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Dielectric barrier discharge (DBD) plasma actuators have received considerable attention by many researchers for various flow control applications. Having no moving parts,
being light-weight, easily manufacturable, and their ability to respond almost instantly are
amongst the advantages which has made them a popular flow control device especially for
application on aircraft wings. The new configuration of DBDs which uses multiple encapsulated electrodes (MEE) has been shown to produce a superior and more desirable
performance over the standard actuator design. The objective of the current study is to
examine the effect of this new actuator configuration on the aerodynamic performance of
an aerofoil under wake interaction conditions. The plasma actuator is placed at the leading
edge of a symmetric NACA 0015 aerofoil which corresponds to the location of the leading edge slat. The aerofoil is operated in a chord Reynolds number of 0.2×106 . Surface
pressure measurements along with the mean velocity profile of the wake using pitot measurements are used to determine the lift and drag coefficients, respectively. The results
show an increase in the lift coefficient. It is also demonstrated that the drag coefficient
decreases at all the measured angles of attacks.

I.

Introduction

low control is the manipulation of flow characteristics to yield desirable effects. There are two categories
F
of flow control devices: passive and active. Although passive methods which are always in a fixed state
are relatively simpler to design and manufacture, they are only effective over a small range. Therefore, when
dealing with unsteady motion, such as wake interaction with aerofoils, active flow control is the dominant
choice. One of the disadvantageous of active flow control is the requirement of additional power.
The use of plasma as an active flow control medium has received considerable interest during the past
decade.1, 2, 3, 4, 5 While plasma was first identified as the fourth state of matter in 1879 and is well known to
the physics community, it is a relative newcomer to the field of aerodynamics. The first recorded use of plasma
for flow control was by Velkoff and Ketcham6 who used a corona discharge to manipulate the transition point
on a flat plate. The use of the ‘ionic wind’ generated by a corona discharge was the main focus of research
attention until the late 1990’s. In 1998 a new configuration of electrodes was presented by Roth et al.7 that
produced a One Atmosphere Uniform Glow Discharge Plasma (OAUGDP). This configuration was able to
produce a jet in still air and manipulate the boundary layer of a flat plate.
Plasma actuators require no moving parts in converting electrical energy into kinetic energy, use a simple
system structure, can operate over a broad frequency range and can be used instantaneously, making them
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ideal for flow control purposes. The simple actuator design and ease of construction allows the actuator
to be retro-fitted to existing aircraft and are also easy to manufacture and service. Previous studies have
shown that dielectric barrier discharge (DBD) plasma actuators are efficient in different flow control applications: boundary layer manipulation,8, 9, 10, 11, 12 lift augmentation on a wing section,13 transition point
manipulation,14 and in particular in the field of separation control.15, 16, 17, 18, 19
Their benefits have not been fully utilised on a large scale since the applicability of plasma actuators
is limited by the maximum induced velocity it can achieve. Extensive works have been conducted on flow
control20 and in particular on optimisation of the performance of DBD plasma actuators at the University of
Manchester. Multiple encapsulated electrode (MEE)-DBD plasma actuator has shown its improved performance over the conventional DBD plasma actuator by increasing the induced jet velocity at a lower power
consumption.21, 22, 23
In aeronautics, most open and closed turbo-machineries, and other engineering disciplines the flow over
an aerofoil is influenced by a wake which for instance is originated from the preceding aerofoil. Such a wake
can reduce the lift and increase loads on the downstream aerofoil which can create dangerous conditions for
flying vehicles. This makes the study of the wake influence on aerodynamic characteristic of the aerofoil
necessary. The disturbances in external flow initiate and force transition of boundary layers from laminar
to turbulence. Extensive analytical, numerical and experimental studies have been conducted on boundary
layer-wake interaction.24, 25, 26
The aerodynamic characteristics under the influence of the preceding wake have also been studied in
relation to the laminar-turbulent transition of the boundary layer over an aerofoil. It is expected that the
boundary layer over the aerofoil becomes turbulent through a transition process caused by the interaction
between the wake and the boundary layer.27, 28, 29, 30, 31 In addition, there are some investigations regarding
the studies of aerodynamic forces of flying vehicle facing the wake of an aircraft.32, 33
Kornilov et al.34 discussed the interaction between an incompressible two-dimensional turbulent wake
produced by a symmetrical aerofoil at incidence and a boundary layer formed on a similar aerofoil immediately downstream. A significant reduction in the level of turbulence was found in the boundary layer of the
downstream aerofoil when it is located in the wake periphery. They identified that the outer region of this
interaction can be described by simple correlations traditionally used for the wake behind a circular cylinder.
Fujisawa et al.27 discussed the influence of the circular cylinder wake on the aerodynamic performance of
an aerofoil. Their results indicated that due to the interactions between the fluid forces and the cylinder
wake the drag force decreases and the lift force increases at relatively large angles of attack typically beyond
α = 12 degrees. Their results show an improvement in aerodynamic performance of the aerofoil due to the
influence of cylinder wake except for the lift coefficient at α = 9 to 12 degrees.
The performance of a MEE-DBD plasma actuator in manipulating the aerodynamic coefficients of a
NACA 0015 aerofoil with a chord Reynolds number of 0.2×106 has been demonstrated. The description of
the optimum design of MEE-DBD which has been used in the current study has been presented by Erfani
et al.35

II.
A.

Apparatus and Instrumentation

Wind tunnel

The experiments were conducted in one of the subsonic wind tunnels at the Aero-Physics Laboratory in the
school of MACE at The University of Manchester. The facility is an open-return low subsonic ‘blower’ with
a 0.455 m square cross section by 1.4 m long test section. The ceiling and side walls are made of optical grade
perspex to allow optical access for photography and visualisation. Turbulence in the test section is reduced
by the presence of honeycombs located upstream of the test section. The turbulent intensity in the test
section over the range of velocities used in the experiment is approximately 0.24 %. The wind tunnel speed
was monitored using a pitot-static tube placed upstream of the models mounted within the test section.
B.

Aerofoil

The aerofoil used in the experiments was a NACA 0015 constructed from perspex with a chord length, c, of
0.24 m and span of 0.40 m. The characteristics of this aerofoil are well documented in the literature and it
exhibits well-behaved leading edge separation at high angles of attack. For minimising the end effects, end
plates are mounted on the sides of the aerofoil made from optical grade perspex to allow visual access for flow
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visualisation and measurements. The end plates were 0.685×0.457×0.01 m (length×height×thickness). The
leading and trailing ends of the end plates were machined to have a 5 mm radius. The maximum blockage
of the aerofoil which occurs at the highest incidence was estimated to be 3.9%. Therefore, tunnel blockage
effect on the aerodynamic coefficients considered minimal and no correction in the measuremnets taken were
necessary.
C.

Cylinder

At the working chord Reynolds number of 0.2×106, the frequency of the wake of the aerofoil at zero incidence
is measured as 120 Hz and a Strouhal number, St=fD/U∞ , of the cylinder estimated to be 0.2, where f is
the frequency of the wake, D is the diameter of the cylinder and U∞ is the free-stream velocity.36, 37, 38
Therefore, a cylinder which can generate a frequency similar to that of the aerofoil should have a diameter
of 0.02 m.27
The vortex shedding of the cylinder depends strongly on its diameter and the distance between the
cylinder and the aerofoil. This critical distance is found by Luk et al.39 to be equal to the length of the
vortex formation region of the circular cylinder measured without the presence of aerofoil, and is 1.5 times
of the diameter of the cylinder behind it. The cylinder is placed between two end plates at 0.2 m upstream
of the aerofoil.
D.

Plasma actuator

The typical plasma actuator is a linear asymmetric arrangement of two electrodes separated by a dielectric
material. One electrode is exposed to the air, while the other is encapsulated in the dielectric. A schematic
illustration of such an actuator is depicted in Figure 1 for a standard and MEE-DBD actuator. A high
voltage alternating current (a.c.) input, with typical voltages of 2 kVp−p to 60 kVp−p (peak to peak voltage)
and frequencies of 300 Hz to 1 MHz is supplied to the exposed electrode while the encapsulated electrode is
earthed. Typically, the plasma actuator is long and thin and is placed spanwise on the aerodynamic surface.

Figure 1. Typical configurations of standard DBD (a), and MEE-DBD plasma actuators (b)

The configuration of plasma actuator examined in the current investigation is shown in the schematic
of Figure 3.35 The actuator is placed at the leading edge while the interface of the exposed electrode and
the first covered electrode is located at x/c = 0. The encapsulated electrodes are aligned so that there is no
offset between the edges of successive electrodes. All the electrodes are tinned copper foils, 74 µm thick and
200 mm in length, in the spanwise direction. Layered Kapton tape was used as a dielectric material with
each layer having a 60 µm thickness.
Dimensions and placement of the electrodes are also provided in Figure 3. The offset listed in figure is
the distance measured from the downstream edge of the exposed electrode. To have a uniform plasma along
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Figure 2. Photograph of plasma created on a DBD plasma actuator

the span, a small amount of overlap is applied between the downstream edge of the exposed electrode and
upstream edge of the first encapsulated one.

Figure 3. Aerofoil actuator configuration at the leading edge (figure not to scale)

The actuator was controlled by a LabView program where the wave shape, driving frequency, modulation
frequency and corresponding duty cycles are controlled. This signal was provided via National Instruments
PCI-6713 to a control circuit board that was also connected to a Volkraft 3610 power supply capable of
outputting 360 W. The powered control signal is then connected to a transformer cascade which provides
the high voltage signal to drive the actuator. The transformer is capable of a maximum 40 kVp−p at driving
frequencies up to 30 kHz.
The voltage supplied to the exposed electrode is measured using a LeCroy PPE-20 kV high voltage probe
while the current is monitored using a current probe attached to the transformer cascade output. The two
probes are connected to a Picoscope 3206, 250 MHz oscilloscope connected to a PC so the output signals
can be monitored and recorded.
The actuator spanned most of the width of the leading edge of aerofoil. A narrow gap was left at
the centre line due to the presence of pressure taps along chordwise direction. However, both sides were
electrically connected. A recess equal to the thickness of the actuator had been cut from the aerofoil in order
to produce a flush surface after mounting the actuator without changing the profile shape of the aerofoil.
E.

Pressure measurements

A total of 23 surface pressure ports with an internal diameter of 1.5 mm were aligned in the flow direction
at the half-span location of the aerofoil. The pressure tubes were passed through the side wall of the test
section and connected to a scanning pressure valve that selectively connected each pressure port to a single
pressure transducer.
A separate rake of pitot probes was mounted on a traversing mechanism and located downstream of the
aerofoil at its spanwise centre line. Discrete points, with 2.54 mm distance between each probe, were sampled
across the wake to determine the total pressure profile. The rake was placed one chord length downstream
of the trailing edge in order to be far from any recirculation region that might exist in the separated flow.
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For all pressure measurements, data was recorded for 4 seconds at a sampling rate of 10 kHz and averaged
for both lift and drag measurements.

III.

Results and Discussion

Figure 4 illustrates the comparison between mean velocity profiles 50 mm from the exposed electrode
working in quiescent conditions of a standard DBD and optimised MEE-DBD actuator. The measurements
were obtained from PIV experiments on actuators mounted on a flat surface. The actuators were operated
at 15 kVp−p with a driving frequency of 10 kHz using a sine wave input and 100% duty cycle. This driving
frequency provides the actuator with a clean sinusoidal input signal not experienced at the other frequencies.
The power consumption of the actuator was approximately 15 W. Identical settings are used on the aerofoil.
As it is evident from the plot, the MEE-DBD actuator creates a faster induced jet with a greater jet thickness.
This behaviour was also observed at different locations along the actuator.

Figure 4. Mean velocity profiles obtained with 15 kVp−p and 10 kHz at x = 50 mm

A.

Aerofoil-wake interaction

The results in this section examine the effects of the leading edge MEE-DBD plasma actuator on the
aerodynamic performance of the aerofoil at chord Reynolds number of 0.2×106, whilst in the wake of a
circular cylinder.
The lift and drag coefficients of the aerofoil at various angles of attack facing the cylinder wake are
presented in Figure 5(a) and Figure 5(b), respectively. The lift and drag coefficients of the plane aerofoil are
also shown in the figure as the baseline case for comparative purposes. With the actuator in off mode, it is
observed that up to the natural stall angle of the aerofoil α = 14o , the presence of the cylinder wake has an
adverse effect on the performance of the aerofoil by reducing the lift and increasing the drag. However, at
higher incidences the presence of the cylinder wake suppresses the stall and reduced the drag.
Figure 5 also includes the results for plasma on case. In all angles of attack, the actuator on case shows
an increase in Cl compared to the actuator off case. Up to α = 14o the drag coefficient does not change with
increasing incidence for all cases, with the actuator on leading to a reduced level of drag compared to the
actuator off case. After α = 14o a significant rise in drag coefficient is observed for the baseline case whilst
the presence of the cylinder wake suppresses the maximum drag coefficient. The drag coefficient begins to
increase after 17o for the cylinder wake case, but still does not approach the results without the cylinder
case. This increase is believed to be due to the flow separation and formation of separation region at the
trailing edge.
The pressure distribution on the aerofoil surface for a pre-stall angle of 11o , and a post stall angle of 17o
is shown in Figures 6(a) and (b), respectively. At 11o incidence the pressure distribution shows a reduction
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Figure 5. Lift coefficient (a), and drag coefficient (b)
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Figure 6. Pressure distribution on aerofoil surface for α = (a) 11o (pre-stall), and (b) 17o (post stall)
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in pressure on the lower surface and increased pressure on the upper surface of the aerofoil compared to the
baseline measurements of the aerofoil. No formation of a separated region was detected from the Cp curves
in this range of pre-stall angles of attack. This justifies the constant values of Cd observed in Figure 5(b) for
different angles. For the 17o post stall case, the pressure distribution on the upper surface reveals a large
decrease in pressure with the presence of the cylinder wake. This indicates an attached flow pattern on the
surface due to the velocity fluctuations of the cylinder wake and its interaction with the boundary layer over
the aerofoil. The separation of the boundary layer on the suction side is removed and a turbulent boundary
layer forms over the surface. Flow over the lower surface of the aerofoil is also promoted to a turbulent state
due to the influence of the cylinder wake which shows itself as a reduction in pressure values in Figure 6.

IV.

Conclusions and future work

The influence of MEE-DBD plasma actuator proposed by Erfani et al.35 on the aerodynamic performance
of a NACA 0015 aerofoil has been investigated in aerofoil-wake interaction. Experiments were studied
in a chord Reynolds number of 0.2×106. Overall, the new plasma actuator configuration produced an
improvement in aerodynamic coefficients by increasing the lift and reducing the drag.
At high angles of attack, due to the wake excitation of the cylinder wake, the separation region at the
suction side of the aerofoil was restrained, leading to the suppression of the stall angle. However, at all
incidences the MEE actuator was able to increase the magnitude of the lift coefficient and decrease the level
of drag coefficient.
Since a plasma actuator is designed to produce a steady two-dimensional wall jet in the flow direction
on the upper surface, the pressure distribution on the lower surface remains unaffected. It would be an
interesting study to examine the effect of the plasma actuators placed on the lower surface of the aerofoil.
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