separation is more likely to
change depending on the flow conditions than that of leading-edge separation, it is difficult
to select the appropriate position of a spanwise DBD-PA. To establish an appropriate control
strategy, it is important to distinguish between the separation conditions.
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In practical environments, changes in the external wind occur, and other environmental
concerns such as rain may affect DBD-PAs. Lilley et al. [53] have reported that when a
DBD-PA is wet, the induced thrust decreases and the thrust distribution becomes non-
uniformly three-dimensional. Therefore, the flow control authority of DBD-PA in practical
environments may differ from that evaluated in wind tunnel experiments. Tanaka et al.
installed DBD-PAs on a 300-kW wind turbine and conducted experiments intermittently
for one year in an external environment [54]. To prevent abnormal discharge due to rain,
they installed a protection system on the DBD-PA power supply [55]. In addition, they
discussed the flow control authority of DBD-PAs. It is essential to consider the external
described concerns above in order to construct DBD-PA systems that can be used in
practical environments.

4. Conclusions

In this study, a separation-control investigation was conducted using a DBD-PA on
an NACA0015 airfoil over a wide range of Reynolds numbers (2.52 × 105 to 1.008 × 106),
angles of attack (post-stall conditions), and nondimensional burst frequencies. The control
authority was evaluated using time-averaged Cp distributions and the calculated Cl values.

The flow fields under the NOACT condition, in which a DBD-PA was installed
on the surface without actuation, were evaluated using the Cp distributions. Based on
these results, we classified the flow fields under the NOACT condition into three types:
(1) leading-edge separation, (2) trailing-edge separation, and (3) hysteresis between (1)
and (2). The DBD-PA actuation was applied in each case, and the results were compared.
In the leading-edge separation cases, actuation with a burst frequency of approximately
F+ = 0.5 creates a wide negative pressure region on the suction-side surface, whereas
several cases with higher burst frequency produce a suction peak near the leading edge.
In the trailing-edge cases, several actuations cause a change in the Cp distribution, which
indicates shifting of the turbulent separation position. The lift coefficient Cl was evaluated
using the Cp distributions. The plots depicting increases in the lift coefficient show a clear
peak at approximately F+ = 0.5 in the leading-edge-separation case. In the trailing-edge
separation cases, several actuations increase the lift coefficient according to shifting of the
turbulent separation position.

As mentioned in the introduction, previous studies have generally focused on only one
of these parameters, and have discussed flow control mechanisms. In this study, the flow
control authority was investigated over a wide range of Reynolds numbers greater than
2.52 × 105, angles of attack, and burst frequencies, and the relationships between the flow
control authority and separation condition was discussed. Our results show that the control
trends clearly depend on the difference in the separation conditions, i.e., leading-edge
separation or trailing-edge separation. Thus, in order to establish an appropriate control
strategy, it is important to distinguish between the separation conditions.
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