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Abstract Experiments were conducted using plasma
actuators to control broadband noise generated by a bluff
body flow. The motivation behind the study was to explore
the potential of plasma actuators to reduce landing gear
noise during approach phase of an aircraft. The control
effectiveness of both dielectric barrier discharge and slid-
ing discharge plasma actuators were tested in laboratory
environment, using a representative bluff body consisting
of a circular cylinder and an oblique strut. Noise mea-
surements were taken in an anechoic chamber using a
phased microphone array and far-field microphones.
Results showed that the upstream directed plasma forcing,
located at +90 deg on the upstream cylinder with respect
to the approaching flow, could effectively attenuate the
broadband noise radiated from the wake flow interaction
with the downstream strut. With the same AC electrical
power consumption, the sliding discharge with additional
DC voltage was found to be more effective due to its
elongated plasma distribution and higher induced flow
momentum. Measurements using particle image veloci-
metry suggested that the flow speed impinging on the
downstream strut was reduced by the upstream plasma
forcing, contributing to the reduced noise.
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List of symbols

D Cylinder diameter

L Cylinder length

Rep Reynolds number based on cylinder diameter D

x, y, z Cartesian coordinates

Uy, Free stream speed

U Streamwise (x) velocity

Vv Normal (y) velocity

DBD  Dielectric barrier discharge

SD Sliding discharge
Voop Peak to peak high AC voltage

f Frequency

PIV Particle imaging velocimetry
SPL Sound pressure level

1 Introduction

Over the past few decades, the popularity of air travel has
increased significantly, which has led to increase in air
traffic and drawn the attention of communities that live
near airports to the problem of noise pollution (Raman and
McLaughlin 2000). Airframe noise has been widely dem-
onstrated to be a main contributor of aircraft noise during
the approach to landing phase, especially when the aircraft
is equipped with modern high bypass ratio engines
(Crighton 1991; Macaraeg 1998). Since airframe noise is
normally caused by the interactions between the aircraft
surface geometry and turbulent flow, various flow control
strategies, including passive and active control methods
(Gad-el 2000), have been explored to modify the flow
structures around the airframe components to reduce the
corresponding aerodynamically generated noise. A main
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source of airframe noise is the landing gears where fairings
can be applied, potentially leading to a reduction of radi-
ated noise by shielding the downstream components from
the oncoming flow (Dobrzynski et al. 2002; Piet et al.
2005; Molin et al. 2006). This form of passive control is
limited by practical considerations such as the need for
easy access for maintenance and weight increase.

Plasma technique has been widely demonstrated to be
able to modify the local flow by introducing extra
momentum (Moreau 2007) and therefore offers a potential
to reduce flow-induced noise. Recently, dielectric barrier
discharge (DBD) plasma actuators have attracted some
attentions in aerospace applications (Post and Corke 2003,
2004, 2005; Corke et al. 2004, 2006; Benard et al. 2007,
2008; Jolibois et al. 2008). A surface DBD plasma actuator
(Roth et al. 1998, 2000; Roth 1998) generally consists of
two electrodes which are flush mounted on both sides of a
dielectric plate. One of the electrodes is exposed to the
ambient air, and the other is insulated by a dielectric
material. A high AC voltage of a particular waveform (e.g.
sine or square waveforms) applied to the exposed electrode
weakly ionizes the atmospheric air adjacent to the exposed
electrode. The ionized air (plasma) in the presence of the
electric field gradient produced by the electrodes results in
a body force that acts on the external air to induce airflow
along the actuator surface. Some recent works have dem-
onstrated the potential of the DBD plasma actuators on the
attenuation of the flow-induced noise. For a cavity driven
by a low-speed flow, plasma actuators were found to be
able to attenuate flow-induced tonal noise either through
manipulating the shear layer or through generating distur-
bances at an off-resonant frequency (Chan et al. 2007;
Huang et al. 2008; Huang and Zhang 2008). For a bluff
body, such as circular cylinder, a preliminary study using
DBD plasma actuators suggested a potential for broadband
noise reduction (Thomas et al. 2008) by reducing the
degree of flow separation and eliminating the associated
Karman vortex shedding.

DBD plasma actuators are now the most widely used
discharge actuators for airflow control (Moreau 2007).
Nevertheless, the extent of the luminous plasma area is
often limited to several millimetres, which might be a
crucial drawback for engineering applications with a model
of a sufficient size, especially for commercial air transport
on landing approach. On the other hand, a sliding discharge
(SD) actuator consisting of AC DBD and additional DC
voltage in air has the advantage of producing elongated
plasma sheet when compared to DBD plasma, and the
discharge is very stable (Tsikrikas and Serafetinides 1996;
Louste et al. 2005; Moreau 2007). Moreau et al. (2008)
provided some details about the characteristics of SD dis-
charge and its effect on the boundary layer of low-velocity
flow.
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In this work, the primary objective was to demonstrate
the use of plasma actuator technology for landing gear
noise control. Both DBD plasma actuators and SD plasma
actuators were initially employed to investigate the effec-
tiveness of the plasma in attenuating broadband noise
generated by a bluff body. The bluff body consisting of a
circular cylinder and an oblique I-shape strut represents an
idealized model of the main leg part of a landing gear. The
plasma actuators were designed and installed on the surface
of the bluff body model to create a plasma distribution that
acts as a virtual fairing, which can effectively modify the
flow around the bluff body. The performances of these two
kinds of plasma actuators on a flat plate were firstly mea-
sured by a glass Pitot tube. Aeroacoustic measurements
were then undertaken in an open jet tunnel located in an
anechoic chamber facility using both a phased microphone
array and far-field microphones on the noise control of the
bluff body. Particle imaging velocimetry (PIV) measure-
ments were also taken in a low-speed open-loop wind
tunnel to provide insight into the physics of flow/noise
control mechanism.

2 DBD and SD plasma actuators

A schematic of single DBD plasma actuator is given in
Fig. 1a. When a sufficient high AC voltage is applied to the
electrodes, the discharge ignites at the edge of the exposed
electrode (1). A SD plasma actuator consists of three
electrodes, combining both a DBD actuator and a DC
corona discharge actuator (Moreau et al. 2006, 2008), as
shown in Fig. 1b. The lower electrode is connected to a
high AC voltage, while the upper two exposed electrodes
are connected to a high DC voltage. The direction of the
induced wind depends on the polarity of the DC voltage.
When the DC voltage supplied to the electrode (1) is
negative, the induced wind is from left to right (as shown in
the figure), and vice versa. A plasma distribution can be
found between the two on-surface electrodes and much
more elongated by the SD actuator compared to the DBD
actuator. This larger plasma sheet might be advantageous
for applications with a large-scale model.

Measurements were taken to determine the induced
wind speeds by a single plasma actuator based on DBD and
SD. The system consisted of a high voltage AC and DC
power supply unit and a high-frequency signal generator
(TTiTGS50). All the three electrodes are made of copper
tape with 0.076 mm thickness, and the dielectric plate is
made from silicon rubber of 1 mm thickness. Electrodes
(1) and (2) are 10 mm wide, and electrode (3) is 20 mm
wide. Although it was reported (Dai and Roth 2005) that
the maximum induced velocity occurred when the gaps
between the electrodes (1) and (3), electrodes (2) and (3)
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Fig. 1 Schematic side view of (a)
the plasma actuators (not to

scale). a DBD plasma actuator.

b SD plasma actuator
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were between 1.0 and 2.0 mm, the gaps were set to zero. A
strip of Kapton tape was used to cover the electrode (3) to
prevent inner discharge. The AC high voltage, generated
by amplifying a small sine wave signal using an amplifier,
was applied to the exposed electrode (1) for the DBD
plasma actuator and to the encapsulated electrode (3) for
the SD plasma actuator. The high voltage applied to the
electrodes and the electric currents were monitored by a
digital oscilloscope (Tektronix TDS5034B). The signal
was generated using a low-voltage general purpose wave-
form generator, which enables us to generate an alternating
voltage with an arbitrary waveform, such as sine wave,
square wave and saw wave. Nevertheless, only the first two
waveforms did work for the applied power supply unit. The
sinusoidal waveform was then employed in the present
study since it was found that there were only little per-
formance differences between the two waveforms on the
DBD and the SD plasma actuators.

Some illustrated plasma sheets on the surface of the
dielectric plate for the DBD and the SD plasma actuator are
shown in Fig. 2. For the DBD plasma actuator, the elec-
trode (2) was left unconnected. The spanwise uniform
plasma sheet is only about 6 mm wide and adjacent to the

Encapsulated electrode (3)

N

High AC

electrode (1). For the SD plasma actuator, the on-surface
exposed electrodes (1) and (2) were connected to a high
DC voltage and a much wider and luminous plasma sheet is
visible over the area between them. The flow velocities
induced by the both plasma actuators were measured by a
Pitot probe which is made of glass to avoid any electric
interference with the plasma. The outer and inner diameters
of the tube are 1.0 and 0.61 mm, respectively. The accu-
racy for the velocity measurement is within +0.1 m/s. The
measurements were taken at the middle span of the plate,
assuming that the velocity profile is uniform along the
spanwise direction. The high AC voltage applied on the
electrode (1) for the DBD or on the electrode (3) for the SD
plasma actuator was a sine wave of V, ,=15kV at
f = 12 kHz that provided a reasonable uniform discharge
along the spanwise direction. Increasing the input voltage
further could produce a higher induced velocity but could
also damage the plasma actuator system after the appear-
ance of the filamentary structure. A negative DC voltage of
—12 kV was supplied to the on-surface electrode (1) for
the sliding discharge.

The mean induced velocity profile for the two dis-
charges at 25 mm downstream from the right edge of the
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Fig. 2 Plasma sheets generated
by the DBD and SD on the
surface of the dielectric plate
(induced flow is from left to
right)
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Fig. 3 Induced airflow speeds by the DBD and SD at 25 mm from
the edge of the electrode (1)

electrode (1) is shown in Fig. 3. The velocity profile shows
that the height of the induced air flow layer for the DBD
plasma actuator was 5 mm, which was about a half of that
produced by the SD plasma actuator. At this downstream
position, the maximum speed obtained at a normal distance
of 2 mm above the surface with the DBD actuator was
increased by approximately 50% with the SD actuator. The
higher normal position (3.5 mm from the plate surface) of
the maximum speed indicates that the induced airflow by
the SD separates from the dielectric surface much further
than that induced by the DBD. This is due to the counter
wind produced at the DC electrode (2) because of high
electric field that pushes away the oncoming induced air
flow from the surface. Based on the measured velocity
profile at this location 25 mm from the edge of the
electrode, shown in Fig. 3, and assuming that the induced
flow is spanwise uniform, we can summarize through
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integration of velocity profile that the induced flow
momentum by the SD is three times higher than that
induced by the DBD. This much higher induced flow
momentum might be crucial for large scale application.

3 Flow and noise control measurements
3.1 Testing model and plasma actuator position

To demonstrate the control capabilities of the plasma in the
geometry relevant to a landing gear, two surface-mounted
plasma actuators (DBD or SD actuator) were applied on
both sides of a bluff body model that consists of a circular
cylinder and an oblique I-shape strut, as schematically
shown in Fig. 4. The model represents an idealized model
of the main leg parts of a landing gear. The cylinder model
is (D=) 100 mm in diameter and (L=) 500 mm in length.
The width of the I-shape oblique strut is 70 mm. The
plasma actuators with 1 mm thickness silicon rubber as
dielectric layer were wrapped on the surface of the cylin-
der, and the edge of the exposed electrode (1) was located
on the cylinder at 90 deg with respect to the approaching
flow. Other locations were also extensively tested but were
found to be less efficient for wake flow control. The elec-
trodes span from the top end of the cylinder across the
cylinder area that covers the downstream oblique strut. The
induced plasma forcing in two directions, i.e. generally
upstream directed and downstream directed, was tested in
the experiments.

3.2 Facilities and test setup
The acoustic control measurements were taken in the

Southampton DARP anechoic chamber equipped with an
open jet nozzle, as shown in Fig. 5. The open jet consists of
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Fig. 4 Schematic of the testing model and plasma location on the
cylinder and oblique I-shape strut (not to scale)

a nozzle connected to a high pressure source through a
series of silencers. A 10:1 contraction ratio nozzle with a
rectangular exit of 0.35 m x 0.5 m (width by height) was
used in the tests. The bluff model was positioned 0.3 m
downstream from the nozzle exit and installed between two
Perspex end-plates that were flush mounted to the two sides
of the nozzle to prevent the wake from spreading in the
spanwise direction. The free stream speeds (U.,) employed
in the tests ranged between 20 and 40 m/s, resulting in
Reynolds numbers (Rep) between 1.7 X 10° and 3.4 x 10°
based on the cylinder diameter D.

Flow field measurements using PIV were also conducted
to investigate the turbulent wake downstream of the
cylinder and the flow interaction with/without the plasma
actuation. The PIV measurements were taken in an open-
loop wind tunnel. The maximum flow speed attainable in
the uniform work section (0.9 m x 0.6 m) of the tunnel
was 35 m/s. The ceiling and port side of the tunnel test
section were fitted with Perspex panels that allowed a
camera to view from top and laser light to penetrate from
sidewall. Figure 6 shows a schematic of the model setup in
the tunnel and the corresponding coordinates. The PIV
surveys were performed at two wind tunnel speeds of 20
and 30 m/s to acquire flow field measurements in the plane,
x—y, parallel to the wind tunnel floor and at z = 0 mm
corresponding to the plane 150 mm above the wind tunnel
floor.

Far-field microphone arc
9s5° 88°

B

o

T 580
N

o

|

Nozzle Flow

/'— !

Phased microphone array

(b)

Fig. 5 Test setup. a Near view showing the model between two
Perspex end-plates; b Schematic of the anechoic chamber noise
measurements setup (not to scale)

Test section

o

Laser sheet

Fig. 6 Schematic of the cylinder in the tunnel test section and the
definition of the coordinates system for PIV tests
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3.3 Measurement techniques

The noise level was measured using a phased microphone
array and far-field microphones in the anechoic chamber,
as also shown in Fig. 5. The 0.63-m-diameter phased
microphone array consisted of 56 omnidirectional electrets
condenser microphones with a frequency response range of
20-20 kHz. These microphones were calibrated using a
reference ¥4 B&K microphone that was located adjacent to
each microphone and a point source of white noise on the
wind tunnel floor. This microphone array was used to
localize the noise sources on the model using beamforming
technique (Dougherty 2002). The scan plane (which
crosses the centre line of the cylinder and strut) was 0.7 m
to the surface of the microphone array. The origin for the
scan plane was located on the centre of the microphone
array. The far-field microphone array consisted of 8
microphones which were installed on an arc that was
approximately 2 m away from the model. The elevation
angle of each microphone was 95, 88, 78, 68, 58, 48, 38
and 30 degs, respectively. All the 8 microphones were
covered by wind shields to alleviate the wind effects on the
acoustic measurements. The microphones have a good
linear frequency response, and an omnidirectional polar
pattern that help to ensure the quality of the measurements.

All the phased microphones and far-field microphones
were connected to the National Instruments PXI-4472
modules via pre-amplifiers. The data were sampled at
48 kHz and were analysed using a block size of 4,096,
yielding a frequency resolution of about 12 Hz. To reduce
spectral leakage, a Hanning window function was applied to
each single block before performing fast Fourier analysis and
a total of 100 blocks were averaged for statistic confidence.

The PIV system employed in the open-loop wind tunnel
tests was a Dantec dynamics system with a New
Wave Gemini Nd:YAG dual laser. A Dantec HiSense
1,024 x 1,289 resolution CCD camera was set up per-
pendicular to the laser sheet on the scan plane and fixed on
a support structure installed on the ceiling of the work
section. A total of 200 images of the flow field were taken
for each experimental condition. Each image set was pro-
cessed using a 32 pixel x 32 pixel cross-correlation area
and a 50 x 50% overlap to improve the resolution of the
vector map. The spurious vectors on the map were then
further removed using a range validation, whereby vectors
greater than a specified magnitude would be rejected. The
shadow area was removed before processing by making
marks on the image map because this area produces bad
vectors due to no laser in that area.

Due to the resolution of the camera, the envisaged area
of the flow structures was limited to one half of the cylinder
wake and the camera looked down from the ceiling. Only
the sliding discharge was applied in this section of flow

@ Springer

visualization, and the power supply and the plasma con-
figuration were kept at the same levels as the ones used in
the anechoic chamber tests.

4 Experimental results

This section summarizes a series of flow-noise control
experiments using two plasma actuators located on the
upstream located circular cylinder as previously described.
The effects of the plasma actuators on the flow at different
plasma forcing directions were performed for three free
stream speeds of 20, 30 and 40 m/s (corresponding Rey-
nolds numbers Rep between 1.7 x 10° and 3.4 x 10°
based on the cylinder diameter D).

4.1 Aeroacoustic measurements

The noise source distribution with and without the
upstream directed plasma forcing was firstly measured
using the phased microphone array. Figure 7 shows the
noise source maps at two frequencies of 2 and 4 kHz
measured at a free stream velocity of 30 m/s from left to
right. A conventional beamforming technique (Dougherty
2002) was used to process the microphone array data. The
upstream directed plasma forcing applied here was gener-
ated from the sliding discharge plasma actuator. The gap
between the exposed electrodes (1) and (2) was 20 mm,
and a —12 kV DC voltage difference was applied on
between them. The high AC voltage with sine wave of
about 15 kV at 12 kHz was connected to the insulated
electrode (3) separated from the exposed electrodes. Under
the current condition, the actuator generated a steady and
bright plasma sheet on the surface. The two horizontal lines
in the figure represent the two end-plates, which shows that
only part of the cylinder (about 350 mm in length) and the
whole oblique strut are installed between them. The com-
parison between the two plots with and without the
upstream directed plasma shows that the major noise
sources at these two frequencies located in the gap area
between the cylinder and the strut, and the noise level was
reduced by a considerable amount when the plasma was
activated. For the lower frequencies less than 1 kHz, this
microphone array failed to localize the noise sources due to
the poor spatial resolution in low-frequency region.
Measurements using the far-field microphones also
suggest significant noise attenuation within a broadband
frequency range for all the test speeds except 40 m/s, as
shown in Fig. 8. The plots shown are the sound pressure
level (SPL) differences between plasma on and off condi-
tions, obtained in 1/3-octave band spectra. The data were
recorded by averaging the results from all the far-field
microphones, and therefore it gave the mean noise
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Fig. 7 Noise source maps at 2 i l %5
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Fig. 8 Broadband noise reduction by averaging the data from all the
far-field microphones. Results are from upstream sliding discharge

reduction at the far positions. Reductions of —3.8 dB and
—2.2 dB were obtained in the frequency ranging between
80 and 4 kHz at free stream speeds of 20 and 30 m/s,
respectively. The slightly noise level increase at around
3 kHz at the speed of 20 m/s was due to the tonal noise
radiated from the jet nozzle, which could be confirmed by
the beamforming technique. This tonal noise contaminated
the broadband noise from the bluff body, especially at
lower wind speeds. The large noise increases at high fre-
quencies above 6 kHz were due to the dominating self-
noise of the sliding discharge plasma actuator. It can be

X (m)
8+ o
1 —&— Upstream DBD plasma
64 —o— Upstream SD plasma A

—#— Downstream SD plasma

0 ”K’i*,\*ﬁx‘*\w—x_x:ﬁw;k\* }—ﬁ”&xﬂ/
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Fig. 9 Comparison of noise attenuation between the DBD and the
SD plasma actuators at the free stream speed of 30 m/s

seen that with increasing the free stream speed the current
plasma actuator under this fixed authority gradually lost its
effectiveness in noise control.

A comparison of noise reduction between the upstream
directed DBD plasma forcing and the upstream directed SD
plasma forcing is shown in Fig. 9. It shows that the SD is
more effective than the DBD at the frequencies below
6 kHz, mainly due to the elongated plasma distribution and
a higher induced flow momentum as described in Sect. 2.
The disadvantage of the SD is that it increases more plasma
self-noise level at the frequencies above 6 kHz than the
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DBD plasma actuator. The comparison of the downstream
directed SD plasma forcing (in the same direction as the
external flow) is also shown in Fig. 9. The downstream
directed plasma is not as effective as the upstream directed
one on the control of bluff body broadband interaction
noise. Although the downstream forcing at this location
was reported to reduce the cylinder wake width and sup-
press the vortex shedding from a single cylinder (Thomas
et al. 2008), the downstream plasma forcing on the cylinder
in this study had little effect on the external flow impinging
on the downstream located strut, which will be shown later.

4.2 Flow field measurements

To investigate the physics of the observed noise attenuation
by the upstream directed plasma actuator, the near wake flow
of the cylinder was examined using PIV measurements.
Figure 10 shows the time-averaged streamwise U-velocity
contours downstream of the cylinder. The effects of (a)
upstream directed and (c) downstream directed plasma
forcing were compared to the original mean velocity (b)
without plasma forcing. The beginning of the envisaged area
was about 20 mm downstream from the plasma actuator in
order to exclude the bright lights of plasma itself. The local
mean flow velocities close to the cylinder were greater than
the free stream speed of 20 m/s due to the displacement
effect in the cylinder boundary layer. With the upstream
directed plasma activated the corresponding maximum
velocity close to the cylinder was reduced about 2 m/s when
compared to the case without plasma, while the local
velocity was increased at the same amount with the down-
stream directed plasma. The flow field area underneath the
oblique I-shape strut could not be displayed. The measure-
ments also showed that the flow shear layer after the cylinder
impinged on the downstream strut. The broadband noise
radiation was presumably caused by this impingement. With
the (a) upstream directed plasma forcing, the width of the
wake was increased when compared to the flow (b) without

X (mm)
8

100+

-
120

(a) (b)

plasma, while impact was not visible when the downstream
directed plasma forcing was activated.

To quantify the differences in the downstream wake, the
streamwise U-velocity profiles are obtained at four x
positions (x = 25, 50, 75 and 100 mm) downstream from
the cylinder centre using the PIV data. The results are
shown in Fig. 11. At normal y positions above —35 mm for
all the four streamwise locations, no data were shown due
to the existence of I-beam strut, which prevents the area
underneath from viewing by the PIV camera. At the
location close to the plasma actuators (x = 25 mm), the
local streamwise velocity was significantly increased with
the downstream directed plasma forcing. At far down-
stream positions, little difference was observed in the
streamwise velocity with the downstream directed plasma,
indicating that the downstream plasma forcing worked
effectively only on the flow field close to the plasma
actuators. The upstream directed plasma increased the
cylinder wake width and reduced the streamwise flow
speeds at the locations far downstream of the cylinder. As
shown in Fig. 10, at this x—y plane, the flow impingement
on the downstream located I-shape strut would occur at the
position of x = 100 mm and y = —40 mm. At this posi-
tion (100, —40, 0), the streamwise velocity with the
upstream directed plasma forcing was about 5 m/s lower
than the corresponding velocity without plasma. This
reduction in the velocity lessened the impingement, hence
attenuating the aerodynamic interaction noise between the
cylinder wake flow and the downstream strut. This virtual
plasma fairing had the similar effect as the passive control
fairing used to reduce the landing gear noise (Dobrzynski
et al. 2002; Li et al. 2007; Boorsma et al. 2009) by less-
ening the flow speed impinging on the downstream com-
ponents. This result agreed with the findings from the
anechoic chamber tests where the upstream directed
plasma significantly reduced the noise level at a wind speed
of 20 m/s. At 30 m/s, however, the effectiveness of plasma
at same input power consumption was reduced.

B

(c)

Fig. 10 Contour plots of time-averaged streamwise U-velocity (m/s) in the wake of wind free stream speed of 20 m/s. a with upstream plasma
forcing; b without plasma forcing; ¢ with downstream plasma forcing. Flow was from fop to bottom
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Fig. 12 Contour plots of time-averaged normal V-velocity (m/s) in the wake of wind speed of 20 m/s. a with upstream plasma forcing; b without
plasma forcing; ¢ with downstream plasma forcing. Flow was from top to bottom

The normal mean V-velocity and the spanwise mean
vorticity field for the operation of plasma actuators are
shown in Figs. 12 and 13, respectively. The positive
increase in the normal direction with the downstream
directed plasma forcing suggests that the flow attached
further along the surface of the cylinder compared to the
cylinder without the plasma. The upstream directed plasma
forcing had little effect on the normal velocity. In Fig. 13,
the spanwise vorticity field shows that the shear layer
contains two centralized vorticity areas that were located in
the separation region of the cylinder boundary layer and the
impingement region on the oblique strut, respectively.
With the upstream direct plasma forcing, the strength of

spanwise vorticity in the impingement region was attenu-
ated. However, the downstream direct forcing slightly
reinforced the vorticity strength.

Previous studies using plasma actuators for a single
cylinder flow and noise control (Thomas et al. 2008) were
performed at Reynolds numbers of approximately Rep =
3.3 x 10* based on the cylinder diameter. It was reported
that the downstream directed plasma could delay flow
separation, eliminate the associated Karman vortex shed-
ding and therefore reduce the vortex shedding-related
aerodynamic tonal noise. However, for the broadband
interaction noise, the present study demonstrates that
plasma actuators are capable of manipulating the turbulent
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Fig. 13 Contour plots of time-averaged spanwise vorticity (msec™ ') in the wake of wind speed of 20 m/s. a with upstream plasma forcing;
b without plasma forcing; ¢ with downstream plasma forcing. Flow was from top to bottom

wake of cylinder at a higher Reynolds number of 2.4 x 10°
and with the upstream directed plasma forcing, it can
reduce the broadband noise sources generated from the
interaction between the cylinder wake and the downstream
strut.

5 Discussions and conclusions

An experimental study was conducted to explore the
potential of plasma actuators to attenuate broadband bluff
body noise. Both aeroacoustic and aerodynamic measure-
ments were taken on a representative bluff body consisting
of a circular cylinder and an oblique strut, in an open jet
located in an anechoic chamber and a low speed open-loop
wind tunnel. Microphone array measurements confirm that
the major noise sources for this configuration were located
in the gap area between the cylinder and the downstream
strut. The results demonstrated that plasma actuators could
reduce the broadband noise generated by the bluff body.
Particularly, it was shown that the upstream directed
plasma forcing located on the cylinder surface at £90 deg
with respect to the approaching flow could effectively
attenuate the major broadband noise radiated from the gap
area. At the same AC electrical power consumption level,
the sliding discharge with additional high DC voltage input
is more effective due to its elongated plasma distribution
and a higher induced flow momentum when compared to
the dielectric barrier discharge. Particle image velocimetry
measurements confirm that the noise attenuation with the
upstream directed plasma forcing was due to a reduction of
the flow speed impinging on the downstream strut. The
downstream directed plasma forcing was found to have
little effect on the current bluff body configuration in noise
control.

The broadband noise radiation by the bluff body could
be significantly reduced at the free stream speeds up to
30 m/s under the present actuator authority of sliding

@ Springer

discharge. As the wind speed was increased above 30 m/s,
the current design gradually lost its effectiveness for flow
and noise control. Therefore, for a practical application in
the flight of much higher speeds (typical approach speed of
about 80 m/s) and Reynolds number, the plasma actuation
authority must undergo a commensurate increase. The
actuation strategy applied in our experiments presented
here is far from optimum since only steady actuation and
limited actuators were used. Under the current actuator
design, only a little bit higher induced wind speeds could
be achieved by increasing the AC and DC voltages before a
filamentary structure or sparks between the two surface
electrodes appeared, after then the induced speeds dropped
dramatically. The shape of the two exposed electrodes for
sliding discharge could be optimized to achieve higher DC
corona discharge on the surface. The silicon rubber was
selected as the dielectric layer for the actuator mainly due
to its flexibility to wrap the bluff body, and therefore other
materials with improvement in dielectric strength and
constant would no doubt improve the actuator perfor-
mance. Although the +90 deg location with respect to the
approaching flow is more effective than other locations,
there is no doubt that with more actuators distributed on the
surface of the bluff body, not just at £90 deg, would also
achieve higher plasma forcing. This benefit with more
actuators has been demonstrated in Thomas et al. (2008).

The significant effect of the concept using direct-
upstream plasma forcing presented here demonstrated that
the plasma actuator can generate a virtual fairing that partly
shields the downstream small component from the
oncoming free stream flow, hence reducing the corre-
sponding high-frequency noise. In this case, the plasma
works in the same way as the passive control using solid
fairings.
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