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The flow separation control over an NACA 0015 airfoil using continuous alternating current (AC) dielectric barrier
discharge (DBD) plasma actuator is investigated experimentally and numerically. This work is intended to report some
observations made from our experiment, to which little attention is paid in the previous studies, but which is thought
to be important to the understanding of control of complex flow separation with AC DBD. To this end, the response of
separated flow to AC plasma actuation is visualized through the time-resolved particle image velocimetry (PIV) measure-
ment, whereas numerical simulation is carried out to complement the experiment. The flow control process at chord-based
Reynolds number (Re) of 3.31 x 103 is investigated. It is found that the response of external flow to plasma forcing is
delayed for up to tens of milliseconds and the delay time increases with angle of attack increasing. Also observed is that
at the intermediate angle of attack near stall, the forced flow features a well re-organized flow pattern. However, for airfoil
at high post-stall angle of attack, the already well suppressed flow field can recover to the massively separated flow state
and then reattach to airfoil surface with the flow pattern fluctuating between the two states in an irregular manner. This
is contrary to one’s first thought that the forced flow at any angles of attack will become well organized and regular, and
reflects the complexity of flow separation control.

Keywords: dielectric barrier discharge plasma actuator, alternating current plasma discharge, flow separation,

flow control, delayed response
PACS: 47.32.Ff, 47.32.C—, 47.85.L—, 72.30.4+q

1. Introduction

The pursuit of flow separation control over aerodynamic
bodies is of great importance to both fundamental research and
practical engineering applications. The flow separation occur-
ring over an aircraft at high angle of attack could cause lift
reduction, drag increase, structural vibration, efc. To mitigate
such detrimental effects, a variety of flow control techniques,
either passive or active, have been proposed and investigated
in the past with varying degree of success. The passive control
methods such as vortex generator and riblet usually involve
the local geometric modification of aerodynamic body sur-
face. Despite the advantage of requiring no auxiliary power,
the passive control devices are always in operation and there-
fore could cause negative effects to aerodynamic vehicles in
off-design conditions. By contrast, the active flow control usu-
ally involves energy or momentum addition to the flow or ma-
nipulation of inherent flow instability in a regulated manner.
Active control is more flexible than passive control as it can
be turned on or off based on the flow conditions in a real-time
closed loop control system.

As an active control device, plasma actuator has desired
attributes including light weight, lack of mechanical compo-
nent, fast response time, high bandwidth, and so on. A typi-
cal dielectric barrier discharge (DBD) plasma actuator has two
electrodes mounted on the opposite sides of a dielectric layer
as sketched in Fig. 1(a). When a sinusoidal high-voltage wave-
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form is applied to the actuator, air over the buried electrode
will be weakly ionized and an electrohydrodynamic force is
produced, leading to the generation of an electric-wind-based
wall jet over the lower electrode,!! see Fig. 1(a). The jet ve-
locity can be up to 10 m/s in atmospheric air.!'! The plasma ac-
tuator driven by sinusoidal voltage waveform with the peak-to-
peak voltage (V,,_p) in the range of one to tens of kilovolt (kV)
and frequency varying from one to tens of kilohertz (kHz) is
called alternating current (AC) DBD plasma actuator. The AC
DBD has been studied extensively and implemented in various
applications.!!=3] The studies using AC DBD plasma actuators
for airfoil flow control can be traced back to the pioneering
work by Roth, ! for the suppression of flow separation over an
NACA 0015 airfoil at Reynolds number of Re = 6.4 x 10*, and

a series of experiments by others, >¢]

to name just a few. In
Refs. [7-10], the influence of actuation parameters like burst
frequency and location of actuator on control performance is
examined. Meanwhile, particle image velocimetry (PIV) mea-
surement and flow visualization were conducted by Benard et
al. to investigate vortex dynamics of separated airflow under
AC plasma actuation. ULI21 Op the other hand, Gaitonde e al.
performed large eddy simulation (LES) to compare the actu-
ation performance and mechanisms of continuous and pulsed
AC plasma discharges in flow separation control.!'3] The work
by Sato et al. is focused on the identification of optimum re-
duced frequency of pulsed AC plasma for control of airfoil
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flow.!!*15] Moreau et al. investigated the control of a turbulent
flow separated at mid-chord along an airfoil by implementing
three DBD plasma actuators on different locations on the up-
per surface of airfoil.['®! They found that the baseline flow sep-
aration occurring at 50% of the chord can be delayed apprecia-
bly with the separation point moving to downstream location
up to 76% of the chord. Although AC DBD has seen sub-
stantial success in various aerodynamic applications,[!=317] it
is generally accepted that a disadvantage of AC DBD is that
the induced jet velocity is relatively low, which is typically a
few meters per second. As a result, this type of plasma actua-
tor is mainly used for flow separation control in low subsonic
regime with the freestream speed U, < 30 m/s and Reynolds
number of 0(10°).1%]

(a)

u profile

(b)

body force
peak velocity

Fig. 1. The side view of dielectric barrier discharge (DBD) plasma actuator
driven by high voltage (HV) signals (a) and the sketch of body force model
for AC plasma discharge and velocity profile of induced jet flow (b).

But some recent studies suggest that the mechanism of
AC DBD has not been fully revealed and understood. For
instance, Kelley et al. found that the AC DBD in continu-
ous and burst modes has comparable performance with that
of novel nanosecond DBD plasma actuator and can effectively
mitigate the flow separation over airfoil in a high freestream
speed flow with Mach number up to 0.4.1'8] Note that the
nanosecond plasma actuator has been intensively investigated
as it shows great potential to control high-speed flow and is
used in a wide range of flow control applications including
unmanned air vehicle (UAV).!'>20] Zhang et al. reported that
the AC DBD plasma can generate ultrasound with frequency
of approximately 100 kHz.?!! Actually, given the complex-
ity of physics of flow separation as well as plasma discharge,
some phenomena peculiar to AC-DBD-based flow control has
not been reported in the literature and additional insights into
the AC plasma actuation are desired. In this study, a combined
numerical and experimental investigation of flow separation
control over an NACA 0015 airfoil using continuous AC DBD
is conducted. The transient flow field around airfoil is visu-
alized using particle image velocimetry (PIV) measurement.

Numerical simulation is performed to complement the exper-
iment. The delayed response of external flow to continuous
AC plasma forcing and violent flow field fluctuation in the late
stage of forced flow evolution at high angle of attack will be
presented. Although abundant research has been directed to-
wards the application of AC DBD plasma actuator to various
flow control problems, the control mechanisms of AC DBD
have not been fully clarified and little attention was paid to the
above-mentioned phenomena of delayed response and violent
fluctuation of flow field. The purpose of this paper is to high-
light these physical phenomena, try to explain the underlying
mechanisms and shed more insights into the understanding of
separated flow control with AC plasma actuation.

The paper is organized as follows. In Section 2, the ex-
perimental setup will be presented. The physical model and
numerical method will be given in Section 3, which is fol-
lowed by the result and discussion in Section 4. Finally, the
main findings of this study are summarized in Section 5.

2. Experimental setup

The NACA 0015 airfoil model is made of Acrylonitrile—
Butadiene—Styrene (ABS) material. The DBD plasma actu-
ator is flushed mounted near the leading edge of airfoil. Fig-
ure 2(a) shows the schematic installation of plasma actuator on
airfoil, whereas figure 2(b) shows the assembled airfoil model
installed in the wind tunnel. The actuator is composed of a
dielectric material made of four layers of Kapton films with
the total thickness of about 0.8 mm, and two copper electrodes
mounted on opposite sides of the dielectric layer without over-
lap. The downstream edge of the exposed electrode marked by
a blue arrow in Fig. 2(a) is close to the leading edge. Experi-
ment is conducted using a closed-loop, subsonic wind tunnel.
It has a contraction ratio of 12 and a square test section with
cross area of 0.6 m x 0.6 m and length of 2 m. The freestream
velocity U. is adjustable, ranging from 3 m/s to 90 m/s. The
turbulence intensity of freestream is less than 0.1%.

The alternating current high voltage waveform is gener-
ated by amplifying low voltage signal using a high voltage am-
plifier (10/40A; Trek Inc.). A two-velocity-component, time-
resolved PIV system is used to measure the evolution of ve-
locity field. A pair of thin light sheets is generated by using an
Nd:YLF PIV laser. For particle scattering, the time between
two image frames is determined based on flow velocity, cam-
era magnification, and sub-region area for cross-correlation.
A Phantom Miro 320s high speed camera of 1920 pixel by
1200 pixel with Nikkor 105 mm f1:2.8D lens is used. The
size of field of view is about 283 mm x 177 mm and spa-
tial resolution is around 3.5 mm. In performing the cross-
correlation, 32 pixel x 32 pixel of subregion area is adopted
and the overlap is 50%. The measured velocity is accurate
to about 0.49 m/s. A Safex Fog Generator F2010 is used to
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generate water-based particles, whose mean diameter is about
1 um. The PIV data is sampled at frequency of 693 Hz. More
information on experimental setup can be found in Ref. [22].

(a)

(b)

Fig. 2. The schematic installation of plasma actuator on airfoil (a) and the
assembled NACA 0015 airfoil model installed in wind tunnel (b).

3. Physical model and numerics
3.1. Unsteady Reynolds averaged Navier-Stokes equations

The external flow over airfoil is assumed to be fully
turbulent, and described by two-dimensional (2D) unsteady
Reynolds averaged Navier—Stokes (URANS) equations given
below:

dp 0
L =0
ot T g PU) =0,

d 0

at(p 1)+ax](p J l)

dp 0d —

= oot g (5= PO i)

d d
—(pE)+ — ‘H
8l(p )+axj(pvj )

a aT " " 1 UFSURIYU
= Fr (Kaxj—pvi '+ 705 — 5PV VY

+88xj {vi(fij_pW) +fi-ui. (1

In the above system of equations, the flow variables p,
p, T, v;, and 7;; represent the Favre- or Reynolds-averaged
density, pressure, temperature, velocity component in x; coor-
dinate direction, and viscous stress tensor, respectively. The
variables with superscript “” » denote turbulent fluctuations,

113

and overbar “ ” denotes Reynolds averaging. The Favre-

averaged total energy E and enthalpy H are given by

E=e+v;v;/2+k,
H=e+p/p+00;/2+k,

respectively. The quantity k = v/'v/’ /2 is turbulent kinetic en-
ergy. Air is modelled by ideal gas equation of state p = pRT,
where R is the specific gas constant and takes the value of
287 J/(kg-K). The source term, f;(x,y,t), in the momentum
equation denotes the body force in x; direction exerted on air
by AC DBD, whereas f; - u; in the right hand side of the energy
equation represents the work per unit time done by the body
force.

To close system (1), the Reynolds stress tensor, r{; =
R

—pv/ v}’ , has to be known. Here, 7/}

computed with the elaborate Reynolds stress turbulence model

is not modelled but

(RSM), where the transport equations for Reynolds stress ten-
sor are solved.

It will be seen later that RSM can resolve the complex
separated flow around airfoil and subsequent flow control sat-
isfactorily. More details of RSM turbulence model can be
found in Ref. [23].

3.2. Empirical body force model for AC DBD

The empirical body force model developed by Shyy et
al.?* is employed in this study to model the macro effect of
AC plasma discharge on external airflow. It is assumed that the
AC DBD produces a two-dimensional body force field acting
on air in a right triangle region over the buried electrode, see
Fig. 1(b). The height of triangle is @ = 1.5 mm and the length
of triangle is » = 3 mm. The body force exerted on air in the
triangle is given by

FP = ¢OArap.e. ES with

E
E(x,y) = £ (lxkz,ly]q). 2)

\ K3k
According to Ref. [24], the values of constants in the above
equations are set to be ¥ = 3 kHz, Ar = 67 us, o =1,
pe = 1 x 10"7/m3, e. = 1.6 x 1071 C, respectively. In ad-
dition, the variation of electric field strength is |E| = Ep —
kix — koy with Eg = 2.26 x 107 V/m, k; = 6.54 x 10° V/m?,
ky =1.31x10'° V/m?. The delta function § in Eq. (2) ensures
that the body force acts only in the region where the plasma is
present. The value of § is 1 if |E| is larger than the breakdown
electric field strength of E;, = 3 x 10% V/m, otherwise 0. @
is the scale factor used to adjust the magnitude of the body
force. The parameters I and /, in Eq. (2) are set to be [, = 1,
I, = —1 to ensure that the x component of body force points
rightwards, whereas the y component points downwards. The
source terms in RANS model (1) is f; = FP.

1

3.3. Numerics

The URANS equations system (1) is solved using a
second-order finite volume method on structured quadrilateral
mesh. The time integration is performed using a dual-time-
stepping method with multi-grid technique employed to speed
up the convergence of solution in each time step.
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4. Results and discussion
4.1. Flow induced by plasma discharge in quiescent air

In this subsection, the continuous AC plasma discharge in
originally quiescent air is resolved to illustrate the basic char-
acteristics of discharge induced flow as well as to validate the
employed body force model. The computational domain is a
two-dimensional rectangular region in x—y plane. The plasma
actuator is flushed mounted on the lower wall of the computa-
tional domain.

It is well known that the continuous AC DBD in air will
generate a near-wall jet flow over the buried electrode. Here,
the induced flow is assumed to be laminar and numerically re-
produced by solving system (1) with turbulence model turned
off. A series of values of scale factor @ is tested and simula-
tion is run until a steady flow state is reached for each selected
value of @. The calculated time-averaged u velocity profile
along a vertical monitoring line 2-cm downstream the inter-
face between the exposed and buried electrodes is plotted in
Fig. 3 with the value of @ varying from 0.2 to 0.8. To validate
the body force model in Eq. (2), the experimentally measured
velocity distribution at the same downstream station (i.e. 2-cm
downstream of electrodes interface) is extracted from Ref. [25]
and plotted in Fig. 3. In the experiment reported in Ref. [25],
the peak-to-peak voltage of AC waveformis V,_p, = 12kV and
the measured peak jet velocity is around 5.3 m/s, see Fig. 3.
It is observed from Fig. 3 that the predicted peak velocity is
dominated by the scale factor and increases with @ increas-
ing. The jet velocity associated with @ < 0.4 is significantly
smaller than the experimental data. When @ is increased to
0.6, the predicted jet velocity is only slightly smaller than the
experimental value. In the current study, a higher voltage of
Vo—p = 18 kV is used in the flow control presented below.
Therefore, @ is set to be a higher value of 0.8 to match the em-
ployed higher voltage and produce a larger peak velocity. The
predicted velocity for @ = 0.8 is around 6.2 m/s and about
17% higher than the experimental value with V, , = 12 kV.
This simulation shows that our method can successfully re-
solve the principal flow features induced by AC DBD and is
reliable for the resolution of flow control based on AC plasma
discharge. For all the simulations below, the value of @ is
fixed at 0.8.

y (mm)
[N D oo

Mean z velocity

Fig. 3. Comparison of predicted and measured velocity profiles for AC
plasma discharge.

4.2. Flow separation control at intermediate angle of at-
tack near stall

4.2.1. Baseline flow

In this subsection, the continuous AC plasma actuation of
separated flow over an NACA 0015 airfoil model at intermedi-
ate angle of attack of ZAoA = 14° near stall is investigated ex-
perimentally. As the first step, the baseline flow is examined.
The Reynolds number based on chord length of ¢ =20 cm and
free stream speed of 25 m/s is 3.31 x 10°. According to our
previous study, the stall angle of attack of NACA 0015 airfoil
at Re = 2.7 x 103 with U., = 20 m/s is around 14.5°.1??] The
flow conditions considered here including Reynolds number
and free stream speed are close to those in Ref. [22] and the re-
sulting stall angle of attack should be close to 14.5°. In the cur-
rent paper, the intermediate angles of attack are those angles
of attack which are one or two degrees lower or higher than the
stall angle of attack and close to the latter. The peak-to-peak
voltage of AC waveform V},_,, is 18 kV. The measurement and
visualization of transient flow field are conducted with time-
resolved PIV system. The PIV data sampling frequency is
693 Hz, thus giving a time resolution of about 1.443 ms. An
instantaneous vorticity field overlaid with velocity vector is il-
lustrated in Fig. 4(a) for the baseline flow, where the flow has
reached a quasi-periodic state and time is reset to be 0. It is
seen that the flow fully separates from the leading edge of air-
foil, resulting in a separated, unsteady turbulent flow pattern.
Note that in Fig. 4, the non-dimensional vorticity is defined as
@ = wc/U, where @, ¢, and U, are the vorticity, chord length
of airfoil, and freestream speed, respectively.

4.2.2. Continuous AC plasma actuation

The plasma actuator is turned on at time instant ¢ = 0.
The control of post-stall flow is focused on the manipulation
of leading edge shear layer as well as suppression of the un-
favourable trailing edge vortex rolling up. Figures 4(b)—4(f)
show the flow field evolution subject to plasma actuation. It is
clearly observed that the separated flow dos not respond im-
mediately to the continuous AC plasma discharge. It is not
until 34.632 milliseconds (ms) after the plasma discharge that
the flow changes slightly, see Fig. 4(b). This phenomenon of
delayed response of flow to external forcing, say plasma forc-
ing employed here, is seldom reported in the previous studies.
By time ¢t = 43.290 ms, the flow separation near the leading
edge of airfoil has been greatly suppressed and a spanwise
vortex is visible over the upper surface of airfoil with its core
located at around x/c = 0.4. With time moving on, the orig-
inal large separation zone has been pushed to move to down-
stream region beyond about x/c = 0.75 refer to Fig. 4(d). By
t = 77.922 ms, the flow has become almost fully re-attached
with a small separation bubble near the trailing edge of air-
foil, as shown in Fig. 4(e). Finally, a new quasi-periodic flow
state is established and figure 4(f) illustrates the transient flow
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field at r = 129.870 ms in this flow regime. At this stage,
the continuous AC plasma actuation has achieved success in
suppressing the massive flow separation with only a relatively
small separation zone being present in the vicinity of trailing

averaged baseline flow pattern with that forced by AC DBD
shown in Figs. 5(a)-5(b). Obviously, the baseline case is in a
sharp contrast with the forced flow. The controlled flow is a
notable improvement over the baseline case without control in
terms of the decrease of separation region.

edge. This is also confirmed by the comparison of the time-
t=0 ms
(a) = s (0 £ E m
0.2+ ?w: 20 12 -4 4 12 20 0.2} 3 -
of of
—-0.2 —0.2}
ZAoA =14° t =34.632 ms
0 02 04 06 08 1.0 0 02 04 06 08 1.0
© . C m (d)
0.2 _'.= W: 2012 4 4 12 20 0.2}
of ot
—0.2} —0.2
1 =43.290 ms t =57.720 ms
0 02 04 06 08 1.0 0 02 04 06 08 1.0
(e) (f) I = B a
0.2+ 0.2 F Wi 20 12 4 4 12 20
of ok
—0.2f —0.21
t=77.922 ms t=129.870 ms
0 02 04 06 08 1.0 0 02 04 06 08 1.0

Fig. 4. The time sequence of PIV measurements of transient flow field around airfoil model under continuous AC plasma control. Re =

3.31x 107, ZAoA = 14°.

baseline AC DBD

(a) F: = m (b T
0.2} W:20-12 4 4 12 20 0.2
o or

—0.2 —0.2

ZAoA =14°

0 0.2 04 0.6 0.8 1.0
baseline

—-0.2¢

ZAoA =21°

0 02 04 06 08 10

0 02 04 06 10

Fig. 5. The comparison of time-averaged baseline flow with that forced by continuous AC DBD. In the first row, ZAoA = 14°, whereas in the

second row, ZAoA = 21°. Re = 3.31 x 10°.

To gain deeper insights into the control process and mech-
anism of unsteady separated flow with AC DBD plasma exci-
tation, the time history of u velocity component at probe P
shown in Fig. 4(a) is recorded and plotted in Fig. 6(a). It is
seen that with the plasma actuator switched on at t = 0, the
u velocity increases from around —5 m/s (associated with the

reversed flow) to the mean value of around 35 m/s in tens of

milliseconds. After time about # = 100 ms, the velocity fluctu-
ates slightly only, indicating that the forced flow has evolved
into a quasi-periodic state with a typical transient flow pattern
in this regime depicted in Fig. 4(f). Also plotted in Fig. 6(a) is
the time history of u velocity for the flow with a higher angle
of attack of ZAoA = 16°. An interesting observation is that the
forced flow at ZAoA = 16° takes a longer time period of about
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150 ms to reach the new quasi-periodic flow state and the de-
layed time is also increased when ZAoA is increased from 14°
to 16°. Meanwhile, the flow regularization process between
t = 0 and 150 ms exhibits larger velocity fluctuations and ap-
pears more complex than that with ZAoA = 14°. It seems that
the larger the angle of attack is, the more slowly the flow re-
sponds to the plasma actuation and the more complex the flow
re-organization process. To the best of our knowledge, the
phenomenon of delayed response observed here has not been
addressed in the previous studies. In addition, for the flow at
intermediate ZAoA near stall, once the flow is controlled, the
topology of main flow structures largely remains unchanged
with flow pattern fluctuating slightly only. The reader is en-
couraged to watch the supplementary video for the flow con-
trol process at ZAoA = 16°. Note that in the video the actuator
is turned on at time O.

40 (a)
Q)
E, 20
3 —— LA0A=14°
0 —— ZAoA=16°
0 200 400 600 800 1000
Time (ms)
40[ (b) ZAoA=21°
Q
g 20
3
0 -
0 200 400 600 800 1000

Time (ms)

Fig. 6. Plot (a) shows the time history of u velocity at monitoring point P
marked in Fig. 4(a), whereas plot (b) depicts the time history of u velocity
at monitoring point P> marked in Fig. 7(a).

4.3. Flow separation control at high post-stall angle of at-
tack

4.3.1. Baseline flow

In this subsection, the control of separated flow over
deeply stalled NACA 0015 airfoil model at high angle of at-
tack of ZAoA = 21° is studied experimentally to highlight
some physical phenomena peculiar to the control of airfoil
flow in deep stall regime. The flow parameters are the same as
those of the previous low ZAoA case in Subsection 4.2 except
for a high angle of attack. At the same time, numerical simula-
tion is performed to complement the experiment. The airflow
is considered to be fully turbulent and the Reynolds stress tur-
bulence model is employed. An O-type structured grid of 900
x 300 (circumferential x normal) is used with outer boundary
being around 20c away from airfoil surface. The outer bound-
ary of grid and airfoil surface are treated as far-field boundary
and no-slip wall, respectively. A grid convergence study sim-
ilar to that presented in Ref. [23] has been performed for the
baseline flow without control, but is not presented here to save
space.

The instantaneous flow fields around airfoil model from
PIV measurement and simulation are presented in Figs. 7(a)
and 8(a) for the baseline flow, respectively. The experiment
and simulation are in good concurrence in terms of qualita-
tive flow structures like separated shear layer. The simulation
result, however, provides more details of the flow features in-
cluding a strong trailing edge vortex.

4.3.2. Flow control procedure observed from experi-
ment

Again, the plasma actuator is turned on when the baseline
flow evolves into the transient state shown in Fig. 7(a). The
response of the flow separation to the continuous AC plasma
discharge is visualized in Fig. 7 based on PIV measurement.
The flow actuation process depicted in Fig. 7 is more complex
than that at ZAoA = 14° shown in Fig. 4 and can be divided
into three stages: the early stage of flow evolution without re-
sponse to plasma forcing over time period from 0 to 60.606 ms
(stage I), the intermediate stage characterized by preliminary
flow reattachment from ¢t = 60.606 ms to 141.414 ms (stage
II), and the late stage featuring large flow field fluctuation from
t = 141.414 ms onwards (stage III).

(i) Delayed response of external flow to plasma forcing

Again, it is observed from Fig. 7 that in stage I of flow
control process, the flow responds very slowly to the plasma
discharge and there is no much change in the separated flow
structures till + = 60.606 ms, refer to Figs. 7(a)-7(c). In
the previous intermediate angle of attack case with ZAoA =
14°, the external flow starts to respond to the plasma dis-
charge around 30 ms after the actuator is switched on (refer
to Figs. 4(a)-4(b) and Fig. 6(a)). Meanwhile, the delay time
appears to increase with angle of attack increasing and is dou-
bled when ZAoA is increased from 14° to 21°. The flow ac-
tuation process observed here contrasts sharply with the sce-
nario of airfoil flow controlled by other means, say the novel
nanosecond pulsed plasma actuator reported in Refs. [22,23],
where the separated shear layer almost immediately reacts to
the forcing and large-scale vortical structure is induced to form
in less than 1 ms after the discharge.

(ii) Preliminary flow reattachment

With the flow evolving into the second stage, the flow
structure near the leading edge starts to change from time
t = 62.049 ms. It is known that the AC DBD is a momentum-
based active control device. Its control authority steps from
the impartation of momentum from jet flow due to plasma dis-
charge to the external flow and therefore is largely determined
by the jet velocity. The interaction between the jet flow and
separated flow is fairly complex and as shown in Figs. 7(d)-
7(k), the formation and development of large-scale spanwise
vortices is clearly observed over the upper surface of airfoil.
After some time, the massive separation is suppressed signifi-
cantly, as shown in Fig. 7(k) with t = 141.414 ms.
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Fig. 7. The time sequence of PIV measurements of transient flow field around airfoil model under continuous AC plasma control. Re =
3.31x 10°, ZAoA =21°.
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(iii) Violent flow field fluctuation

In Fig. 7(k), the preliminary flow reattachment is realized.
However, different from the previous case at lower ZAo0A, the
flow pattern in Fig. 7(k) is not the final state of the flow under
continuous AC plasma forcing with high ZAoA. The subse-
quent development of flow field is depicted in Figs. 7(1)-7(p).
As seen from Figs. 7(1)-7(n), the preliminary reattached flow
pattern only remains for a short time period and then the al-
ready suppressed separation zone starts to grow in size and
propagate upstream. By ¢ = 220.779 ms, the forced flow al-
most recovers to the uncontrolled state, refer Fig. 7(n). But,
the recovered massive flow separation is gradually mitigated
again by the plasma discharge and by ¢t = 238.095 ms, the
separation zone has been suppressed appreciably and become
smaller. However, with time elapsing, the region of separated
flow illustrated in Fig. 7(o) at t = 238.095 ms becomes pro-
gressively larger and by t = 249.639 ms, once again, the mas-
sively separated flow pattern appears, as shown in Fig. 7(p).
The procedure of recovery and reattachment of flow separa-
tion illustrated in Figs. 7(1)-7(p) will repeat in a relatively ir-
regular manner. The careful examination of the time-resolved
PIV measurements suggests that the flow has reached the late
stage of flow development, where the forced flow fluctuates
between a typical flow pattern with greatly suppressed sepa-
ration region (like that shown in Fig. 7(0) at = 238.095 ms)
and one with recovered large separation zone (like that shown
in Fig. 7(p) at t = 249.639 ms). The whole evolution process
of the separated flow under continuous AC plasma excitation
exhibits very complex and unsteady characteristics. A video
showing the flow control procedure is provided. In the video,
the plasma is actuated at time 0.

The complexity of flow control process and resulting flow
pattern is also reflected in the variation of u velocity with time
depicted in Fig. 6(b), which is measured at probe P> marked in
Fig. 7(a). For the flow without control, the u velocity is a small
negative value and slightly fluctuates. After the plasma actua-
tor is turned on, the response of external flow to plasma forc-
ing is delayed for up to tens of milliseconds. The most striking
observation made from Fig. 6(b) is that after the forced flow
experiences the intermediate stage (i.e., the second stage be-
tween t = 60.606 ms to 141.414 ms), the flow reaches the late
stage of development characterized by violent velocity fluctu-
ation. The velocity is fluctuating between the orders of —5 m/s
to 30 m/s. The time variation of velocity depicted in Fig. 6(b)
associated with ZAoA = 21° is consistent with the flow visu-
alization results presented in Fig. 7.

Although the forced flow does not appear to be well re-
organized, the time-averaged vorticity and velocity fields of
the baseline and actuated flows illustrated in Figs. 5(c)-5(d)

show that the plasma forcing has significantly mitigated flow

separation and AC DBD is still fairly effective for the control
of airfoil flow in the deep stall regime.

It should be remarked that so far very little research has
addressed the phenomena of delayed response of flow to AC
plasma forcing and violent fluctuation of forced flow field. The
angle of attack has an appreciable impact on the forced flow
pattern. With the ZAoA increasing, the delayed time also in-
creases and the excited flow becomes unstable. The mecha-
nisms behind these phenomena are very complex. The occur-
rence of repetitive massive flow separation from leading edge
of airfoil and subsequent re-attachment of separated flow fol-
lowing the realization of the preliminary flow control is con-
jectured to be related to the complicated interaction between
plasma discharge and external flow and inherent instability of
external flow. The delayed response may be dominated by
the employed AC voltage amplitude and resulting body force
due to plasma discharge. Increasing voltage is expected to be
able to reduce the delay time and mitigate flow field fluctua-
tion. However, given the complexity of physics of separated
flow and plasma discharge, more efforts need to be made to
establish the precise relation between the delayed response as
well as flow fluctuation and various factors including Reynolds
number, AC voltage amplitude, angle of attack of airfoil, air-

foil shape, efc.

4.3.3. Simulation results and evaluation of control ef-
fect

Attempts are also made to numerically reproduce the
above experiment of the flow control and the representative
results are illustrated as shown in Fig. 8. Nevertheless, the dis-
crepancy between the experimental results presented in Fig. 7
and the numerical results shown in Fig. 8 is evident. In the
simulation, there is no significant delay in the flow structures
change after the AC plasma forcing is implemented. A span-
wise vortex has been induced to form 2.4 ms after the plasma
is actuated, refer to Figs. 8(a)-8(b). The large separation zone
quickly shrinks from the leading edge of the airfoil and by
time t = 12 ms it has been forced to shed off from the trail-
ing edge. At ¢ = 72 ms, the flow separation has been largely
suppressed, see Fig. 8(g). But, the flow separation region will
grow in size again and the flow finally evolves into the late
stage with a transient state as shown in Fig. 8(h). Different
from the experiment, the resolved forced flow does not fluctu-
ate significantly. As analyzed earlier, the flow separation over
the airfoil is fairly complex and its control mechanism has not
been fully clarified. The delayed response of the flow sep-
aration to the plasma actuation may result from the competi-
tion between the plasma discharge and the external airfoil flow,
whereas the violent fluctuation of the forced flow field may be

a result of the inherent instability of the external flow. How-
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ever, the body force model employed here is very simple and
cannot describe the detailed physics of the plasma discharge
and the interaction of the discharge with the external airflow.
Meanwhile, as Reynolds stress turbulence model adopted here
can only compute the averaged flow quantities, the flow in-
stability and fluctuation of the flow field cannot be faithfully
resolved. Our additional numerical experiments, which are
not presented here in order to save space, indicate that other
classical RANS turbulence models such as k = —® and k—¢
turbulence formulations also cannot reproduce the delayed re-
sponse and flow field fluctuation.

The time-averaged flow fields from PIV measurement and
simulation are compared in Fig. 9. Although the dynamic evo-
lutions of flow fields from experiment and simulation are dif-
ferent and the numerical simulation cannot faithfully resolve
the delayed response and violent fluctuation of flow field, it
is seen that the numerical result agrees well with experimen-

@ N
0.2F _ 4 12 20

tal data in the time-averaged sense, refer to Figs. 9(a)-9(b).
The experiment and simulation both lead to a similar flow pat-
tern with significantly suppressed and delayed flow separation
over airfoil upper surface. The averaged flow field depicted in
Fig. 9(a) illustrates that under plasma forcing, the flow sep-
aration has been appreciably mitigated relative to the base-
line case shown in Fig. 7(a). The comparison of the transient
baseline flow shown in Fig. 8(a) and time-averaged flow field
shown in Fig. 9(b) obtained from simulation indicates that the
separation point is delayed from the leading edge of airfoil to
about x = 0.25¢. Meanwhile, the predicted mean pressure co-
efficient profiles along airfoil surface are depicted in Fig. 10
for the baseline flow and that with control. Compared with the
baseline case, the continuous AC plasma actuator is able to
recover stronger suction pressure. It is found that the plasma
forcing leads to a 39% increase in lift, which also demonstrates
the efficacy of AC DBD.

(b)

0.2 ezt ns B

Fig. 8. The time sequence of simulated vorticity field superimposed with streamlines subjected to continuous AC plasma control. Re =

3.31 % 10°, ZAoA =21°.
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Fig. 9. The experimentally measured (a) and numerically simulated (b)
time-averaged flow pattern under continuous AC plasma actuation. Re =
3.31x 10%, ZAoA =21°.
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Fig. 10. The predicted time-averaged pressure coefficient distributions along
airfoil surface. Re = 3.31 x 105, ZAoA = 21°.

5. Conclusion

A combined experimental and numerical investigation of
flow separation control over an NACA 0015 airfoil model us-
ing continuous alternating current DBD plasma actuator is
conducted. The objective of this work is to highlight some ex-
perimentally observed phenomena, which is peculiar to AC-
DBD-based flow control and expected to provide additional
insights into the mechanisms of AC DBD plasma actuation.
The control of separated flow at Reynolds numbers of Re =
3.31 x 10° is investigated. The transient flow field around air-
foil under plasma forcing is visualized with the aid of time-
resolved PIV system. Meanwhile, the numerical simulation is
performed with the macro effect of plasma discharge on exter-
nal flow modelled with an empirical body force formulation.
The angle of attack of airfoil is seen to have an appreciable im-
pact on the behavior of forced flow and control authority. It is

interesting to observe that although the response of separated

flow to the continuous AC plasma forcing is delayed for all the
cases under consideration, the delay time increases with ZAoA
increasing. On the other hand, for the intermediate ZAoA near
stall, the forced flow is characterized by a well re-regularized
flow pattern. The flow under plasma excitation is almost fully
reattached to airfoil upper surface except for a small separa-
tion zone near the trailing edge of airfoil and the forced flow
is relatively stable with only small fluctuation in flow field.
However, when ZAo0A is increased to a high post-stall value
of 21°, the forced flow behaves quite differently from that at
lower ZAoA. Contrary to one’s first thought that the separated
flow at high ZA0A under plasma control will also become well
organized and regular, it is found that for the airfoil flow in
deep stall regime, after the preliminary flow reattachment, the
forced flow will recover to close to its initial uncontrolled state
and then reattach to airfoil surface. The flow pattern violently
fluctuates between the re-separated and reattached states, ex-
hibiting very complex characteristics. However, the analysis
of qualitative time-averaged flow field and quantitative aver-
aged lift coefficient of airfoil indicates that the AC DBD is
very effective for the suppression of flow separation at high
post-stall angle of attack and improvement of aerodynamic

performance of airfoil.
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