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Long Lasting Modifications to Vortex Shedding Using a Short Plasma Excitation
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A unique phenomenon in flow control is described, where the lift and drag on a circular cylinder could
be modified for over eight vortex shedding cycles by a short pulse of dielectric-barrier-discharge plasma.
This is equivalent to flow control for over 150 times the pulse duration, which seems to be due to a
secondary vortex initiated by plasma that interacts with the von Karman vortex formation and temporarily
amplifies or suppresses the vortex street. Depending on the pulse timing, the drag and lift fluctuations
could be increased by 22% and 50% or reduced by 8% and 40%, respectively, with a power saving ratio

over 1000.
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Periodic vortex shedding occurs for flow over bluff
bodies [1] and results in large amplitude fluctuations in
the aerodynamic forces [2]. This leads to structural vibra-
tions which can have disastrous consequences. A plethora
of effective strategies for periodic flow control exist which
may be broadly categorized into passive or active tech-
niques [3]. Passive techniques usually involve some sort of
body modification or obstructions [4], such as surface
protrusions, shrouds, and near-wake stabilizers like the
well-known wake-splitter plate [5]. Active techniques re-
quire energy addition such as a rotational oscillation [6] or
periodic momentum addition [7]. However, passive tech-
niques can be detrimental when used off design conditions.
For example, trip wires over a circular cylinder at subcrit-
ical conditions cause significant reductions in drag and lift
coefficients with a shift in the Strouhal number [8], but the
drag will increase with an increase in the Reynolds number
due to the additional body surfaces acting as surface rough-
ness. Active techniques, on the other hand, are rarely
energy efficient and add complexities such as ducting
and mechanical movement that may reduce the structural
strength.

Dielectric-Barrier-Discharge (DBD) plasma actuators
have recently become of interest to aerodynamicists as
potential flow control devices [9] because they are simple
and robust, have low power consumption, and a quick
response. In this study, we use a single asymmetric DBD
plasma actuator on a circular cylinder as shown in Fig. 1.
The device consists of two electrodes (17 wm copper)
separated by a dielectric layer (250 um Mylar). High
voltage ac is applied between the upper and lower elec-
trodes (E = 7.4 kVp_,,, f = 33 kHz), which causes local
ionization of the surrounding air so that plasma spreads
over the surface. This appears as a light purple glow
extending for approximately 3 mm (7°) to the downstream
side of the upper electrode, under which the lower elec-
trode is placed. A force, F, is generated by the plasma due
to the free charges in a highly nonuniform electric field,
which adds momentum to the ambient gas (net direction to
the right in Fig. 1). For further details, including character-
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istics of the plasma induced flow and flow control applica-
tions, the reader should consult Refs. [9-14].

In this Letter, we describe a unique phenomenon
whereby the vortex shedding and force fluctuations on a
circular cylinder in cross flow are halted for considerably
long duration by applying a single, short-duration pulse of
DBD plasma close to flow separation points. This period is
equivalent to flow modifications for over 150 times that of
the excitation duration. We believe that this is a significant
result for flow control from energy efficiency point of view.

Experiments were conducted in a low-speed open-return
wind tunnel with test section of 1.5 X 0.3 X 0.3 m. This
was a suck-through-type tunnel located in a climate con-
trolled laboratory. The free-stream velocity was U, =
4.6 ms~! at which the turbulence intensity was 0.5%.
The circular cylinder tested had diameter d = 50 mm,
length / = 300 mm, and the Reynolds number based on
the cylinder diameter was 15 000. This corresponds to the
transition-in-shear-layer flow state so that the boundary
layers were laminar at separation. The transition to turbu-
lence occurred shortly downstream and before the free
shear-layers rolled up into a turbulent vortex street [15].
Vortex shedding took place at a reduced frequency f " =
d/TxU,, = 0.22, where Ty is the shedding period.

The cylinder model was mounted though the wind tun-
nel walls and into a two-component dynamic force bal-
ance. The balance consisted of two parallelograms
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FIG. 1. Cylinder cross section. Electrodes drawn at 30:1 scale.
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arranged in an L shape. Each parallelogram was instru-
mented with four strain gauges to measure the lift force, L,
and drag, D, along the entire cylinder span. The overall
accuracy in force measurement was better than =0.01 N
(5%). The resonance frequencies were found to be 150 Hz
(f* = 1.67) and 125 Hz (f* = 1.39) for lift and drag,
respectively. This is more than 7 times the vortex shedding
frequency. Simultaneously with the force measurements,
the global flow field in the near wake was studied using a
time-resolved particle image velocimetry (PIV) system
from TSI. Flow measurements were taken at the cylinder
midspan and PIV image pairs were taken at a frame rate of
1500 Hz, corresponding to 75 vector fields per vortex
shedding period. Velocity vectors were computed on a
square grid of edge size 0.028d using a recursive cross-
correlation technique. Flow visualization was also per-
formed using oil based smoke.

Force measurements were taken for a single pulse of
DBD plasma of duration 7/Tx = 0.05 (2.47 ms), at azi-
muthal location = 75° (cf. Fig. 1). We found this loca-
tion gave the maximum effect on flow control and note that
this is just upstream of the mean flow separation point at
6 = 82° [15]. More than 230 measurements were made
and phase-averaged into eight categories depending on the
timing of the plasma pulse ¢, (¢, = 0 indicates the plasma
is fired at the time of maximum lift). PIV measurements
were taken once for each phase for time —0.5 =< /T =
1.5, where ¢t = 0 is the instant that the plasma turns on.

Figure 2 shows the flow response over the cylinder for
different plasma timing. Clearly, the aerodynamic forces
can be dramatically altered by a short plasma pulse, but
their behavior depends on #,. For example, it was possible
to increase the peak lift by a factor of 3 while keeping the
peak drag increase within 22% when plasma was fired to
coincide with reducing L (ty/Tx = 0.375). Alternatively,
lift fluctuations could be reduced by 40% while drag was
reduced by 8% when plasma fired as L increased (f,/Tx =
0.875). In both cases, the modification lasted for more than
eight vortex shedding periods, corresponding to flow alter-
ations for over 150 pulse durations. The percentage change
in mean drag and root-mean-squared lift fluctuations aver-
aged over 0 =< t/Tx = 8.5 are shown as a function of 7, in
Fig. 3. Optimum timing occurred at zy/Tx = 0.875, where
drag coefficient Cj, = 2D/pU,>dl and lift fluctuation co-
efficient C), = 2L'/pU.*dl reduced by 5.8% and 41%,
respectively (/ denotes root-mean-squared quantity).

The operation of flow control is shown in the PIV and
flow visualization images in Fig. 4 at the optimum pulse
timing (zy/Tx = 0.875: plasma initiated just before peak
lift). Frame (i) shows the flow before plasma fires, where
shear-layer transition vortices [16] can be seen shortly
downstream of separation (x/d = 0.5, y/d = 0.6). When
the plasma activates, momentum is added to the boundary
layer on the upper surface of the cylinder [frame (ii)]. This
causes a break between the reattached boundary layer and
the shear layer that has already been separated so that the
tail of the old shear layer rolls up as it moves downstream

FIG. 2. Phase-averaged response to a single pulse of DBD
plasma at & = 75° for 7/Tx = 0.05. (a) Normalized drag coef-
ficient; (b) Normalized lift coefficient. Plasma pulse timing and
duration shown on abscissa. Traces show response for different
plasma timing relative to vortex shedding cycle.

[frame (i), x/d = 0.4, y/d = 0.6]. The reenergized
boundary layer now has sufficient momentum to overcome
the adverse pressure gradient on the rear of the cylinder and
to remain attached to around 6 = 120° [frame (iii)]. This
forms a secondary vortex [frame (iv—vi)], containing the
vorticity added by the plasma [see frame (v) at x/d = 0.5,
y/d = 0.4]. The secondary vortex is then convected into
the near wake.

This formation process of the secondary vortex was
independent of the plasma timing relative to the vortex
shedding cycle. The role of ¢ is therefore only to change
the timing of releasing the secondary vortex into the wake.
Figure 5 illustrates this point where the near wake flow is
shown at various time steps for optimum plasma timing
to/Tx = 0.875. Figures 5(a) and 5(b) show the near wake
before the plasma initiates. These images are separated in
time by one-half the vortex shedding cycle so that the
natural vortex shedding cycle is demonstrated. Gerrard
[17] defined the vortex being shed from the cylinder
when it becomes strong enough to draw the other shear
layer across the wake, cutting it off from further supply of
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FIG. 3. Change in mean drag and lift fluctuations over 8.5
shedding periods after plasma as a function of actuation timing,
to/Tk. Cyy is the instantaneous lift coefficient when plasma fires.
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FIG. 4. (a) Vorticity contour and force vector (shown by ar-

row); (b) flow visualization around upper surface of the cylinder.
Plasma activated at time f,/Tx = 0.875, at location 6 = 75°
with duration 7/T, = 0.05. Dark areas in (a) mark Q.d/U, <
—17 (clockwise rotation). Time increments down page: ¢/Tx =
—0.01, 0.10, 0.20, 0.30, 0.40, 0.50.

circulation. Based on this definition and the observations
by Drescher [18], vortices are shed from the upper and
lower surfaces of the cylinder in Fig. 5 at times t/Tx =
—0.625 and —0.125, respectively. Thus, Fig. 5(a) shows
the flow shortly before the upper vortex detaches while (b)
shows the flow before the lower vortex detaches.
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FIG. 5. Vorticity contours with instantaneous force vector.
Solid contours mark Q.d/U, = —17 (clockwise rotation) while
dashed contours mark Q.d/U,, = +17 (counterclockwise rota-
tion). Plasma activated at time #,/Tx = 0.875, at location 6 =
75°  with  duration 7/Tx =0.05. (a) /Ty = —0.8;
(b) t/Tx = —0.3; (¢c) t/Tx = 0.7, (d) t/Tx = 2.7.

Figure 5(c) shows the flow at t/Tx = 0.7 after plasma
fires, when the secondary vortex with negative vorticity is
being released into the wake (marked by an arrow in the
wake region). This frame is exactly one shedding period
after Fig. 5(b) to highlight the difference in the wake
structure with the addition of this secondary vortex. The
lower shear layers in (c) and (b) are quite similar, so that
the vortex is released from the upper surface while the
vortex from the lower surface is still being formed. The
secondary vortex thus counteracts the entrainment process
at the lower part of the cylinder. This halts the vortex
shedding, or moves it far downstream so that the cross-
flow oscillations do not cause lift force fluctuations.
Figure 5(d) shows the flow 2.7 vortex shedding periods
after the plasma pulse. The wake is nearly symmetrical and
the shear layers seem to detach parallel to the free-stream
flow and equally from the upper and lower surfaces. Very
little cross-wake interactions are observed here, and there
is no sign of a vortex street in the near wake. This flow field
remains for about 4 to 5 vortex shedding periods after the
plasma excitation. Thereafter, a wake oscillation was ob-
served in the downstream region, which slowly proceeded
upstream until vortex shedding recommenced and normal
flow conditions were restored.

Alternatively, the secondary vortex could be released
after the vortex from the lower cylinder surface had de-
tached (z,/Tx = 0.375). Then the additional vorticity was
injected into the newly forming vortex from the upper
surface to increase its strength. This enhanced the vortex
shedding process and the vortex formation region moved
upstream and closer to the cylinder for the next 45 vortex
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FIG. 6. Power saving ratio and time-averaged drag reduction
as a function of time between plasma control pulses.

shedding periods. This increased the lift fluctuations as
well as the drag (cf. Fig. 2).

The power saving ratio of the present flow control
strategy, n, can be defined as a ratio of the power saved
by drag reduction, ADU,, to the fluidic power introduced
by the plasma, AF,lU. Here, A is the plasma duty cycle
defined as a time fraction of plasma actuation during the
flow control. The plasma induced body force was estimated
from momentum theory using PIV measurements in still
air to be F, =6.6X 107> Nm~'. Figure 6 shows the
variation of 7 and mean drag reduction with time between
control pulses when plasma was activated at f,/Tx =
0.875. The initial peak in drag reduction is due to the
formation and release of the secondary vortex
(cf. Fig. 2). The power-saving ratio of this control strategy
plateaus at 1 = 1500 for /Ty > 15 although the mean
drag reduction drops off for 1/Tx > 5. A suitable control
strategy would be to reactivate plasma every 8.5T¢ (A =
0.59%), which results in mean drag reduction of 5.8%. The
power saving ratio of this control strategy would be as
much as n = 1170. Compare this to a power saving ratio
of order 10 for drag reduction on a circular cylinder by
rotational oscillation [19]; the Kim-Choi [20] distributed
forcing by suction and blowing gives 1 = 150, which is
still an order of magnitude smaller than that of the present
control strategy.

The effectiveness of plasma in reducing drag can also be
expressed in terms of the energy efficiency, n,, which is
defined as a ratio of the power saved by drag reduction to
the electrical power applied to the actuator (measured from
voltage and current waveforms). The control strategy de-
scribed above, where the plasma is reactivated every 8.5T
(A = 0.59%), gives the energy efficiency of 1, = 51%.
Here, neither  nor 7, incorporates any saving due to
reductions in lift fluctuations which may be more impor-
tant than drag reduction for some applications. We expect
the energy efficiency 7, could be improved through opti-
mization of the actuator design and the high voltage power

supply.

In conclusion, we discovered that a single, short-
duration actuation of DBD plasma modified the vortex
shedding cycle from a circular cylinder for over 150 times
the pulse duration. The flow control for such a long dura-
tion seems to be due to the induced secondary vortex by
plasma that interacted with the von Karman vortex forma-
tion, where the drag and lift fluctuations can be reduced by
8% and 40%, respectively. The power-saving ratio could be
as much as 1170, while the energy efficiency was 51%. As
such, our result has important implications for flow control
strategies and great potential for industrial applications.
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