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1. Introduction

Abstract. The current study aims to characterize the role of symmetric pattern in the
flow control induced by dielectric barrier discharge plasma actuators. To this end, two
Dielectric Barrier Discharge (DBD) actuators were used for in-phase excitation with a
duty cycle of 50%, thus leading to symmetric wake pattern and out-phase excitation at
two pulsing frequencies of St = 0.2 and St = 1 at Re = 1000 which form quasi-symmetric
and asymmetric flow structures, respectively. The modes obtained from Proper Orthogonal
Decomposition (POD) and Dynamic Mode Decomposition (DMD) methods highlight the
competition between the symmetric (S) and asymmetric (/) modes in all cases. The
harmonic in-phase plasma actuation with a duty cycle of 50% is the most effective flow
control method with the lowest power consumption. The harmonic out-phase excitation
is not much effective; however, adjustment of the actuator position can form a symmetric
pattern with minimum power consumption. Although superharmonic out-phase plasma
actuation reduces the wake region, it does not significantly affect the lift reduction and
consumes a high amount of energy, indicating that the phase difference and plasma location
affect the size and symmetry of the vortical structure. Based on the symmetry properties of
the designed wake pattern formed by frequency and phase difference of the plasma actuator,
an effective active flow control can be ensured. The numerical results were validated based
on the conducted experiments.

(© 2023 Sharif University of Technology. All rights reserved.

Flow properties are altered by Reynolds number as
the bifurcation parameter, leading to the structure

The flow around a cylinder has different flow regimes
based on its Reynolds number. At Re = 48, the
flow breaks its time continuous invariance and exhibits
a periodic behavior known as von Karman vortex
street. At Re > 200, the purely periodic behavior
loses its stability, and its nonlinear evolution appears.
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vibration. Extensive studies have been conducted on
Vortex Induced Vibration (VIV) observed in various
applications such as pipelines on the seabed and in the
tubular-and-shell heat exchangers, offshore structures,
wind turbine blades, and compressor cascade. The
control of the unsteady flow detached from the body in
the form of wake region can reduce the forces exerted
on the structure and prevent the failure of structures.

A variety of methods have been developed for
flow control and they are categorized into passive and
active forms. Plasma actuation as one of the efficient
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active flow control methods is commonly applied in
different kinds of bodies such as bluff body, airfoils,
and flat plate [1-5]. Plasma actuators were used for
flame stabilization application. The annular Dielectric
Barrier Discharge (DBD) actuator was mounted on the
bluff body surface and operated by square wave, and
higher variation rate of voltage induced the secondary
low pressure region in addition to the co-flow recircu-
lation zone formed by bluff body itself, which in turn
enhanced the flame stabilization [6].

The DBD was employed to control the flow
separation over an airfoil at different angles of attack
in a range higher than stall, leading to the higher lift-
to-drag ratio than that of a well-designed airfoil. The
continuous DBD plasma actuator at the unity burst
frequency improved the lift coefficient of the turbulent
separated flow over NACAO0015 at Reynolds number
1.6 x 105, A pairing of large vortices was induced in the
vicinity of the airfoil surface to energize the boundary
layer and delay the separation. The high-frequency
actuation from the leading edge decreased the drag
coefficient with laminar separation bubble length re-
duction [7]. The DBD plasma actuators were used for
pitch stability control of NACAQ012 airfoil at a small
Reynolds number. The co-flow plasma outperformed
the counter flow configuration in controlling the pitch
instability at the laminar separation fluttering [8]. The
DBD with Direct Current Augmented (DCA) actuator
was employed to control the flow over an NACA0012
airfoil with Re = 2.01x10°—3.35x10°. The active elec-
trode and DCA were mounted at 18% and 48% chord of
airfoil at low angles of attack, respectively. The results
demonstrated that upon increasing the DCA through
the sawtooth-shape electrode, the lift and drag would
increase and decrease, respectively [9]. The plasma
actuation was used for dynamic stall control of large
wind turbine blades. Upon inducing vortices in the
vicinity of the suction surface, a virtual bulge was
formed which added momentum to the boundary layer
and expanded the low-pressure region. As a result,
the stall angle was delayed, hence drag reduction, lift
enhancement, and hysteresis loop region reduction [10].
The unsteady pulse plasma controlled the dynamic stall
by inducing a negative pressure region on the suction
side of the airfoil. The obtained results highlighted
the duty cycle and pulsed frequency as the main
parameters involved in the unsteady dynamic stall flow
control [11].

The flow control was experimentally conducted
around a cylinder by two plasma actuators at Re =
10000. The vortices induced by plasma, transferred
momentum to the cylinder surface, which is similar
to Moving Surface Boundary Layer Control (MSBLC)
mechanism using the counter-rotating control cylinder
for drag reduction. This mechanism was called virtual
MSBLC. Two different functioning mechanisms of the

surface DBD actuators were studied in [12,13]. At
low Reynolds numbers, DBD produces mean force and
ionized wind. At higher velocities, in the case of
applying high-voltage Nanosecond Dielectric Barrier
Discharge (NS_DBD), gas heating at the DBD wall
generates pressure pulses, modifying the near wall
flow. The optimum performance of the DBD was
experimentally assessed by altering the shape of the
powered electrode and its dimensions to intensify the
thrust force imposed on the flow [14,15]. The mecha-
nisms of streetwise vortex generation were studied by
analyzing the effect of some parameters such as flow
velocity, length of actuator, used materials, and forcing
amplitude on the streetwise vortex in a boundary layer
of a flat plate [16]. The effect of the Three-Electrode
Discharge (TED) actuators on the cylinder wake was
investigated for Re = 5500 and a drag reduction of 40%
was achieved. Due to the limitation of the maximum
induced velocity magnitude at higher Re values, the
efficiency was reduced and different arrangements of
actuators in the streamwise and spanwise directions
should be used to prevent the flow separation [17,18].
To overcome this problem, a new stair-shaped dielectric
barrier was designed with the aim of induced flow
velocity enhancement and mechanical efficiency im-
provement without affecting the DBD durability. In
this new design, the thickness of the dielectric barrier
decreased along the covered electrode which, in turn,
caused a higher plasma discharge and, consequently,
higher induced velocity [19]. To optimize the flow
control configuration, the passive and active control
mechanisms were simultaneously used including wavy
leading-edge airfoils with curved multi-electric DBD
plasma actuators. This hybrid system made flow
transition faster and this phenomenon caused earlier
flow reattachment with less noise [20]. The spatial-
temporal vortex structure induced by an AC DBD
plasma in quiescent air with PIV was experimentally
investigated. According to the results, vortex shedding
frequency was scaled with force coefficient. With force
coefficient enhancement, the speed of vortex roll up
increased, which led to the formation of lower space
between vortices and reduction of the dominant fre-
quencies downstream [21]. However, vortical structures
in the flowing fluid differed from the quiescent air
with variations in the voltage input time and burst
ratio. In the quiescent air, the vortex was in circular
form, and the positive vortex collided with the forward
negative vortex, merged, and shed downstream, while
in the flowing fluid, the vortex was stretched and
vortices did not merge due to the acceleration of the
flow when leaving the surface [22]. As different phys-
ical mechanism underlies the flow control at various
regimes, a fundamental study of the plasma effect
on the flow structure is of importance. When these
plasma discharges are applied to manipulate the flow
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perturbations, the spatial and temporal evolution of
the flow field characteristics should be deeply inves-
tigated to understand the plasma actuator control
mechanism. The objective of the present study was
to investigate the symmetry role of the dominant wake
pattern, influenced by different excitation frequencies
and phase difference of the plasma actuators on the
flow control.

2. Theoretical background

In previous studies [23-25], through Proper Orthogonal
Decomposition (POD) analysis, 2D wake was shown to
have two fastest growing modes containing almost 90%
of the total fluctuating energy in different flow regimes.
These modes were, therefore, used to model the flow
dynamics. The low-order one-dimensional oscillatory
pattern can be expressed as follows:

oz, y.1) = S0 545 5y

i Tt gy 4 e, (1)

where f(y) and g(y) are the corresponding symmetric
and asymmetric eigenfunctions, respectively, which
represent the velocity profiles, while S(¢) and K (t)
are the time-dependent amplitudes. These two dom-
inant modes are characterized by specific symmetry
properties. The ‘symmetric’ mode (S) has reflection
symmetry with respect to the y-axis and translational
symmetry, as well.

U(%?Jvt) = 7)(37, _yvt) = 7)(37 + ASa:%t)

Z’U(.%'7y7t+7's), (2)

while mode K is invariant with respect to the evolution
of half of its shedding period and reflection in y:

’U(Clﬁ,y,t) = ”U(.ZL', -y, t+ TK/Q) = /U(:E + )‘]{/27 _y7t)7

(3)

where 7g = 27 /wg, and 7 = 27 /w. This two-mode
approximation of the fluctuating velocity field satisfies
the linearized Navier-Stokes equations and can be used
for stability analysis. Since these two primary modes
have well-defined symmetries, the complex amplitude
equations governing the nonlinear interaction of S(t)
and K(t) can be derived through equivariant bifurca-
tion theory based on the requirement that the velocity
field should remain unchanged under the action of the
symmetries. The overall spatio-temporal symmetry
group is SO(2) X Zy(k) x ST = O(2) x S! where &
acts through reflection represented as Zy(k), T acts
through translation given by SO(2), and S! represents
the 6 phase shift symmetry.

k:y— —y=k(S,K)=(5-K)

T:2—x+1\s = T(S,K)=(Se™ Ke™)

0:t—t+0hs/2m = 0(S K) = (Se™ Ke'™?). (4)

The general form of the evolution amplitude
equations based on the set of invariants and equivariant
functions is presented below. The detailed derivation
of the equations can be found in [24].

B = [0+ i0) + (60 + I + (& i)

+(& +iy3) (K™ S™)S + [(no + iko)

+(m + k1)K )P + (2 + ir2)| S|

+(n3 + irg) (K" S™)? K2 §2m 1 (5a)
dK , 2 . 2
7 = (00 +ibo) + (an +i81)|K]* + (a2 +i65)|S)]

+(as 4 i63) (K" S™ )] K + [(Bo + ipo)
+(B1 +ipn)| K P + (B +ip2)|S)?
+(Bs + ips)(K"S™ )P K2 S2m, (5b)

The low-order model with complex coefficients,
when solved numerically with variation of the bifur-
cation parameters, captures the frequency variation
of the main modes as well as nonlinear interaction
between modes with coupling terms. In the present
study, bifurcation coefficients for linearized Navier-
Stokes equations are a function of the phase difference
and frequency of the controlled pulse induced by the
plasma actuation. The steady lower-order symmetry
subgroups, which bifurcate from the symmetry group,
are determined through equivariant bifurcation theory,
considering variations in the bifurcation parameters.
Given that the asymmetric Karman shedding as the
first mode should be controlled, the second symmetric
mode should be energized to interact with (and thus
control) the mode K. Three cases are considered
to study the resulting forced wake dynamics. The
harmonic symmetric excitation with frequency f. =
fs, asymmetric harmonic excitation with half a cycle
phase difference between the plasma actuators, and
superharmonic asymmetric actuation with the forcing
frequency of fo = 5f; to observe the asymmetric
actuation effect on the wake pattern.

2.1. Data reduction

2.1.1. Proper orthogonal decomposition

As shown in Eq. (6), the mean velocity field is sub-
tracted to obtain the fluctuating velocity components.
The perturbed flow field is a function of time and
space V' = 4'(x,t), where z represents the spatial
coordinates and ¢ refers to the time. The eigenfunctions
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Figure 1. Singular Value Decomposition (SVD) of a
matrix A [19].

of the velocity field data matrix are determined via
POD.

A=7"(z,t) =v(x,t) = V(z). (6)

Since the flow data is a rectangular matrix, two
sets of the eigenvectors given in Figure 1 are decom-
posed.

AV = Uy, (7)

where V. = [vg v2 ... v,] and U = [ug usy ... uy] are
the right and left singular vectors, respectively, while
Y is the diagonal matrix including the eigenvalues o; >
o9 > ... > 0. Then, the singular value decomposition
of the velocity field is in the form of A = USVT.

The covariance matrix based on the higher res-
olution of the spatial or temporal discretization is
defined as C' = AAT. The eigenvalue problem is solved
though CW = AW to determine the eigenvectors W (t)
and eigenvalues matrix A including \; = ;2. The
dominant normalized spatial modes U = [¢1 @2 ... ;]
are calculated through Eq. (8):

_ YE_ Wit (2, t7)
‘ ’Ei‘;:lWi(t”)v’(x, tm) ‘ ‘ )

¢'(x) (8)
The right singular vectors including POD coefficients
6 = T ,a; are obtained by back-projecting the veloc-
ity field to the left singular vectors:

6=UTv". (9)

As shown in Eq. (10), the low-order veloc-
ity field is reconstructed from the N dominant or-
thogonal modes, thus minimizing the magnitude of
S (1) = Sy ait)ei(o)|
square method:

’U’(x,t) = Eiilai(t)@i(m)v (10)

where ¢; is the normalized spatial basis function called
Topos, and a; is the related time-dependent coefficient
quantifying the fluctuating kinetic energy of each mode
known as Chronos.

based on the least

2.1.2. Dynamic mode decomposition
The temporal evolution of the sequential velocity field

snapshots is modeled based on the Dynamic Mode
Decomposition (DMD) method. Then, in addition to
the frequency variation, the amplitude changes can be
captured for dominant modes. A set of snapshot pairs
separated with a constant time step after temporal
mean subtraction is arranged, as shown in Eq. (11):

X1 = [z(t1) a(t2) z(tm)] € R™™, (11a)

X2 = [.%'(tg) x(tg)

These consecutive snapshots are linearly related
with a propagator operator known as Koopman oper-
ator. The propagator B is calculated by multiplying
both sides by X*" and inverting the spatial covariance
matrix X; X['; then, we have:

X2 = _B‘le7 (12&)

#(tms1)] € R™™. (11b)

Xo=BX; — Xo X, T =BX; X, "

= B~ XX, (X, X,7) . (12b)

Due to the presence of noise in the experiments,
a more robust DMD algorithm is achieved by filtering
the low-energy flow dynamics by applying the POD
to the sequential snapshots before DMD to ensure
the decomposition convergence. The data set X is
decomposed through SVD method to X = UXVT,
where U contains the spatial modes, V refers to
the temporal content, and 3 includes the fluctuating
energy of the corresponding POD modes. The first
r POD modes, X; = U,XV,,” and X, = U, XV, 7,
eliminate the noise effect and they are assumed to have
the same spatial structures and differ only in the shift
of temporal structures. Then, substituting the reduced
SVD basis and multiplying Eq. (12b) with transpose
of the spatial modes reduced the propagator, as shown
in Eq. (13), based on the assumption that U, U, = I
where [ is the identity matrix. Since the least square
calculation of the propagator B is computationally
expensive, its companion approximation S is computed
from Eq. (13), and the linear dynamic system is fitted
to the reduced space model.

X, = BX, —» UT [USW” = BUSW, "]
- YW = vTBUTW T,
N~ NN N~
Ya ~ S Y1

S~ U (U.SV, 2"V, S7'U,) U,

=%V, v, 8 (13)

The eigenvectors and eigenvalues of matrix B
are approximated by eigendecomposition of matrix S
from Sv; = p;v;, where p; is the complex eigenvalue
for the corresponding eigenvector v;. Every DMD
mode is constructed via multiplying U including global
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spatial modes to the eigenvector extracted from ma-
trix S given in Eq. (14a), while the corresponding
complex eigenvalue of each DMD mode is calculated
from Eq. (14b). The modulus of the complex DMD
eigenvalues is approximately equal to 1.

i = Uv;, (14a)
_ In(p)
r=—gt (14h)

The real component of o; + iw; = A; determines
the growth/decay rates, while the imaginary part corre-
sponds to a single characteristic frequency of the spatial
mode. This computationally less expensive propagator
is used in Dantec’s software Dynamic Studio [26,27].

2(t) = Spetit = Tipeitet, (15)

3. Experimental setup

As shown in Figure 2, the plasma actuator includes
two electrodes separated by a dielectric material flush-
mounted symmetrically on each side of the cylinder
wall close to the separation point of the flow since more
effective wake structure modification can be ensured

with lower energy. One of the electrodes is exposed
to the air, while the other one is covered by dielectric
material. The electrodes are made of copper foil
tape with the thickness and width of 0.05 mm and
10 m, respectively, for the encapsulated electrode,
while the exposed one is 4 mm wide. Five layers of
0.1 mm Kapton tapes are used as a dielectric to prevent
the inner discharge. A pair of exposed electrodes is
supplied with 10 kV high AC voltage with 2.5 kHz
carrying frequency, while the encapsulated electrodes
are grounded. Due to the high amplitude of the
electric field, the neutral gas is ionized. The ionized
gas creates an electric force that causes the momentum
exchange between the charged and neutral particles in
the direction of discharge. This ionic wind modifies the
flow properties close to the wall and since its velocity
is low, the streamwise velocity data is the extracted 3D
downstream.

The electric circuit consists of a signal generator,
amplifier, and ignition coil. The high frequency signal
is generated in LabView software where carrying fre-
quency, signal shape, modulation frequency, and duty
cycle can be set, as demonstrated in Figure 3. At the
high carrying frequency of f = 2.5 kHz, the negative
sawtooth shape is formed due to its long discharge time,

Figure 2. Schematic and experimental set up of plasma actuators installed on the cylinder.

I+ Plasmalibl)_wi(trigger)wi Frosk Panel

De [t Yew Eroiect Qperste ook Window fee

ll{! “Im "ﬂ I'An ‘lb ai)
Tw

Figure 3. LabView interface for signal generation of harmonic in-phase plasma actuators.
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leading to higher body force. In the negative sawtooth,
the signal shape requires less dV/dt to ignite the plasma
as the electrons leave the surface of the electrode,
while in the positive signal, more dV/dt is required
since the electrons should deposit the dielectric surface
which is more resistant than the former. Two time
periods are defined here: the time interval T, is related
to the excitation frequency which equals the vortex
shedding frequency T, = 1/f. for the harmonic case.
The actuator is only active in the percentage of the
modulation time interval 75, which is defined as a duty
cycle parameter T5/T,. Upon using an NI analogue
output card, the input signal is coupled to an audio
amplifier feeding an ignition coil, which produces a high
voltage signal at 10 kV. The output voltage and current
are measured using probes.

Figure 4 shows the experimental setup including
a cylinder with the diameter of D = 25 mm located
in a closed-loop wind-tunnel with a test section of
610 mm x 610 mm at Re = 1000. Since the ratio
of the wind tunnel width to the cylinder diameter is
24, the blockage effect is ignored. The velocity field
measurement is performed by 2D PIV, which includes

\ ;
[ | Resistors
-
=

/ Amplifier e
Oil particle tube S
Transforme:

I Power &Trigger

Figure 4. Experimental set up of plasma actuation used
for flow control.

o 0250 0500 (m)
s —
0125 0375

an atomizer, laser, CCD camera, and a synchronizer.
The 11 pm olive oil particles formed by a PIVTEC
GmbH seeding generator are uniformly distributed
in the flow field. A two-rod Nd:YAG pulsed laser
illuminates the horizontal plane of flow field at the mid-
span of the cylinder with a stable laser sheet. It was
synchronized with the camera connected to a PC using
Dantec’s Dynamic Studio software.

To reduce the reflection effect, the lateral walls
are covered with black papers. A Flow Sense 2M/E
CCD camera equipped with 62 mm Nikon F-mount
lens with the capability of recording double frame pairs
of images is mounted normal to the laser sheet. The
time lapse between two frames set is 50 us, and the
imaging region resolution is 1600 x 1200 pixels. The
images are recorded by CCD camera for 12s including
55 cycles of the harmonic plasma actuation with 15
Hz sampling frequency. An average of 180 images was
used to produce the mean velocity field, which resolves
the temporal dynamic behavior of flow field within
one unsteady actuation period. The Dantec Dynamic
Studio software controls the laser and camera and
conducts the post processing of the acquired images
transferred through NI acquisition cards to it.

4. Numerical set up

The pulsed plasma actuation is simulated in ANSYS-
CFX with incorporation of a source term into the
momentum equation. Then, mesh convergence test was
performed in [23-25]. y* = 0.06 was set to correctly
model the boundary layer with 109692 elements, as
shown in Figure 5. Shear Stress Tramsport (SST)
model was used for turbulence modeling. The pressure-
velocity coupling at a time step of 1/100 f. was modeled
through SIMPLE method. The velocity inlet boundary
condition of 0.6 m/s corresponding to Re = 1000,
the pressure outlet with 0Pa, and no-slip condition
for cylinder wall were set. The lateral boundaries are
free stream walls, while the sidewalls are considered

ANSYS
_Ri6.1
Academic

L‘,
. oo oon @

—
00025 00075

Figure 5. Two-dimensional domain with structured mesh.
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zero shear symmetry boundary condition. The plasma
actuation acts as a wall jet transferring a momentum
to the flow with a body force. This is modeled in CFX
by adding a source term into the momentum equation
with an expression given in Eq. (17c) [28]. The area of
the region where the plasma was applied is calculated
by multiplication of the length of the encapsulated
electrode with its thickness as 4 mm x 6 mm x 1000
mm = 24000 mm?. The source strength is proportional
to the plasma power. This power is introduced as a
force density term through dividing it by the cell weight
in units of N/m3, as presented in Eq. (17b). The input
power is calculated from the enhancement of the kinetic
energy, as shown in Eq. (16b):

AKE = Power x At, (16a)
1 . 1
KEyzKEw+AKE:>§mm2:§mmﬂ
2AKE
+AKE = uy |uy| = (ug uo|) + , (16b)
2(Power x At)
up = ¢/ (ug |lugl) + ——————= 16¢
1 \/(0|0|) e (160)
Uy — Ug
_ 17
0=t (172)
F ma U1 — U
=S = =P, 17b
e A AN (17b)
, X107
SVVfV 1)) ‘Yf‘ \!“ "\[’
U D
2“““““‘“““‘1”‘\w“”““\““\
LA
~ ‘ I | T [
OOWNWMW”HWWWMW
o ‘M WNHM‘ \“H‘ “H“
20 “"H““ \
‘\““HH‘ \‘“\”““H“\
_3x‘,‘1\‘[.‘m‘\‘|“x‘u‘x“‘ ‘l‘l‘lt‘i‘
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2(Power x At)
pVeent

At ’

— U

ﬂ=p¢WM%D+ (17c)

where p is the fixed fluid density, m the cell mass, and
up the initial velocity. Although the energy component
is enhanced due to the plasma actuation, its magnitude
is not constant and is triangular in shape; however, the
body force is assumed fixed in this simulation for the
sake of simplicity. The total plasma force depends on
the mesh size that is calculated through an expression,
which integrates the strength in the plasma located
cells to ensure the exertion of the specific body force.
The unsteady actuation period was obtained from
the natural shedding frequency given by the Strouhal
number. The time step is defined as 7'/100, which is
equal to 0.00217s. The duty cycle period is set at 50%.

5. Results and discussion

To study the effect of plasma actuation on the cylinder
wake flow, first, a natural vortex shedding was sim-
ulated. Figure 6(a) shows the periodic oscillation of
the lift force for the unactuated flow. In the spectral
analysis of the lift force perturbation in Figure 6(b), the
non-dimensional shedding frequency was obtained as
0.2. The snapshots of the velocity field over a shedding
cycle are given in Figure 7 where a vortex sheds in half
a cycle from each side of the cylinder.

The 3D downstream velocity fluctuations were
extracted and stored in a matrix to analyze the wake
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(b)

Figure 6. The lift force with its spectra for no control flow.

o
.....

g

ey
im0 <4

t=0

N\

Figure 7. The snapshots of velocity field for
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)

()/’

L =0217

no control flow over shedding cycle.
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dynamics by POD. The POD analysis of velocity field
for unactuated flow confirmed that the two modes
contained almost 90% of the total fluctuating kinetic
energy and could globally represent the flow field,
as shown in Figure 8. The patterns of the higher
modes are almost similar to those of the lower ones;
however, as the mode number increases, smaller vortex
structures are observed due to the lower energy. The
first spatial mode (Topos) with its related temporal
mode (Chronos) is shown in Figure 9(a) and (b), indi-
cating the asymmetric Karman shedding (K'), while the
second Topos with its related time evolution (Chronos)

102 o T T T T T

101t o

100

Square of singular value (%)
o

1071

0 1 2 3 4 5 6 7 8 9 10
Mode number

Figure 8. Eigenvalues of the velocity perturbation for no
control flow.
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is the symmetric mode (S). Time evolution of the
dominant flow pattern reconstructed by the first two
POD modes is depicted in Figure 10.

The flow stability analysis was conducted on the
time-resolved data based on the DMD algorithm at a
sampling frequency of 15 Hz. The complex eigenvalue
of the first mode is 0.9959 + 0.073i. The real part
characterizes the decay rate and the imaginary part
corresponding to angular velocity 33.7s~! representing
the dynamical behavior of a natural vortex shedding.
The first mode oscillates with a single non-dimensional
frequency St = 0.22 and the second mode with
St = 0.47 that is superimposed on the primary one

1.0

0.5 ¢ {
S 0.0 )' % i‘ “ g‘; ‘
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Figure 10. Reconstructed temporal evolution of velocity
field using 2 primary POD modes for no control case.
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Figure 9. Topos and Chronos of two dominant POD modes of no control flow.
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Figure 11. Reconstructed temporal evolution of velocity
field using 2 primary DMD modes for no control case.

where a high decay rate of the second mode makes
the first mode structure the dominant wake structure.
A comparison of Figures 10 and 11 shows that the
reconstructed wake structure from two stable modes
illustrates the dynamics of the flow spatial structures
associated with Karman shedding. However, the POD
is also applied to the complex data to represent the
temporal evolution of the flow field; however, due to the
difference in algorithms, POD analysis cannot capture
the growth/decay rate of mode amplitude.

In-phase pulsed actuation: By activating harmonic
in-phase excitation, the lift becomes 10 times smaller
than the natural shedding lift force given in Fig-
ure 12(a). The oscillating amplitude decreased while
the periodic behavior still exists, indicating the vortex
shedding phenomenon. Due to the nonlinearity of the
flow dynamics influenced byharmonic in-phase plasma
actuation, there are several frequencies in the lift force;
however, the main peak is located at a non-dimensional
frequency of St = 0.2.

The sequences of instantaneous snapshots of ve-
locity contours are given in Figure 13 to represent
the flow field modification over an excitation cycle
for pulsed harmonic in-phase plasma actuation. Two
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symmetric vortices are initiated since the in-phase
plasma is activated. Between the times ¢t = 0.0542s
and ¢t = 0.108s, the induced vortices grow and start
to shed simultaneously. Since the duty cycle is at
50%, the momentum source is turned off at the halfway
point of the shedding cycle when the velocity decreases
dramatically up to the end of the cycle, as observed
in the lift force behavior through a comparison of
Figure 12(a) and Figure 13. In the beginning of the
next cycle, the plasma actuators are again activated
during the forcing time. The in-phase plasma actuation
adds momentum to the boundary layer by exciting
the resonance of the turbulent flow structure at the
shedding frequency to mix lower momentum flow in the
boundary layer with the higher momentum outer flow.
The pulsed in-phase actuation creates the symmetric
velocity field with lower aerodynamic force amplitude,
which is used for flow control.

To ascertain that the dominant modes can rep-
resent the impact of plasma actuation, the velocity
field modal decomposition by POD is conducted. The
percentage of contribution of POD modes in the total
fluctuating kinetic energy of the flow field for harmonic
in-phase excitation is given in Figure 14. It indicates
that the first two modes contain most of the energy,
while the energy of the first asymmetric mode K for the
unactuated flow diminishes considerably. Instead, the
symmetric spatial mode S energy is enhanced through
in-phase actuation and consequently, the first pair of
modes is symmetric, while the second pair associated
to the asymmetric mode K shifts to the 3rd and 4th
modes. The Chronos related to the first two symmetric
modes given in Figure 15 have peaks at St = 0.2
corresponding to the natural shedding frequency. The
reconstructed wake flow pattern with two POD modes
is shown in Figure 16, where the symmetric velocity
pattern dominates the asymmetric vortex shedding,
confirmed by the velocity contours given in Figure 13.

DMD of the harmonic in-phase plasma actuation
has an imaginary part of the first and second modes
related to St = 0.28 and St = 0.88, respectively. The
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Figure 12. Lift and its spectra for harmonic in-phase plasma actuation with 50% duty cycle.
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Figure 13. The snapshots of velocity field over an excitation cycle for pulse harmonic in-phase plasma actuation with

50% duty cycle.

quasi-periodic symmetric flow structure dynamics is
observed in Figure 17 from the superposition of two
stable modes. The second mode frequency in the DMD
analysis is different from that in the POD since the
POD spatial modes are ranked based on their energy
level while the DMD ensures a more stable frequency
of the related spatial structure.

Out-of-phase pulsed actuation: Two types of out-
phase actuation were studied in this paper: harmonic
excitation with natural shedding frequency and su-
perharmonic with a frequency of f. = 5f;. In the
harmonic plasma activation, while the lower-side shear
layer flow starts to separate and a larger vortex is
formed, the momentum source with a fixed strength
equal to the in-phase excitation is activated from the

upper side of the cylinder, leading to a trapped vortex.
However, the size of the induced vortex is smaller than
that of the natural vortex. The plasma switching logic
opposite to the naturally shedding vortex is controlled
using the lift coefficient. After half of the excitation
cycle, the plasma is switched to the lower side where
a formed vortex from the upper side sheds and the
smaller vortex continues to grow, and vice versa, in
the next half of the cycle.

The lift does not change significantly as shown in
Figure 18(a). The trapped vortices formed from the
plasma actuation are planned to create a mirror image
velocity profile of the natural shedding one, as shown
in Figure 19. Although the asymmetric unsteady
actuation delays and reduces the separation region, it
is not very effective in the lift reduction.
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Figure 14. Eigenvalues of the harmonic in-phase plasma
actuation with 50% duty cycle.

Figure 20 presents the snapshots of the velocity
field for the unsteady harmonic out-phase plasma acti-
vated from the opposite side of natural shedding. It is
clear that the plasma initiates a vortex from the upper
side that continues to grow with the natural vortex
formed from the lower side. However, this smaller
vortex sheds faster at ¢ = 0.05421s. The natural
vortex starts to form from the upper side forcing the
momentum source through plasma to switch to the
lower side to create an induced vortex to oppose it and
the cycle is repeated. Due to the smaller size of the
induced vortex, the shear layer of the induced vortex
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Figure 16. Reconstructed temporal evolution of velocity
field by 2 POD modes for harmonic in-phase plasma
actuation with 50% duty cycle.

does not cut the natural vortex along the symmetry
axis and is separated sooner. Then, instead of a
symmetric velocity pattern in a half shedding cycle, a
semi-symmetric pattern is observed. Thus, the smaller
vortex modifies the wake flow structure and weakens
the Karman vortex shedding, while contrary to the
in-phase pulsed actuation, out-phase excitation with
the specified strength cannot form a symmetric wake
pattern, indicating that by adjusting the optimum
location of the plasma actuator and its strength in
order to create a vortex similar in size and position
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Figure 15. Topos and Chronos of the two dominant POD modes for harmonic in-phase plasma actuation with 50% duty

cycle.
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Figure 17. Reconstructed velocity field using 2 primary

DMD modes for harmonic in-phase plasma actuation with
50% duty cycle.

to the natural formed vortex, it is possible to decrease
the lift force with minimum energy consumption.

Figure 21 shows that in harmonic out-phase case,
two modes contain 0.8 fraction of the total fluctuating
kinetic energy. In the velocity spectral measurements,
the dominant peak is observed at St = 0.4, which
matches the lift force frequency. Although there is a
competition between modes S and K in Figure 22,
their interaction leads to the asymmetric wake flow
structure. The global flow field reconstructed based
on the two primary modes, given in Figure 23, exhibits
an asymmetric pattern since the harmonic out-phase
excitation could not energize the 2nd symmetric mode
sufficiently. Then the harmonic out-phase actuation
has a limited effect on the flow characteristics, com-
pared to the in-phase excitation.

The DMD modes capture the relevant frequencies
of the two stable modes for the harmonic out-phase
plasma actuation. The first dominant non-dimensional
frequency is at St = 0.4 with an asymmetric wake
pattern, while the second one is at St = 0.8 with the
associated symmetric spatial structure. Due to the
lower energy of the mode S, the reconstructed wake
pattern from these two modes is asymmetric, as shown

Lift
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Figure 19. Velocity profile modification due to the
harmonic out-phase plasma actuation.

in Figure 24. It matches well with the POD flow field
observed in Figure 23, while the POD velocity field
has a highly detailed vortical structure owing to the
presence of various harmonics. The DMD flow field has
a smaller vortical structure than the in-phase excitation
velocity field, as given in Figure 11.

The superhamonic out-phase actuation with the
excitation frequency of f. = 5f; is selected for further
study. The periodic behavior in the lift force is clear
in Figure 25 where the main peak located at St = 1
represents the excitation frequency. The momentum
source is asymmetrically exerted, switching between
the upper and lower sides of the cylinder five times
faster than the natural vortex shedding frequency. Fig-
ure 26 indicates that the higher excitation frequencies
can delay the B.L. separation leading to the lower lift
force in comparison to no control case. However, the
vortex shedding is not suppressed although the width
of this region is reduced. A comparison of the lift force
in Figures 12, 18, and 25 revealed that the harmonic
excitation reduced the vortex shedding more efficiently.

For the out-phase actuation with the frequency
of fo = 5f,, two primary POD modes account for ap-
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Figure 18. The lift force with its spectra for harmonic out-phase plasma actuation.
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Figure 20. The snapshot of velocity field over a shedding cycle for pulse harmonic out-phase plasma actuation.

proximately 80% of the total fluctuating kinetic energy,
as shown in Figure 27. The main modes exhibited
little difference compared to the natural shedding case
where the competition between modes K and S is
clearly detected in Figure 28(a) and (c). The power
spectra of the first mode show the main frequency
at St = 1, corresponding to the excitation frequency,
while the second mode has the main peak at St = 2 due
to the alteration occurred by plasma actuation. The
deduced wake structure given in Figure 29 shows that
the asymmetric mode still overcomes the symmetric
one, and superharmonic out-phase excitation cannot
change the flow spatial symmetry. This actuation
only makes the wake region thinner; however, it is not
efficient enough to considerably decrease the lift.

The stability of superharmonic plasma actuation
modes is characterized by DMD method. Figure 30

represents the asymmetric spatial pattern with smaller
vortical structures than those of the harmonic cases.
The first DMD mode complex eigenvalue is 0.9566 +
0.2475:¢ pertinent to St = 0.77, while the second
mode with complex eigenvalue equals 0.09159 + 0.329:
which corresponds to St = 1, both with asymmetric
pattern corresponding to the mode K with a monotonic
amplitude decay rate.

The first mode frequency does not exist in the
POD mode harmonics, while the second mode fre-
quency matches the first POD peak. The nonlinear
interaction between the modes K and S induced from
the superharmonic out-phase actuation leads to the
frequency of St = 0.77. However, since no mechanism
gives energy to the symmetric mode S, its energy is
reduced, hence higher DMD modes. Since the exci-
tation frequency is high, the smaller wake structure is
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Figure 21. Eigenvalues of the unsteady harmonic
out-phase plasma actuation.

formed which diminishes due to the amplitude decaying
rate. Then, although the mode S is extracted from the
POD analysis as the second mode consisting around
10% of fluctuating kinetic energy, high decaying rate
calculated by the DMD method causes them to the
higher modes with lower stability.

Due to the periodic nature of the vortex shed-
ding, the lift and drag experience oscillation. At
the specific time of ¢ = 10s, the lift-to-drag ratio
was calculated for all cases. According to Figure 31,
the harmonic in-phase actuation can most effectively
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Figure 23. Reconstructed temporal evolution of velocity

field using two primary POD modes for harmonic
out-phase plasma actuation.

control the vortex shedding. Upon the harmonic in-
phase plasma activation, the wake flow is modified due
to the formation of two symmetric vortices reducing the
lift coefficient considerably while the drag coefficient
variation is negligible, compared to the no-control case.

In the harmonic out-phase excitation, the induced
vortex is smaller than the natural one, forming a quasi-
symmetric pattern that is not much effective in lift
reduction, while the drag force is almost equal to that
in the harmonic in-phase case. The superharmonic ac-
tuation reduces the wake region width, which decreases
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Figure 22. Topos and Chronos of two dominant POD modes for unsteady harmonic out-phase plasma actuation.
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Figure 24. Reconstructed velocity field using two

primary DMD modes for harmonic out-phase plasma
actuation.

the lift and drag simultaneously; however, its energy
consumption is much higher.

The actuation strength value, as an important
parameter for the flow aerodynamics, is determined
by setting the proper frequency and amplitude of the
generated signal in experiments and it equals the body
force value in the numerical model. Although the nu-
merical body force and experimental plasma strength
from a quantitative point of view are predicted in terms
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Figure 27. Eigenvalues of the unsteady out-phase plasma
actuation with fo =5f;.

of the velocity magnitude and qualitatively from the
velocity profile trends, there remains an uncertainty in
the equivalence of the experimental actuator strength
and numerical body due to the assumptions made in
the numerical simulation. DMD is applied to the data
sequences of the PIV measurements of the wake flow
from 180 images to extract the stable flow structures
through post-processing in Dantec software to validate
the numerical results. The sampling frequency due
to the Nyquist criterion should be at least twice the
natural shedding frequency to resolve the dominant
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Figure 25. The lift force with its spectra for pulse out-phase plasma actuation with f. =5f;.

Figure 26. The snapshots of velocity field over an excitation cycle for pulse out-phase plasma actuation with fo = 5f;.
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Figure 28. Topos and Chronos of two dominant POD modes for unsteady out-phase plasma actuation with fo = 5f;.
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Figure 29. Reconstructed temporal evolution of velocity

field using two primary POD modes for out-phase plasma

actuation with fo = 5fs.

temporal dynamic mode. In these experiments, it is
three times the Nyquist cut-off frequency in the un-
steady harmonic cases. Nevertheless, the fast processes
in superharmonic out-phase actuation are sampled at
random amplitudes and cannot be captured with this
sampling frequency. The time averaged velocity vector
field for the uncontrolled flow based on 180 snapshots,
including around 55 cycles, is presented in Figure 32.
The Karman vortex shedding can be detected through
2D PIV measurements for unactuated flow. The
effect of plasma actuation on the velocity field for
the harmonic unsteady in-phase and out-phase plasma
actuation cases was also experimentally assessed.
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Figure 30. Reconstructed velocity field using two DMD
modes for superharmonic out-phase plasma actuation.

The effect of the harmonic in-phase actuation was
studied by observing the velocity vector field, velocity
contours, and streamlines. The large scale symmetric
vortical flow structure is the most dominant dynamic
mode with a natural shedding oscillatory period over
the streamwise direction in the investigation window
of Figure 33. The jet induced by in-phase pulsed
actuation deflects the shear layer by generating two
vortices simultaneously shedding from the lower and
upper sides of the cylinder with the opposite sign, as
observed in the vorticity contour in Figure 34(a).

These vortices interacted with the shear layer in
the recirculation region, thus inhibiting the roll up of
the shear layer and, consequently, redirected the shear
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Figure 32. Time-averaged velocity field for unactuated
case.

Figure 33. The velocity vector field for harmonic
in-phase plasma actuation.

layer toward the centerline of the wake and closed
the streamlines given in Figure 34(b) by forming a
stagnation point where the interaction of two shear
layers were blocked and vorticity cannot transfer to
the recirculation area and make the streamlines almost
symmetric.

The harmonic out-phase plasma actuation is
observed from PIV velocity visualization in Figure 35.

(a) - (b)

Figure 34. (a) Time-averaged velocity contour. (b)
Streamlines for harmonic in-phase plasma actuation with
50% duty cycle.

Figure 35. Time-averaged velocity field for harmonic
out-phase plasma actuation.

The predominant wake structure is similar to the
natural Karman shedding with little modification
to the vortex structure due to the out-phase pulsed
actuation. The asymmetric velocity field validates the
numerical result.

6. Conclusion

In the present work, the influence of frequency and
phase difference of plasma actuation on the wake flow
symmetry for Re = 1000 were numerically investigated
and validated through the conducted experiments. The
forcing actuation was modeled as a slip-wall condition
in the CFD for the unsteady in-phase excitation with
50% duty cycle and out-phase excitation at its reso-
nant frequency as well as the fifth harmonic of the
natural shedding frequency. The harmonic in-phase
momentum addition led to symmetric velocity field,
which dominated the asymmetric Karman shedding
and reduced the lift coefficient considerably in compar-
ison to no flow-control case. The harmonic out-phase
actuation induced a smaller vortex simultaneously,
while a natural vortex formed on the other side in
order to create a symmetric pattern. Due to the
lower strength and improper position of plasma, the
symmetric pattern was not formed. The induced quasi-
symmetric velocity profile was not an exact mirror
image of the natural one, which weakened the shear
layer, but was not strong enough to decrease the lift
coefficient significantly. The application of the plasma
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actuation with proper phase difference and optimum
position at specific strength power could generate
an induced velocity profile with a higher amplitude,
which can decrease the lift efficiently with minimum
energy consumption. In the superharmonic out-of-
phase actuation, the reduction of the separation region
resulted from momentum injection into the boundary
layer faster than natural shedding, which delayed the
separation. The formed vortices had smaller sizes
and, therefore, a narrower wake region. However, the
lift magnitude reduction was not considerable. The
main difference between harmonic and superharmonic
excitations was that at a natural shedding frequency,
the turbulent structure of the flow was resonated
to create a symmetric velocity pattern, leading to a
lift reduction, while at superharmonic actuation, only
the momentum injection energized the boundary layer
structure delaying the boundary layer separation.

The POD functions were based on spatial orthog-
onality that extracted the most energetic modes, while
the DMD was based on the temporal orthogonality
identifying the stable modes. DMD decouples each
mode specific frequency leading to the modes interac-
tion dynamics predictable. Due to the similar behavior
of the dominant modes to CFD results, the reduced
order velocity field was employed to study the flow
dynamics and design an active control. It was observed
that plasma location, excitation frequency, duty cycle,
and phase difference between plasma actuators affected
the velocity patterns.
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Nomenclature

a; Chronos

A Velocity field matrix

a Acceleration, m/s

c Covariance matrix

f Frequency, Hz

fo Body force per unit volume, N/m?
) Symmetric eigenfunctin

g(y) Asymmetric eigenfunctin
K(t) Asymmetric mode amplitude
KE Kinetic energy

SO(2) Translational symmetry

Re Reynolds number
S(t) Symmetric mode amplitude

St Strouhal number
st Phase shift symmetry
Uo,1 Initial and induced velocities

respectively, m/s
v Velocity, m/s
v’ Velocity perturbation, m/s
Vi Eigenvector
w Figenvector of square matrix
X Velocity field matrix

Reflection symmetry

Greek symbols

o, + 16; Complex bifurcation parameters of
Bi + i, symmetric mode S

i + 1K, Complex bifurcation parameters of
&+ iy, asymmetric mode K

0 Right singular vector

A Wavelength, m

s Eigenvalue

p Density, kg/m?

X Figenvalue matrix

o Mode growth/decay rate

T Time period, s

©i Topos

w Angular velocity, rad/s
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