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Plasma actuators were used to phase synchronize vortex shedding from two side-by-side circular cylinders in the
Reynolds number range of Re; = 16, 700-76, 500. The two cylinders were installed perpendicular to the flow, with
the pitch to diameter ratio of 4. The natural vortex shedding for this spacing is known to be, predominantly, out of
phase. Plasma actuators were installed on the sides (£90 deg from the forward stagnation point) of each cylinder
along the full span in two configurations. These actuators, by the formation of plasma, produced an air jet in the
downstream direction. The vortex-shedding phase between the two cylinders was determined from unsteady
velocities measured by two hot wires, located behind the cylinders at identical relative positions with respect to the
center of each cylinder. The cross correlation of the two hot-wire signals showed the effectiveness of the plasma
actuators in synchronizing the vortex shedding. The correlation coefficients of +0.4 to +0.6 (or —0.6 to —0.4) were
obtained when the plasma actuators were activated, showing the in-phase (or out-of-phase) synchronization of the
vortex shedding. The capability of the plasma actuators for the arbitrary phase synchronization of the vortex
shedding was also demonstrated. The ability of the plasma actuators to phase synchronize vortex shedding depends

on input power as well as actuator design.

Nomenclature

= airfoil or vane chord

diameter of cylinder

frequency, Hz

vortex-shedding frequency, Hz

length of cylinder

distance or pitch between cylinder centers
Reynolds number based on diameter
spacing between cylinders

streamwise distance or coordinate
perpendicular to streamwise coordinate
= angle in radians equivalent to 180 deg
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I. Introduction

LOW around circular cylinders has been studied extensively

due to its widespread engineering applications and associated
problems of flow-induced vibration, wake turbulence, noise, and
drag forces on bodies. Examples of flow around circular cylinders
can be found in bridges, offshore structures, transmission lines, heat
exchangers, nuclear reactors, and aircraft appendages. The review
article of Williamson [1] and the book by Zdravkovich [2] provide a
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comprehensive review of the theoretical and experimental research
done on the flow around circular cylinders during the last century.

Many researchers [3] have investigated different approaches to
controlling vortex shedding behind circular cylinders; their objec-
tives have been directed at suppressing the vortex shedding,
separation control, and lock-in or synchronization of the shedding.
The ability to control the vortex shedding can be used to reduce drag,
increase lift, suppress noise, decrease vibration, and increase mixing
or heat transfer. The method of control depends on the objective as
well as the Reynolds number of the flow. To control the vortex
shedding, researchers have considered both active and passive
control schemes in their investigations. Many investigators have also
used feedback in their control loops [3].

Flow around multiple cylinders is of practical significance. It
occurs in heat exchanger tubes, arrays of nuclear fuel rods, and
offshore structures, etc. The flowfield around two or more side-by-
side cylinders in a crossflow is somewhat different from the flow
around a single cylinder because of the influence of one on another.
Figure 1 shows the definition of the various terms used in the multiple
cylinder flow. The flow patterns observed around two side-by-side
cylinders can be generalized into four distinct flow regimes with the
separation, P/d or S/d, between them being the characterizing
parameter. When the separation between the cylinders is large, that
is, P/d > 5-6, the flow behind each cylinder is relatively oblivious to
the presence of the other cylinder and behaves like a single cylinder
flow. When the spacing is reduced, the interaction between the
cylinders gradually occurs. The interaction is relatively weak for the
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Fig. 1 Phase of vortex shedding from two side-by side cylinders in
crossflow.
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spacing 2 < P/d < 6. In this weak range, the vortex shedding
remains similar to that found behind an isolated cylinder; however,
some phase synchronization does occur between the cylinders. The
vortex streets may synchronize out of phase (i.e., when vortices of
opposite signs are shed simultaneously on opposite sides of the
cylinders, as described in Fig. 1). Alternatively, in-phase vortex-
shedding synchronization may occur. In fact, the vortex shedding
can and does switch between the out-of-phase and in-phase shed-
ding; however, the shedding is predominantly out of phase. When the
spacing between the cylinders is further reduced to 1.1 < P/d < 2,a
grossly unsteady flip-flopping occurs between two quas-istable,
asymmetric states. When the spacing between the cylinders is
reduced to P/d ~ 1, a single wake is observed behind the cylinders
[4]. The natural flow pattern behind two cylinders can also be
modified using various flow-control mechanisms [3].

The present set of experiments was conducted in an effort to
synchronize the vortex-shedding phase from two side-by-side
circular cylinders in a low-speed subsonic flow. The necessity of
carrying out these experiments originated from earlier experiments in
compressible-flow cascade, in which vortex shedding from multiple
circular cylinders was used to produce upstream-propagating,
unsteady potential disturbances [6-9]. In the compressible-cascade
experiments that were performed to investigate the interaction of
these potential disturbances with the trailing edge of an unloaded
cascade vane, the response of the vane to the downstream forcing did
not appear to be caused by a well-conditioned potential disturbance.
The subsequent investigation into the cause of this behavior pointed
to the fact that the forcing disturbances, produced by the vortex
shedding from the downstream row of cylinders, were not in phase,
and were in fact, not only “out of phase” but continuously changing
their phase relationships.

After trying many passive methods of creating in-phase vortex
shedding from circular rods, we decided that some sort of active
control of vortex shedding was necessary. This control should be
such that it can force vortices to shed in phase. While we were
searching for the active-control methods for controlling the vortex
shedding, the plasma research group at Notre Dame [10,11]
successfully demonstrated the potential of surface dielectric barrier
discharge or plasma actuators to control flow. These actuators have
no moving parts and perform well at high (3—10 kHz) frequencies
(see next section). Therefore, we decided to use the plasma actuators
for controlling the vortex shedding from the multiple cylinders.

Because our goal was to control the phase of shedding from
multiple rods, the minimum number of rods required for testing was
two. Further, developing a forcing strategy at high speed for small
cylinders appeared too challenging for initial studies of this kind. As
discussed further in detail in [12], these first studies retained
relevance to the original objective by setting, as a goal in the lower-
speed studies, a match to the cascade’s Reynolds number. To these
ends, two side-by-side cylinders were placed in a low-speed flow and
the Reynolds number in the low-speed tests was kept in the range of
the compressible-flow cascade tests by using bigger diameter cylin-
ders in the low-speed tests.

II. Flow Control Using Plasma Actuators

In the present research, plasma actuators were used for the phase
synchronization of vortex shedding from two side-by-side circular
cylinders. A plasma actuator is a form of dielectric barrier discharge
(DBD) that can sustain large-volume discharge at atmospheric
pressure, without the discharge’s collapse into a constricted arc [13—
16]. Dielectric barrier discharges in various forms are already being
used for other (nonflow control) applications such as ozone
production and surface treatment [17]. The interest in using dielectric
barrier discharge for flow-control application has increased in the last
few years [18-22]. Recent review articles by Moreau [23] and by
Corke et al. [24] provide a comprehensive review of the research
done on the characterization and flow-control application of the DBD
in the last decade. Because the plasma in the flow-control application
is formed over a dielectric surface, plasma actuators are also called
surface dielectric barrier discharges. In this paper, these actuators

will be called “single dielectric barrier discharge” (SDBD) actuators
or for brevity, plasma actuators.

The actuators used for this research consisted of one encapsulated
electrode completely covered with dielectric material (for example,
Kapton® polyamide film) and an upper electrode exposed to the
surrounding air. Typically, the electrodes are thin (~1-2 mil or
25.4-50.8 pum) and long in the spanwise direction. When an ac
voltage in the amplitude range of 5-10 kV with high frequency (3—
10 kHz) is applied to these electrodes, a plasma discharge appears
over the dielectric surface above the insulated electrode as shown in
Fig. 2 and directed momentum is coupled into the surrounding air
has been shown to have velocities up to 3—4 m/s in still air [18,23]
and to be useful for applications such as drag reduction and
reattachment of separated flows [19-24].

The mechanism through which the plasma actuators affect the
flow can be found in some detail in the review article by Corke et al.
[24]. The plasma, consisting of charged particles (ions), is formed
above the encapsulated electrode as the result of a series of
discharges as electrons are transferred from exposed electrodes to the
dielectric surface above the encapsulated electrode during the
negative-going phase of the applied ac cycle and vice versa during
the positive-going phase of the ac cycle. The charged particles in the
plasma impart momentum into the flow through interaction with
the electric field. Basically, plasma actuators create a body force on
the volume of fluid within the region of the plasma that first draws the
flow down to the exposed surface of the actuator and then relieves the
accumulation of fluid as a jet directed along the encapsulated
electrode very close to the surface imparting a fixed amount of
momentum into the jetted fluid associated with the amplitude and
frequency of applied ac voltage. Although the body force always
imparts momentum in the direction of the asymmetry of the actuator
(see Fig. 2), the efficiency of the body-force coupling into the fluid is
greater for the current (i.e., electrons) leaving the exposed electrode
and imbedding into the dielectric than for the return cycle that pulls
the electrons out of the dielectric providing a current back to the
exposed electrode [24]. The performance of the actuator depends
strongly on the charges in the plasma and the interelectrode electric
field [18]. Therefore, applied ac voltage and actuator design are the
critical factors in the operation of the SDB plasma actuators. Further
information about the effect of applied voltage on the induced flow
can be obtained in [18,23-26]. The electrohydrodynamic force
produced by the plasma actuator and the resulting fluid motion has
been theoretically and computationally investigated by Enloe et al.
[18], Shyy et al. [27], Orlov [28], Font [29], Boeuf and Pitchford
[30], and Roy and Gaitonde [31].

III. Experimental Setup and Procedure

The experiments in the present study on phase synchronization of
vortex shedding were conducted in one of two 2 x 2 ft?> low-speed,
in-draft wind tunnels in the Hessert Laboratory at the University of
Notre Dame. The freestream turbulence intensity in the test section
was less than 0.1%. Two circular cylinders of diameter d = 1.5 in.
and length-to-diameter ratio L /d of 8 were used. The cylinders were
installed horizontally, perpendicular to the flow, side by side in the
test section with pitch-to-diameter ratio P/d of 4. This spacing was
chosen because it was midway in the practical range contempla-
ted for use in the compressible-flow cascade and, as previously

Creation of Body
Force due to Plasma
Formation

Upstream Airflow

Exposed Electrode Downstream Airflow

£1(5000 Hz) Encapsulated
= Electrode
or Base Metal f2(5000+Af HZ),

Dielectric Insulator
(Kapton Film)

Fig. 2 Schematic of effect of SDBD, or plasma actuator, on airstream.
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described, placed the natural shedding of the cylinders in the weak-
interaction regime, where the shedding is predominantly 7 out of
phase. Figure 3 shows two schematic views of the test setup. Two end
plates were used to reduce the end effects on the cylinders and to keep
nominally two-dimensional flow on the midspan of the cylinders.
The end plates were designed according to the guidelines provided
by Szepessy [32] and Stansby [33]. The end plates were attached
rigidly to the roof and floor of the test section. The wind-tunnel
blockage with two cylinders was 8.3%; as such, blockage correction
was deemed unnecessary.

During this research, many actuator configurations were tried to
achieve vortex-shedding control up to the target Re, = 76, 500. The
configurations are denoted by letters A—F. The earlier configurations
(A-D) of plasma actuators had limited effectiveness or were effec-
tive at low Reynolds number only. The test setup and the results for
the plasma actuator configurations A-D are presented in [34,35]. In
this paper, we will discuss the results for the plasma actuator
configurations E and F only, as shown in Fig. 4. The arrows in Fig. 4b
show the direction of jetting of the plasma actuators. Configu-
rations E and F were effective up to (relatively) higher Reynolds
number or up to the target Reynolds number. The plasma actuator
configurations on the two cylinders of each configuration were kept
identical to avoid any asymmetric effects. The cylinders were made
of Teflon for the plasma actuator configuration E and of aluminum
for configuration F. When the aluminum cylinder was used, it also
acted as the encapsulated electrode. Four layers of 2-mil Kapton film
were wrapped on each aluminum cylinder before installing the

a) 3-D schematic (looking downstream)
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exposed electrodes. Note that 2-mil Kapton film tape has an
approximately 1.7-mil silicon-adhesive layer on its back, producing
a total tape thickness of approximately 3.7 mil (e-mail communi-
cation with 3M and Parmacel). For configuration E, the encapsulated
electrode on each (Teflon) cylinder was made by installing copper
foil strips of 1.5-mil thickness on the leeward side of the cylinder,
from 480 deg from the forward stagnation point (FSP) to —80 deg
from the FSP; the encapsulated electrode was isolated from the
exposed electrodes by four layers of 2-mil Kapton film. In both the
configurations, copper foil strips of 1.5-mil thickness and 1/8-in.
width were used for exposed electrodes and were installed along the
full span of the cylinder, except for three-fourth inch from the ends to
avoid arcing between the encapsulated and exposed electrodes (see
Fig. 4a). For configuration E, the exposed electrodes were installed in
such a way that the plasma formed at £90 deg from the FSP (see
Fig. 4b). As described by Asghar and Jumper [34], better phase
synchronization of the vortex shedding was obtained when the
plasma actuators were close to the sides, 90 deg to £110 deg
from the FSP. For configuration F, two plasma actuators on each side
of the cylinder were used (see Fig. 4b) to provide more jetting to the
flow, close to the separated shear layers. Enloe et al. [18] demons-
trated that the effect of multiple actuators is additive if they are placed
in reasonably close proximity. The exposed electrodes in confi-
guration F were installed in such a way that the plasma formed at
+80 degand 110 deg from the FSP. The formation of the plasma
at the upstream edge of the exposed electrode was suppressed by
covering the edge with multiple layers of 2-mil Kapton film. The

b) Side-view schematic

Fig. 3 Test setup for phase synchronization of vortex shedding from two side-by-side cylinders.

a) Spanwise view

Exposed Electrode,
1.5 mil copper foil
strips

Encapsulated
Electrode, 1.5 mil

/ copper foil strips

FSP

Configuration E Configuration F

All Exposed Electrodes 1/8" wide

b) Schematic of cross section

Fig. 4 Configurations E and F of plasma actuators on cylinder.
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whole configuration was made in such a way that the step changes in
the diameter of the cylinder and large surface roughness on the
cylinder were not present.

In the tests, each exposed electrode was connected to a high
voltage of f1 = 5000 Hz frequency, and the encapsulated electrodes
were powered with a high voltage of f2 = 5000 + A f Hz frequency
(see Fig. 2). The differential frequency A f was kept the same as the
“natural” vortex-shedding frequency f,, corresponding to the flow
velocity or the center frequency of the two cylinders. This method of
forcing generated plasma by voltage-amplitude modulation at the
natural vortex-shedding frequency. Six high-frequency, high-
amplitude voltage generators were made for exciting the plasma
actuators as shown in the schematic of Fig. 5. A low-amplitude,
waveform signal from a function generator (Agilent 33120 A) was
first supplied to a variable-gain amplifier (Crown CE 2000). The
amplified voltage was then fed into the primary coil of a 1:137
transformer (Corona Magnetics, CMI-5012) to increase the voltage-
amplitude level to the 5-10 kV range. The high voltage for the
excitation of the plasma actuators was obtained from the secondary
coil of the transformer. Three high-voltage generators were used for
the in-phase and out-of-phase forcing, as shown in Fig. 6, and six
were used for the arbitrary phase forcing. The function generators of
the high-voltage generators could be mutually synchronized to
produce the ac voltage with arbitrary phase between them.

The unsteady velocity behind each cylinder was measured using
straight hot-wire (Dantec 55P01) probes placed at distances of
x/d =2.5 and y/d = 0.5, downstream of each cylinder center, as
shown in Fig. 3b. These positions of the hot-wire probes were
selected because of two reasons. First, we wanted to place the hot-
wire probes at the positions where the presence of the fully formed
vortex and the large fluctuation in the velocity were expected [35].
Second and more important, we placed hot-wire probes where the
interference from the plasma actuators would not be an issue. At this

High-Current Wire

High-Voltage Wire

position of the hot-wire probes, we did observe large amplitudes in
the unsteady velocity, assuring good signal-to-noise ratio [35]. The
hot-wire probes were operated in the constant-temperature mode
using a TSI IFA-100 anemometer. The tests were made in the
Reynolds number (based on cylinder diameter) range from 16,700 to
76,500, corresponding to the freestream velocity of 6.5-30.5 m/s.
For all the runs, approximately 4.1 s of velocity data were collected at
a sampling rate of 2—4 kHz (8192-16,384 samples) depending upon
the flow velocity. Because the experiment involved the correlation of
velocity associated with the shedding and not higher frequency
velocity fluctuations, the velocity signals were low pass filtered at
100-300 Hz depending upon the shedding frequency. The velocity
data were collected first without operating the plasma actuators and
then with exciting the flow by the plasma actuators. This approach
provided an effective method for comparing the natural and
controlled vortex-shedding environment. The hot-wire signals for
the uncontrolled case were also used to determine the natural
Strouhal shedding frequency f, at each tunnel run. The average
vortex-shedding frequency was determined by the Fourier
transformation of the velocity signal of each cylinder. The natural
shedding frequency was then used to drive the plasma actuators that
were operated with the differential frequency (Af) between the
encapsulated and exposed electrodes, as described previously.

A. Flow-Visualization Setup

The global picture of the flow behind the two cylinders with and
without control was obtained by injecting smoke (kerosene or
polypropylene glycol vapors) into the test section. The flow pattern
was made visible by a thin sheet of laser light. Flow visualization on
the cylinders of configuration E was done with a continuous argon—
ion laser (Coherent Innova 70) and on the configuration-F cylinders
with a pulsed argon—ion laser. An optical chopper (DigiRad C-980)

Exposed Electrode
(1.5 mil copper foil strips)

Dielectric Kapton Film

Transformer

1:137 Plasma

30hm
Function |+ Crown VWA
Generator Amplifier LAAA~
l 30hm

ﬁ

Encapsulated Electrode
(copper foil strips)
This is supplied with high voltage
from a circuit similar to what is
= shown here.

100
Ohm

Fig. 5 Schematic of electronic circuit of high frequency and high-voltage generator.
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Fig. 6 Forcing of two cylinders to produce in-phase and out-of-phase vortex shedding.



1612 ASGHAR AND JUMPER

Table 1 Estimated total uncertainty in various
measurements and calculated variables

Measurement/variable Nominal value and uncertainty

Cylinder diameter 1.5 +£0.01 in.
Reynolds number 41,000 % 600
Hot-wire location 95 + 1 mm
Vortex-shedding frequency 84 +2 Hz
Correlation coefficient 0.5 £0.04

Phase at zero time delay 0.012 £0.001 s

was used to pulse the laser at the vortex-shedding frequency. The
flow visualization for configuration E was recorded using a video
camera with a shutter speed of 1/60 s (i.e, approximately at half the
time period of vortex shedding at flow-visualization Reynolds
number). The flow pictures were extracted from the video images
using computer software after digitization of video images. Flow
visualization for configuration F was recorded with a digital still
camera using shutter speed long enough to capture several cycles of
vortex shedding (i.e., several one-laser-pulse per-cycle captured, at
the same phase angle, per shutter opening) without compromising
sharpness of the image.

B. Estimated Uncertainty

The total uncertainty estimated in various measurements and
calculated variables relevant to the results reported in this paper are
given in Table 1.

IV. Results and Discussions

The unsteady velocities behind the two cylinders were used to
determine the effect of the plasma actuators on vortex shedding.
Figure 7 shows two typical time series of the unsteady velocities at
Re; =41,000 with and without the plasma activation for
configuration-F cylinders. The effect of exciting the flow with the
plasma actuators is clearly seen by the phase difference between the

107 —e— Cylinder 1
8 N | ws-- Cylinder 2

Unsteady Velocity (m/s)

1 N 1 L M L M 1 M 5

-10
0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16 0.18 0.20
Time (sec)

a) Plasma actuators off

81 —e— Cylinder 1
J --+-- Cylinder 2

Unsteady V elocity (m/s)

3 . . . . . . . . . ,
0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16 0.18 0.20
Time (sec)

b) Plasma actuators on
Fig. 7 Unsteady velocity behind two cylinders: Re = 41, 000.

two unsteady velocities as shown in Fig. 7. In Fig. 7a, for the plasma
off, the velocities are essentially out of phase over the entire time
series, and in Fig. 7b, for plasma on, the velocities are in phase. Note
that in Fig. 7b, although the velocities are in phase, the amplitude
fluctuations are still present and are similar to those in Fig. 7a. These
amplitude fluctuations are the results of the irregularities that develop
in the shear layer after the separation point and in the vortex during
the formation process.

The cross correlation of the unsteady velocity behind each
cylinder was used to determine the phase between the vortex
shedding from the two cylinders. The correlation coefficient at zero
time delay is negative when the phase of the shedding is 180 deg out
of phase and positive when the shedding is in phase. The actual value
of the correlation would depend on the randomness of the phase
between the shedding from the two cylinders. The approximate
upper limit of the correlation of the unsteady velocities behind the
cylinders was determined by taking the autocorrelation of the
velocity behind one cylinder. The autocorrelation rapidly declined to
+0.55 only after one cycle of vortex shedding, indicating natural
wandering or the randomness of the frequency of vortex shedding
[34,35]. Based on the autocorrelation, we consider a cross correlation
of approximately 40.40 and above to represent in-phase vortex
shedding. Figure 8 shows the cross correlation of the unsteady
velocities shown in Fig. 7. The cross correlation in Fig. 8a of —0.15 at
zero time delay for the uncontrolled flow indicates that the natural
vortex shedding, with the spacing of P/d = 4, was mainly 7 out of
phase. The maximum correlation in Fig. 8b of approximately +0.6 at
zero time delay for the controlled case shows that the two velocities
are in phase and, hence, show the effectiveness of the plasma
actuators in synchronizing the vortex shedding. Moreover, the rapid
decline in the correlation for the plasma-off case (see Fig. 8a) shows
that the natural vortex shedding remains correlated for a very short
duration, typically, for about 10 to 20 Strouhal periods; whereas, the
decrease in the correlation for the plasma-on case, shown in Fig. 8b,
is essentially nonexistent, demonstrating that the plasma actuators
also decrease the fluctuations of the phase (or frequency wandering)
of the vortex shedding. This reduction in the frequency fluctuation
was also observed in the spectrum of the unsteady velocities behind
the cylinders, as shown in Fig. 9. The spectrum was wideband

10 : . : . : !
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Cross-Correlation Coefficient

a) Plasma actuators off
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1.0 s s s
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b) Plasma actuators on

Fig. 8 Cross correlation of unsteady velocities behind two cylinders:
Re,; = 41, 000.
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Fig. 9 Spectrum of unsteady velocity behind a cylinder: configura-
tion F, Re, = 41, 000.

(centered on the Strouhal frequency) when the plasma was off
(Fig. 9a) and narrowband when it was turned on (Fig. 9b), indicating
lock-on. Similar levels of the phase synchronization and the reduc-
tion in the frequency wandering were observed at lower and higher
Reynolds number [35].

As already discussed in the Introduction, our motivation for this
work was to eventually use the plasma actuators in a weakly
compressible cascade (Mach number A 0.4-0.5). For this purpose
the Reynolds number (Re; = 76, 500) for the forcing rods in the
compressible cascade was the target Reynolds number for the
cylinders in the low-subsonic flow. Various configurations of plasma
actuators were tried in order to achieve phase synchronization up to
this Reynolds number. The “effectiveness” of configurations E and F
with variation in the Reynolds number is shown in Fig. 10. The plots
show the cross-correlation coefficients for zero time delay. For the
purpose of this discussion, effectiveness is measured by the
magnitude of the zero-time-delay cross-correlation coefficient. The
coefficients shown in Fig. 10 are the average values obtained for each
forcing condition at the particular Reynolds number. It should be
noted that the correlation coefficients depend strongly on actuator
design, forcing frequency, power input, and flow velocities. While
the configuration is held constant over the Reynolds number range
for each plot, the other influences, such as applied voltage, change
with Reynolds number, and, thus the plots cannot be interpreted as
Reynolds-number-by-Reynolds-number direct comparison of effec-
tiveness either between the configurations, or for any particular
configuration. However, they do show the trend in at least the ability
to synchronize the shedding for a particular configuration. For
configuration E, for example, the correlation coefficient was 4-0.79
at Re; = 16,700, but for configuration F, it was only +0.55 at the
same Reynolds number (see Fig. 10b). Further, it is clear from
Fig. 10a that configuration E was ineffective for Reynolds numbers
above Re,; = 31,200. Referring to Fig. 4b, in an attempt to add
“actuator authority,” two actuators on each side were placed on the
cylinders (i.e., configuration F) and tested. The correlations achieved
with configuration F were in the range of about 0.40 to 0.6 for
Reynolds number up to Re,; = 76, 500. The correlation is close to
+0.40 at Re, = 76,500, as shown in Fig. 11. Although the phase

1.0 T T T T T T T
0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1

T T T T T T T T T T T T T T T 77T
n
P BT BN BEN AN AN BTE B S

Cross-Correlation Coefficient

L n n n n L n

10000 20000 30000 40000 50000 60000 70000 80000
Reynolds Number

o
B

a) In-phase forcing, configuration E

o ——— " T T T T T
0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1

LI L N B B B B S B e
>
>

P BT BN BEN BEN BEN AN SUEN B A

0.0
0 10000 20000 30000 40000 50000 60000 70000 30000
Reynolds Number

Cross-Correlation Coefficient

b) In-phase forcing, configuration F

Fig. 10 Cross-correlation coefficient at various Reynolds numbers
with plasma actuators on.
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Fig. 11 Cross correlation of unsteady velocities behind two cylinders:
plasma actuators on, Re; = 76, 500.

synchronization at Re; = 76,500 was less than perfect, the cross-
correlation coefficient of +0.40 still shows the effectiveness of the
plasma actuators at this Reynolds number. The decline in the
correlation at a higher Reynolds number and, hence, the phase
synchronization was due to the large difference in the vortex-
shedding frequencies between the two cylinders [35].

As discussed in the Introduction, the natural, unforced vortex
shedding from two side-by-side cylinders with a spacing of P/d =
4.0 is predominantly 7 out of phase. To investigate the effectiveness
of the plasma actuators in promoting the 7 out-of-phase vortex
shedding, we excited the electrodes in such a way that the vortices
were forced to shed out of phase; that is, the applied voltage to the
opposite side of the cylinders was in phase (see Fig. 6b). Figure 12
shows the correlation coefficient of the unsteady velocities behind
the cylinders of configuration F for the 7 out-of-phase forcing. The
forcing increased the negative correlation of the unsteady velocities
and the out-of-phase synchronization of vortex shedding. The
correlations are between —0.6 to —0.35 up to Re, = 72,000.
Thus, the character of the out-of-phase forcing experiments was
essentially a mirror image of the in-phase forcing. As such, the
discussion in the previous paragraph applies equally well to the out-
of-phase experiments.
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Fig. 12 Cross-correlation coefficient at various Reynolds number with
plasma actuators on: out-of-phase forcing.

To further investigate the effectiveness of the plasma actuators to
control the vortex-shedding phase, we also excited the plasma
actuators in such a way that the vortex shedding with an arbitrary
phase could be obtained. A series of these arbitrary phase shift
experiments in the Reynolds number range of 16,700-76,500
demonstrated that the actuators were equally effective in achieving
lock-on at any desired phase relationship.

The ability of the plasma actuators to control the vortex-shedding
phase depends strongly on the power input besides other factors such
as actuator design, flow velocity (Reynolds number), and forcing
frequency. Figure 13 shows the effect of input power on the
cross-correlation coefficient for a Reynolds number of 41,000 for
the configuration-F cylinders. The rms power input to the plasma
actuator was calculated using rms of ac voltage and current
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Fig. 13 Effect of power input on correlation coefficient: configu-
ration F, in-phase forcing, Re; = 41, 000.
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Fig. 14 Smoke flow visualization at midspan of two side-by-side cylinders: configuration E, Re = 16, 700, and P/d = 4.

a) Field of view

supplied to one pair of electrodes on one side of one cylinder of
configuration F. The input power values are normalized with the
corresponding level-off (described below) value. Notice that for the
lowest power, the cross-correlation coefficient is actually negative
and is similar to the unforced case. As the power is increased, the
correlation switches to positive and the coefficient’s amplitude
continues to increase until the coefficient levels off to a plateau at a
value of 0.46. This leveling off is probably due to several factors, the
first being the limitations in the actuator’s design. Because in this
configuration, the lower encapsulated electrode is the aluminum
cylinder itself, the upper electrode overlaps the lower electrode
completely. Asymmetry in the actuator’s design is provided only by
the fact that its upstream edge is covered by layers of dielectric film;
at high enough input power, plasma actually forms under the film and
leads to eventual failure of the actuator. Although not as apparent,
plasma begins to form in the air at the upstream edge as well, and
although not comparable to the downstream jetting caused by the
exposed edge of the actuator, it acts as a double dielectric barrier [17]
and works against the effectiveness of the downstream edge.

Figure 14 shows the flow visualization of the vortex shedding
from the cylinders with configuration E, when the plasma actuators
were off, and when they were on. The flow is from left to right and
only part of the cylinders, as shown in Fig. 14a, is visible between the
shear layers. Figure 14b shows the nominal natural vortex-shedding
pattern, the shedding being nominally 7 out of phase. The flow
pattern shows the separated shear layers from each side of the
cylinder and the downstream formation of the vortices. Figure 14c
shows the images of the flow pattern when the plasma actuators were
excited. An important observation is that the flowfield is entirely
different from the unexcited case. The separated shear layers are
deflected toward the rear stagnation point of the cylinders because of
the excitation of the plasma actuators. It appears that the fluid jet,
created by the plasma, even penetrated the shear layer on the other
side of the cylinder as indicated by the widening of the wake. The
phase synchronization of the vortex shedding can be seen by the
synchronized jetting at the lower side of each cylinder. The flow
visualization on the cylinders with configuration-F plasma actuators
is shown in Fig. 15. Figure 15b shows the unexcited vortex shedding
again being nominally out of phase. Figure 15¢ shows the vortex
shedding when the plasma actuators were excited. The effect of
exciting the plasma actuators can be seen in Fig. 15¢c where the
deflected shear layers have moved closer to the cylinder base.

The mechanism of the interaction between the natural flow on the
cylinder and the induced flow of the plasma actuator is still not
completely clear, but we believe that the plasma actuator changes the
natural shedding to abrupt separation with a jet extending all the way
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Fig. 15 Smoke flow visualization at midspan of two side-by-side cylinders: configuration F, Re = 16,700, and P/d = 4.
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to the opposite side of the cylinder. This addition of the periodic
momentum near the separation point on one side of the cylinder
actually forces the shedding of the vortex from the opposite side of
the cylinder. Note that in the Reynolds number range of the present
tests (16,700 < Re < 76, 500), the vorticity added to the separated
flow causes the vortex from the other side of the cylinder to shed
[2,36,37]. Further, the modification of the excited flowfield also
depends on the configuration of the plasma actuators as shown by
Figs. 14c and 15c, in which excited flowfields are clearly different
from each other.

V. Conclusions

Vortex shedding from two side-by-side circular cylinders was
phase synchronized in a low-speed flow using plasma actuators up to
the target Re,; = 76,500. Although the correlation coefficients
obtained at Re,;, = 76, 500 were not very high because of the reasons
such as the large difference in shedding frequency, the three-
dimensional effect, and the formation of plasma at the upstream edge
of the exposed electrode, the performance of the actuators to control
the vortex shedding in the range 16, 700 < Re,; < 76, 500 was good.
The ability of the plasma actuators to control the phase of the vortex
shedding was also demonstrated by forcing the vortex to shed out of
phase and at arbitrary phase. The flow visualization provided the
evidence of the synchronization at low Reynolds number.
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