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Abstract

During the approach, high-lift devices are among the major sources of aircraft noise. Most of the current
solutions are based on passive flow control technologies, which are reaching a limit of their noise reduction
performance. Thus, devices based on active flow control may allow for additional improvements. One way of
doing active flow control is through the use of dielectric barrier discharge plasma actuators. These devices
produce a wall jet by ionizing and accelerating the air nearby through an intense electric field. In this research,
dielectric barrier discharge plasma actuators were installed at a flap rounded tip (to reduce the strength of the
side-edge vortices), at the cove and the cusp of a leading-edge slat (to change the shear layer behavior). A
parametric study was carried out varying plasma actuator geometry, plasma actuator position of installation,
voltage, frequency, duty cycle, and modulation frequency. Far-field acoustic array and surface pressure mea-
surements in a wind tunnel were conducted and the results demonstrated the potential of plasma actuators for
high-lift noise reduction. A decrease of up to 0.75 dB in the overall flap noise and up to 3.3 dB in the overall
slat noise (with 12 dB of reduction in the dominant tonal peak) were achieved by using the plasma actuators.
However, many configurations were not able to reduce or even has increased the overall noise, evidencing the
need of proper optimization of the plasma actuator geometry, materials, and operational parameters to improve
the control authority of these devices.

Keywords: airframe noise, active flow control, dielectric barrier discharge, electrohydrodynamics, aeroacous-
tics

1. Introduction
With the expansion of urbanized areas and the growth of aircraft operations, aeronautical noise has
negatively impacted an increasing number of people, which has led regulatory authorities to adopt
increasingly restrictive levels of acceptable aircraft noise [1]. Until the 1970s aircraft noise generation
was dominated by the propulsion system, but this noise source has been constantly reduced with the
increase in the bypass ratio of the turbofan engines [1, 2, 3]. So, in phases of flight when the engine
operating power is low (as during the approach), airframe noise has become dominant [1, 2, 3].
Airframe noise is generated by the interaction of the external turbulent flow with exposed geometrical
discontinuities of the aircraft non-propulsive surfaces [2, 4, 3]. The high-lift devices are among the
most relevant airframe noise sources [1, 2, 5]. Broadband noise with frequencies up to 2.5 kHz
is generated at the leading edge slat and broadband noise with frequencies from 4 to 16 kHz is
produced at the flap [6, 7, 8].

1.1 Slat noise
Slat noise is generated by a combination of overlapping phenomena and is a complex aeroacoustic
problem not yet fully understood [9, 10]. It is predominantly a broadband noise source at flight con-
ditions, although wind tunnel models show the occurrence of tonal peaks that are not observable in
flight [11, 12, 13]. The flow inside the cove of the slat depends strongly on its geometry, deflection
angle, gap, overlap, flow speed, and angle of attack of the wing [14, 15]. When the slat is extended,
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there is a region of flow separation in its cove in which instabilities and vorticities are generated and
interact with the nearby surfaces, generating noise [14, 16, 13]. This vorticity is produced and fed
by the flow that passes through the slot and, between this cove vortex the undisturbed flow, a free
and unstable shear layer appears [14, 16, 13]. This shear layer originates at the slat cusp and im-
pinges the surface of the slat cove in the reattachment point [14, 16, 13]. This shear layer is a natural
amplifier of low and medium frequency disturbances due to a feedback loop described in more de-
tail in the literature [16, 17, 18, 19, 3], and it probably gives rise to the instabilities that cause slat
noise [9, 20, 21]. The vortices shed from the cusp are convected through the shear layer and suffer
strong and rapid distortions along its path, especially near the reattachment point [16, 17, 18, 19].
The strong pressure fluctuations caused by the interaction of these distorted vortices with the trail-
ing edge of the slat are an important source of slat noise [14, 18, 22]. In addition, low-frequency
noise components can be generated due to the non-stationarity of the vortex contained inside the
slat cove [16, 13]. Other possible noise sources, mainly when it comes to wind tunnel models, are
associated with the vortex shedding at the slat trailing edge (high-frequency tonal peaks) and with
the coherent laminar separation with vortex shedding at the slat cusp (low-frequency tonal peaks)
[9, 16, 13, 19, 23, 24, 11, 25].

1.2 Flap noise
The flap noise is generated by complex three-dimensional vortices: due to static pressure differ-
ence between suction and pressure surfaces of the flap side-edge, a primary vortex develops at the
lower edge from the pressure to the suction side of the flap, near its leading edge; for the same
reason, a secondary vortex develops from the flap upper edge to its suction side [26, 27, 13, 5]. The
lower vortices are continuously fed by the shear layer instabilities and are drawn by the flow to the
upper surface, where both these vortices are merged and then separate from the pressure side at
some position around 70% of the flap chord [26, 27, 13, 5]. So, the flap noise is a combination of
classical leading edge noise mechanisms, pressure fluctuations caused by vortex breakdown, inter-
action between vortices and surfaces or edges, and accelerated free turbulence in the vortex flow
[27, 13, 28, 5]. Therefore, the flap is mainly a broadband noise source where unsteady vorticity
fluctuations from pressure side shear layer interacting with the upper tip edge produce mid-to-high
frequencies, and vortex interaction with suction side surface after vortex merging produces low-to-mid
frequencies [27, 28]. The total noise radiated from flap is higher at higher flap deflection angles [6].
Thus, the intensity of sound radiation depends upon the strength of the vorticity at the flap side-edges
and the distance of the vortex from the edges, therefore a reduction in the tip vortex intensity could
reduce the noise radiated from the flap tip [29].

1.3 Solutions for high-lift aerodynamic noise
Passive flow control is the basic principle behind most of the devices currently used to reduce high-
lift aerodynamic noise [20, 6, 16, 27, 31, 15, 13, 4, 32, 8, 30, 33, 5]. These devices, however, can
degrade aerodynamic performance, be heavy, mechanically complex, and difficult to manufacture and
maintain [13]. Besides, Young et al. [34] noted that the Advisory Council for Aeronautics Research
in Europe (ACARE) noise reduction target would not be reached, considering the trend of asymptotic
improvement achieved by the passive flow control solutions to airframe noise currently adopted by
the industry. In this way, Young et al. [34] recommend that technologies based on active flow control
should be sought. The researches on airframe noise reduction through active flow control devices,
however, have a low technology readiness level (TRL), which can be improved by developing more
research on these topics [34, 3]. Active flow control is achieved by manipulating the airflow through
an energy addition to it (for example, using dielectric barrier discharge plasma actuators, also known
as DBD-PAs) [3].

1.4 Dielectric barrier discharge plasma actuators
DBD-PAs are electric devices that convert directly electric energy into flow kinetic energy, producing
a jet in the proximity of their surface without using pneumatic, hydraulic, or moving parts [35, 36,
3]. DBD-PAs have low weight, low thickness, fast response, and low power consumption, being
appropriate for aerodynamic control [35, 36]. They are usually made of two flat electrodes mounted
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on opposite sides of a dielectric layer (Figure 1), which are subjected to a high AC voltage (usually
from a few kV to 30 kV, with frequencies ranging from 100 Hz to a few tens of kHz) [35, 36, 3].
The intense electric field generated by the high AC voltage applied to the DBD-PA electrodes ionizes
the air near the encapsulated electrode, producing an atmospheric cold plasma that is accelerated
by the same electric field [37, 3]. A suction region appears over the exposed electrode and draws
the surrounding air toward the wall, from where it is then ejected tangentially to the surface, from
the exposed electrode edge, and over the region of the encapsulated electrode, thereby inducing a
pseudo wall jet [38, 39, 40, 3]. Since only momentum is injected into the flow (and not mass), the jet
induced by the DBD-PA is different from the classic wall jet [36, 40]. Due to the large differences in
the spatial and temporal discharge structures between the positive and negative halves of the voltage
applied to the electrodes, the jet induced by the DBD-PA has a preferential direction that depends on
the orientation of the asymmetrically arranged electrodes [41, 3]. According to several studies, the
negative half of the discharge cycle induces a higher horizontal velocity, being responsible for about
97% of the momentum coupling, which causes the DBD-PA jet to be unidirectional despite the AC
voltage applied [42, 43, 37, 35, 41, 36, 3].
The electrical and mechanical characteristics of the plasma-induced jet are strongly dependent on
several constructive and operational factors [3]. According to a literature review carried out by Silva
et al.[3], the most relevant constructive parameters that influence the DBD-PAs performance are the
dimensions and shape of the electrodes, the gap between the electrodes, the dielectric thickness,
and the dielectric material, whereas the main operational parameters that affect the performance
of the DBD-Pas are the applied voltage, the AC frequency, the voltage waveform, the duty cycle,
and the unsteady modulation frequency. The relation between these parameters and the actuator
performance is highly interdependent and non-linear, which complicates the design, optimization,
and mathematical modeling of the DBD-PAs. Nonetheless, Silva et al. [3] list several works published
considering the individual influence of each parameter on the DBD-PA performance, which can be a
guide for building and operating these devices.
As highlighted by Silva et al. [3] in its literature review, most of the existing applications of DBD-
PAs are related to aerodynamic performance improvements (for example, lift-to-drag ratio rise, drag
reduction, and stall delay) caused by transition control and boundary layer separation delay through
vortex generation and momentum addition. One of these applications that could be related to high-lift
devices was published by He et al. [44], who used DBD-PAs for delaying the stall. These researchers
used DBD-PAs installed on the leading edge of a wing to keep the flow attached at high angles of
attack [44]. This way, the DBD-PAs could replace the complex and heavy mechanisms of flaps and
slats[44], which would be especially advantageous for aircraft design due to the possibility of weight
and high-lift noise reduction [44, 3]. However, Silva et al. [3] have listed some problems related to
this concept, such as the high risk of a stall at low altitudes in case of DBD-PA failure, and the lack of
control authority under real flight scale conditions. Thus, Silva et al. [3] mention that the conventional
high-lift devices are more reliable, being more feasible for new aircraft designs [3]. Thus, finding a
solution that combines traditional flaps and slats with plasma actuators to attenuate their noise is
more interesting from a commercial point of view since the risk of compromising the flight safety is
reduced [3]. Young et al. [34] mention a concept proposed by research groups from the University
of Notre Dame and Airbus Noise Technology Center in which a combination of flap rounded tip and
plasma actuators could guide the tip vortices away from the flap side-edge, thereby reducing noise.
However, to date, it was not found in the literature the development of this concept. Thus, a concept
similar to that mentioned by Young et al. [34] was developed and tested in a wind tunnel, the results
being presented hereby. The difference here is that the DBD-PAs were used not to blow the vortex
away from the flap, but to generate a counter-vortex in combination with the flap rounded tip. The
idea of using DBD-PAs to produce a counter-vortex at the flap tip was inspired by the work developed
by Hasebe et al. [45], who applied a similar configuration to reduce induced drag in a wing, and
the purpose of the rounded tip was to facilitate the production of this counter-vortex by inducing a
Coandă-like effect.
The purpose of this research was to test if DBD-PAs can be used to reduce flap side-edge noise by
reducing the side-edge vortices strength. This work is part of the same research project [3] in which
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the ability of DBD-PAs in reducing leading-edge slat noise was demonstrated.

Figure 1 – Schematic cross section of a conventional DBD-PA (out of scale).

2. Experimental setup and procedures
The experimental setup and procedures used to assess the ability of the DBD-PA as a solution to slat
and flap noises are briefly presented in this section and are thoroughly reported in Silva et al. [3] and
Silva [46].

2.1 Wind tunnel and microphone array
The acoustic array measurements were carried out at the LAE-1 wind tunnel, at the Department of
Aeronautical Engineering of the University of São Paulo (Brazil). It is a closed-circuit low-speed wind
tunnel, with a closed test section of 1.3 m height, 1.67 m width and 3.0 m length [3]. It operates at
an airspeed up to 50 m/s with a turbulence level up to 0.21% [47, 48, 49, 3]. Acoustic treatments
made by Santana et al. [49] reduced the LAE-1 wind tunnel background noise by 5 dB and practically
removed the fan tonal peaks [3]. Considering that the LAE-1 wind tunnel has a hard-wall closed
test section, a phased array technique was used to improve the signal-to-noise ratio of the acoustic
[3]. The microphone array used has 61 G.R.A.S. 46BD microphone sets, flush-mounted without grid
at the test section side-wall in a modified spiral distribution (Figure 2) for high-frequency range with
minimum beamwidth and side-lobe contamination [50, 3].

Figure 2 – Microphone array geometry [46]

These microphones have a frequency range of 4 Hz to 70 kHz, a dynamic range of 166 dB, and a
calibrated sensitivity of 1.5 to 2.6 mV/Pa (measured for each microphone using a Rion NC-74 cali-
brator) [3]. This set of geometry and configurations ensures an array beamwidth (spatial resolution)
smaller than 100 mm for frequencies above 400 Hz and a frequency resolution of 25 Hz [51, 3]. The
synchronization and acquisition of the microphone signals were done through a National Instruments
NI PXIe system, whose technical specifications can be found in details at Silva et al. [3] or Silva [46].
Data acquisition, processing, and storage were executed through a MATLAB program developed by
Pagani Júnior [51]. Atmospheric pressure, temperature, and relative humidity were measured with
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analog instruments at the beginning of each test and were manually input into the code. The dynamic
pressure measurements from a DP-Calc 8705 Micromanometer and the microphones measurements
synchronized by the NI PXIe system are automatically registered by the program. The raw data were
then processed with a frequency domain beamforming code (also implemented by Pagani Júnior
[51]) in the same way as in [3]. The code performs a Fast Fourier transform of microphone measure-
ments through Welch’s methodology with 50% of block overlap and Hanning windowing, correcting
the power by a factor of 8/3 [51, 52, 3]. The process is repeated for all the microphones to create a
Cross Spectral Matrix (CSM), from which conventional beamforming calculations are made through a
spatial filter within a selected potential source location, using steering vector normalization [51, 52, 3].

2.2 High-voltage AC power supply and plasma actuators
The high-frequency high-voltage AC power supply (HFHVPS) used was the same as in [3]. It is an in-
house equipment that can provide up to 23.0 kV AC at 6.0 kHz. It consists of a high-frequency wave
generator coupled to a high-voltage transformer, both supplied by a commercial DC power supply
[3]. For complete information about the HFHVPS, including its circuit diagram and Arduino code, see
reference [46].
The plasma actuators were made of hand-cut and hand-laid self-adhesive tapes of copper foil (0.045
mm thick) and polyimide film (0.054 mm thick per layer). One layer of polyimide film was used as
a substrate and three layers of polyimide film were used as the dielectric between the exposed and
the encapsulated electrodes. The geometries chosen for the DBD-PA tested in the slat were detailed
at reference [3] and are not reproduced here due to copyright issues. The geometry chosen for
the flap was the traditional straight electrode configuration, with dimensions shown in Figure 3. The
chordwise extension of the electrodes was of 20 mm. This DBD-PA was able to induce a 1 m/s jet in
quiescent air [46, 3].
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Figure 3 – Straight electrode DBD-PA dimensions [mm].

2.3 Wind tunnel models and experimental procedures
The slat scaled model tested and the positions where the DBD-PAs were installed on it were detailed
at reference [3] and are not reproduced here due to copyright issues. The flap scaled model used is
representative of a conventional aircraft flap. It was designed and built by [33]. It was built by assem-
bling laser-cut MDF ribs, steel spars, and an aluminum alloy skin. At 10 mm from the original flap tip
(Figure 5), 57 pressure taps distributed chordwise along the flap surface (Figure 4) are connected to
plastic tubes that pass inside the flap. The flap chord has 700 mm in order to have higher Strouhal
and Reynolds numbers, since scaling is a problem in aeroacoustic wind tunnel testing, and the span
has 700 mm.
In order to induce a Coandă-like effect at the flap tip with the ionic blowing from the DBD-PAs, a
rounded tip for the flap model was designed and built. This tip was made of PLA through fused
filament fabrication (FFF) and have received a finishing with primer, sandpaper, and painting. It has
a hollow section for both material saving and housing the wires. Two circular holes and a central joint
are used to position and fix the rounded tip at the flap model.
Four configurations were tested, varying the installation position of the DBD-PAs on the flap rounded
tip. In each position, two DBD-PAs were connected in parallel, one in the suction side, blowing
spanwise away from the flap tip and the other in the pressure side, blowing spanwise towards the
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Figure 4 – Flap section and pressure taps (based on data from [33]).

Figure 5 – Pressure taps and DBD-PA position at the flap tip.

flap root (Figure 7). The position of the electrodes for each one of four configurations are presented
in Table 1, with x/c and y/c defined in Figure 5.

Position x/c [%] y/c [%]

1 7.1 0.0
2 38.6 0.0
3 7.1 5.7
4 38.6 3.6

Table 1 – DBD-PAs position on the flap rounded tip (each position has two DBD-PA, one at the suction
side, one at the pressure side.

Finally, the flap was fixed to the turning table at the middle of the wind tunnel test section, facing
the microphone array (Figure 6). The DBD-PA wires and the pressure tubes pass through the model
out of the tunnel. The pressure measurements at the model were made through a Scanivalve ZOC-
33/64PxX2 electronic pressure scanning module. It has a 2.5 kPa full-scale range, 10 in H2O ± 0.15%
FS accuracy and a 40 kHz scan rate. The tubes coming from the pressure taps were connected to
the ScaniValve module, which communicated with a computer for the data acquisition through FTP
protocol. The dynamic pressure of the wind tunnel flow was measured by a Pitot tube and a static
pressure tap both connected to a micromanometer DP-Calc 8705 [3]. It has a full-scale range of
-1.245 kPa to 3.735 kPa, with an accuracy of 1% of the reading ± 1 Pa [3]. The micromanometer
acquisition was made by the National Instruments PXIe system described in section 2.1.
All the tests were carried out with the angle of attack set to 26◦. This choice was made to achieve
the same aerodynamic loading the flap would have if the complete multi-element wing were present
at zero angle of attack [33, 30]. For further details on this consideration, the reader can consult
references [33] and [30]. The acoustic array measurements were made with a 102.4 kHz sample
rate during 20 s of measurement time (which ensures an error of ± 0.02 dB in the overall sound
pressure level [52, 3]). Each one of the four configurations was tested for all the combinations listed
in Table 2.For details on the complete experimental setup and test matrix of the experiments with
DBD-PAs installed at the slat, the reader can refer to [3].
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Figure 6 – Flap model installed at the test section of the LAE-1 wind tunnel.

Figure 7 – DBD-PAs connected in parallel, the arrows illustrate the direction of the jets produced.

3. Results
The analysis of the results is conducted in the same way as in a previous work of published by
the authors [3]. For each configuration tested (Table 2) the overall sound pressure level differ-
ence (∆OASPL) between the measurements with the DBD-PA activated and deactivated was plotted.
When the DBD-PAs reduced the OASPL, the integrated power spectral density (PSD) and the differ-
ence in PSD between the activated and deactivated conditions are shown for the best configurations
in each position. When the DBD-PAs only worsened the overall noise, the spectra of the worst config-
urations are presented. The surface pressure distributions at the flap tip, which indicate the vortices
position and strength, are also presented.
The ∆OASPL between each configuration and the baseline (DBD-PAs installed but deactivated) was
calculated from the acoustic beamforming outputs of the processing described by Silva et al. [3].
As in our previous work [3], to avoid the contamination of the high frequency DBD-PA actuation self-
noise in the analysis, the sound spectra presented hereby were truncated at the plasma actuation
frequency and the ∆OASPL obtained after the truncation is noted as ∆OASPL*. This procedure is
the same used by [3] and is valid due to the actual flight scale frequency ranges of the flap noise,
which are much smaller than those produced by a scaled model in wind tunnel (for the same Strouhal
number), whereas the high frequencies of the DBD-PA actuation noise would be the same either for
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Re = 1.12×106 , M = 0.08 Re = 5.76×105 , M = 0.04
α 26◦ 26◦

Position 1 and 2 3 and 4
Vin 30 V (DC) 30 V (DC)
f 3.0, 4.0, 5.0, 6.0, 7.0 and 7.9 kHz 3.0, 4.0, 5.0, 6.0, 7.0 and 7.9 kHz
F 10 Hz 10 Hz
D.C. 50%, 75% and 100% 50%, 75% and 100%
Measurements Acoustic array and chordwise surface pressure Acoustic array and chordwise surface pressure

Table 2 – Flap side-edge test matrix.

real flight conditions or for wind tunnel scaled conditions [3]. These ∆OASPL* values are presented
at Figure 8. Then, sound spectra (integrated PSD), PSD difference and pressure distribution at the
flap tip are shown for the best and the worst cases, to provide an understanding of how the DBD
actuation affected the flap side-edge noise generation mechanism.
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Figure 8 – Overall sound pressure level difference between the conditions with DBD-PAs activated
and deactivated.

From data depicted in Figure 8, it is evident that the positions 1 and 2, which were tested at higher
Reynolds number, were not effective in reducing aerodynamic noise. Instead, they were all preju-
dicial, since the overall sound pressure level was increased by the DBD-PAs activation for all the
combinations of configurations tested.
For position 1, the worst configuration tested was with a frequency of 6.0 kHz and modulated at
F = 10 Hz, with a duty cycle of 75%. From Figure 9, it can be seen that the plasma actuation has
increased the broadband noise for most frequencies. In the Figure 11, a small rise in a suction
point was observed at the region where de DBD-PAs were installed, whereas the pressure side was
affected downstream the plasma actuators, where the pressure coefficient was approached to zero
when DBD-PAs were activated in relation to the baseline condition.
For position 2, the worst configuration tested was with a frequency of 3.0 kHz and modulated at
F = 10 Hz, with a duty cycle of 75%. From Figure 10, it can be seen that the plasma actuation in
these conditions has introduced some tonal noise with harmonics of the frequencies of 520 Hz and
1080 Hz. Figure 11 depicts the effect of plasma actuation on the pressure distribution affected by the
vortices system. A small rise in the peak of suction was observed. At the region where the DBD-PAs
were installed, the vortex was reduced (there is a reduction of the suction from x/c 0.4 to 0.7). The
pressure side upstream the DBD-PAs was also affected, raising its pressure.
In the case of positions 3 and 4, tested at lower Reynolds, Figure 8 shows a more effective result
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Figure 9 – Sound spectra: DBD-PAs installed at position 1, Vin = 30 V (Vpp = 22.8 kV ), α = 26◦,
Re = 1.12×106, M = 0.08.
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Figure 10 – Sound spectra: DBD-PAs installed at position 2, Vin = 30 V (Vpp = 9.4 kV ), α = 26◦,
Re = 1.12×106, M = 0.08.

of plasma actuation. This difference may be related to the problem of the DBD-PA control authority
loss when Reynolds number is increased, as reported by other researchers. Although the results
for positions 3 and 4 are of overall sound pressure level reduction, the benefit is still marginal. For
position 3, the best configuration tested was with a frequency of 5.0 kHz and modulated at F = 10 Hz,
with a duty cycle of 50%. From Figure 12, it can be seen that some marginal improvement was
achieved. For some frequencies, the PSD difference was up to −5 dB, but for other frequencies, a
rise of up to 3 dB was produced. Figure 14 depicts the effect of plasma actuation on the pressure
distribution affected by the vortices system. Practically no effect on the peak of suction was observed
for the position 3. At the region where the DBD-PAs were installed, the pressure coefficient was
augmented from x/c 0.2 to 0.4 at the pressure side. The vortex downstream the DBD-PAs was
shifted towards the leading edge, as can be seen by the suction region from the left graph at the
Figure 14. Finally, considering the position 4, the best configuration tested was with a frequency of
3.0 kHz and steady actuation (duty cycle of 100%). From Figure 13, it can be seen that some marginal
improvement was achieved, mostly between 720 Hz and 1120 Hz. For some frequencies, the PSD
difference was up to −5 dB, but for other frequencies, a rise of up to 2 dB was produced. The right
graph showed in Figure 14 shows the effect of plasma actuation on the pressure distribution affected
by the vortices system. The peak of suction was slightly modified. At the region where the DBD-PAs
were installed, the suction was augmented from x/c 0.4 to 0.7 at the suction side. The vortex was
slightly intensified and shifted towards the leading edge.
In summary, the results obtained with the DBD-PAs installed at the flap rounded tip show that:

• DBD-PA applied to the rounded flap tip was more effective at lower Reynolds and Mach number,
probably due to the small control authority of the DBD-PAs, as reported by other researchers
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Figure 11 – Chordwise pressure distribution at the flap tip: DBD-PAs installed at position 1 (left) and
2 (right), Vin = 30 V , α = 26◦, Re = 1.12×106, M = 0.08.
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Figure 12 – Sound spectra: DBD-PAs installed at position 3, Vin = 30 V (Vpp = 19.6 kV ), α = 26◦,
Re = 5.76×105, M = 0.04.

(kinetic energy of the external flow is much greater than the kinetic energy introduced by the
DBD-PA jet). This difference may also be related to a difference in the spanwise position of the
DBD-PAs: in the most effective configurations, the DBD-PAs were installed in a position farther
from the flap root.

• DBD-PA at the flap rounded tip has increased the OASPL for most configurations tested, but
was able to marginally reduce the OASPL for some configurations, indicating its potential to
affect the noise generation mechanism, since the pressure distribution over the flap tip was
also affected by the DBD-PA activation (side-edge vortices were shifted). When compared to
our tests of the use of DBD-PAs on the leading-edge slat [3], the use of DBD-PAs on the flap
side-edge was less effective in reducing aerodynamic noise from high-lift devices.

4. Conclusions and suggestions for future works
The dielectric barrier discharge plasma actuators tested were able to marginally reduce the noise
irradiated from the flap side-edge, showing its potential to directly interfere with the flap noise gener-
ation mechanisms. However, it was less effective in reducing aerodynamic noise than the application
of DBD-PAs on the leading-edge slat. When applied to the flap side-edge together with a rounded
tip, most of the configurations tested have increased the overall noise. However, when operated at
3.0 kHz and a duty cycle of 100%, it was able to reduce the overall sound pressure level in (0.75
± 0.2) dB, by changing the vortices behavior. This performance could be increased by optimizing
the DBD-PA electric circuit (impedance matching), materials, geometry, operational parameters, and
manufacturing process. The authors believe, however, that in the current state of technology, the
problems of plasma actuators do not outweigh the benefits and are far from being solved in order to
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Figure 13 – Sound spectra: DBD-PAs installed at position 4, Vin = 30 V (Vpp = 9.4 kV ), α = 26◦,
Re = 5.76×105, M = 0.04.
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Figure 14 – Chordwise pressure distribution at the flap tip: DBD-PAs installed at position 3 (left) and
4 (right), Vin = 30 V , α = 26◦, Re = 5.76×105, M = 0.04.

transform the DBD-PAs into a feasible technical solution for applications in aviation. These problems
are related mostly to the lack of robustness and of control authority of these devices at real scale flight
conditions. The materials usually employed in the manufacture of DBD-PAs do not resist the expo-
sure to plasma environments or to very high voltages without degrading, and DBD-PA performance is
greatly affected by manufacturing defects. Besides, the presence of very high electric charges near
fuel tanks creates a safety problem, mainly in case of rupture of the dielectric layer, when electric
arcing is produced. Other problematic issues related to the DBD-PA applications are the generation
of pollutant ozone and the emission of electromagnetic and acoustic actuation noises.
As suggestions for future works, further flow measurements should be carried out to enhance the un-
derstanding of the flow mechanisms responsible for the aeroacoustic phenomena presented in this
paper. Electromagnetic noise and ozone produced by plasma actuators should also be measured
to assess the negative side effects of operating these devices. The authors also advise that addi-
tional research on manufacturing methods and materials science should be performed to enable the
production of more efficient plasma actuators.
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