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Abstract: In the present work, a single dielectric barrier discharge (SDBD)-based actuator is de-
veloped and experimentally tested by means of various diagnostic techniques. Flexible dielectric
barriers and conductive paint electrodes are used, making the design concept applicable to surfaces
of different aerodynamic profiles. A technical drawing of the actuator is given in detail. The plasma
is sustained by audio frequency sinusoidal high voltage, while it is probed electrically and opti-
cally. The consumed electric power is measured, and the optical emission spectrum is recorded
in the ultraviolet-near infrared (UV-NIR) range. High-resolution spectroscopy provides molecu-
lar rotational distributions, which are treated appropriately to evaluate the gas temperature. The
plasma-induced flow field is spatiotemporally surveyed with pitot-like tube and schlieren imaging.
Briefly, the actuator consumes a mean power less than 10 W and shows a fair stability over one day,
the average temperature of the gas above its surface is close to 400 K, and the fluid speed rises to
4.5m s~ 1. Along, thin layer (less than 1.5 mm) of laminar flow is unveiled on the actuator surface.
This thin layer is interfaced with an outspread turbulent flow field, which occupies a centimeter-scale
area. Molecular nitrogen-positive ions appear to be part of the charged heavy species in the generated
filamentary discharge, which can transfer energy and momentum to the surrounding air molecules.

Keywords: atmospheric pressure plasma; DBD; actuator; pitot tube; schlieren imaging; UV-NIR OES

1. Introduction

When there is relative movement between a fluid and a solid surface, a boundary layer
is formed. This is the layer of fluid in the immediate vicinity of the bounding surface where
the effects of viscosity are significant, and it can be either laminar or turbulent. Simplified,
the laminar boundary corresponds to a smooth flow, whereas the turbulent boundary layer
contains eddies. At the same time, the solid surface experiences a force of resistance in
the fluid due to frictional and pressure forces: the “drag force”. Practically, this is the
component of the surface force parallel to the flow direction (the other component of the
surface force that is perpendicular to the oncoming flow direction is the “lift force”). A
laminar boundary is associated with less skin friction than a turbulent one, but it tends
to break down more suddenly. In the case of a full-size body (e.g., a wing surface), as
the flow develops along its surface, the initial laminar boundary layer becomes thicker
(and thus less stable) as the flow continues back from the leading edge, and at a certain
distance, the laminar boundary layer breaks down and transitions into a turbulent one.
It becomes apparent that any spatial delay of this transition is advantageous since the
surface experiences lower drag. Furthermore, turbulent flow is a source of aerodynamic
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noise generated from the unsteady nature of this kind of flow. Finally, apart from the
laminar-to-turbulent flow transition and the aerodynamic noise, a third important effect
due to excessive momentum loss near the solid surface in a boundary layer trying to move
downstream against increasing pressure (adverse pressure gradient) is the boundary layer
detachment/separation from the surface (into a wake).

The tremendous technological and financial impact of the possibility of controlling
the abovementioned flow field effects, e.g., in the aerospace industry and the aircraft
market, has been recognized since decades and many methods for flow manipulation
(e.g., lift enhancement and drag reduction) have been developed. Most of them refer to
efficient mechanical devices, which however may be complicated, heavy, massive sources
of noise and vibrations, or maintenance critical, thus partially offsetting the active airflow
control value. As a counterweight, units based on atmospheric-pressure, low-temperature
plasmas of electrical discharges have been devised for active airflow control. These are
the plasma actuators. Two plausible principal physical mechanisms have been proposed
on the operation of the plasma actuators. Either an electrohydrodynamic body force
provokes collisions between ionic and neutral species, leading thus to the production of
so-called electric or ionic wind [1,2], or electric energy is instantly transformed into heat
energy, leading to the formation of moving blast waves responsible for large-scale flow
field structures [3,4].

Excellent reviews on plasma actuators exist [5,6], gathering the fundamental concepts
and the state-of-the-art in the field. We typically deal with surface electrical discharges exploit-
ing unique features from the dielectric barrier discharge (DBD) [7]. This includes arc transition
prevention due to the dielectric barrier, which in turn results in a low gas temperature, high
engineerability, responsivity within the sub-microsecond time scale, absence of moving com-
ponents, implicit conversion of electric power into a moving fluid, long background of studies
and applications in various interdisciplinary scientific fields [7-9], etc. The great number of re-
ports published over the last decade on the topic of plasma actuators and the ongoing research
has a twofold meaning. First, it proves the importance and the potentiality of these devices,
whereas second, it states that many issues have not yet been met and further challenges still
exist (e.g., energy conversion efficiency factor enhancement). Numerous studies focus on
the geometry-configuration optimization [10-12], the dielectric barrier specifications [12,13],
the material endurance [13,14], the role of the driving voltage characteristics [12,15-17], the
boundary layer separation control [18,19], the laminar-to-turbulent transition delay [20], etc.,
just to name a few.

As a contribution to the field, the present study is devoted to the implementation
of a particular single dielectric barrier discharge (SDBD) [21] plasma actuator and its
test under sinusoidal high voltage. Kapton® polyimide films are used as the dielectric
barrier due to their ability to be mounted onto curved aerodynamic surfaces. On the other
hand, silver (Ag) conductive paint is selected for the formation of the electrodes due to
its provided feasibility to design electrodes of every shape with negligible thickness on a
variety of surfaces. Both choices make the actuator fully flexible, and this is the main claim
of the present communication. The actuator is probed by means of electrical and optical
techniques. Electrical measurements are conducted to investigate the time evolution of
the power consumption and the endurance of the actuator, over the time window of a day.
High-resolution optical emission spectroscopy (OES) provides an insight into the emitting
species of the plasma as well as an estimation of the temperature of the air above the
actuator. Then, pitot-like tube and schlieren imaging give access to the induced fluid speed
and the pattern of the relevant flow field, respectively. Eventually, the overall experimental
results allow for a brief discussion on the physical mechanisms governing the aerodynamic
specifications of this flexible plasma actuator.

2. Experimental Setup

Figure 1 shows the experimental setup, including the plasma actuator itself and the
diagnostics employed in the present work. The actuator design is illustrated in detail in
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Figure 2. It is an SDBD-based one, with the dielectric barrier to be a stack of Kapton®

polyimide films. The patterns of the electrodes are formed on the polyimide films by means
of silver ink (resistivity 100 p(2 cm) and stencils. The grounded electrode is encapsulated
within a two-component epoxy resin.
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Figure 1. Conceptual diagram of the experimental setup. 1: signal generator; 2: audio power
amplifier; 3: oscilloscope; 4: current monitor; 5: ferrite core, step up transformer; 6: high-voltage
probe; 7: SDBD actuator; 7a: painted electrodes; 7b: flexible dielectric barrier; 7c: epoxy resin; 8:
pitot-like tube on x—y—z, linear, micro-translation stage; 9: pitot-like tube hardware and interface; 10:
optical fiber; 11: optical matcher; 12: monochromator; 13,14: photo-electron multiplier tube; 15: data
acquisition unit; 16: personal computer.

VA

Figure 2. Design of the plasma actuator. (a) Top view depicting the high-voltage-driven electrode
details. The inset defines the coordinate system that is used hereafter. The system origin coincides
with the actuator surface (z = 0), the edge of the discharge gap toward the grounded electrode side
(x = 0), and the middle of the grounded electrode length (y = 0). (b) Bottom view depicting the
grounded electrode details. The stack of Kapton® polyimide films has a total thickness of 0.425 mm,
whereas the epoxy resin (No_7c in Figure 1) is not shown for simplicity purposes.
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The high voltage is generated by amplifying a reference sinusoidal signal (10 kHz) and
supplying the primary winding of a specially designed, ferrite core, step-up transformer.
The output high voltage, v(t), is permanently monitored with a passive probe (Tektronix;
P6015; DC-75 MHz). The DBD current, i(t), is recorded with a wideband current transformer
(Pearson Electronics; 6585; 400 Hz—200 MHz). The wavelength- and space-integrated light,
emitted from the plasma, is collected with a high-grade fused silica optical fiber (Newport;
77576; 260-2200 nm), and then, it becomes time-resolved with a photo-electron multiplier
tube (PMT; Hamamatsu R928; 185-900 nm). All waveforms are recorded by a four-channel,
wideband, digital oscilloscope (LeCroy; WaveRunner 44Xi-A; 400 MHz; 5 GSamples s~ 1).

The mean electric power consumed by the actuator is calculated by integrating the
product [v(t:t + 5T) x i(t:t + 5T)] over five sequential voltage periods, i.e., 5T, and by divid-
ing the result by this factor. The process is repeated for five independent
[v(t:t + 5T) x i(t:t + 5T)] products. Two such measurement sets are realized on different
dates. Hence, in total, 10 instantaneous power waveforms (5T duration each) are consid-
ered for extracting mean values and standard deviations (error bars in the graphs) of the
electric power.

The time- and space-integrated light is guided by the abovementioned optical fiber
to a monochromator (Jobin Yvon; THR 1000; 170-750 nm; 2400 grooves mm™ 1) and the
optical emission spectrum is thus identified. The wavelength calibration of this unit is
carried out with an Hg (Ar) pencil-style lamp (Newport; 6035). Special attention is paid to
calibrating the relative spectral efficiency of the entire optical system. This is accomplished
with a quartz-tungsten-halogen lamp (Newport; 6334NS; 250 W) operated at 3400 K. The
rotational temperature of principal excited molecular species is estimated by fitting their
experimental rotational distributions to the corresponding theoretical ones, using a lab-
built software [22]. In addition, a 0.25 m imaging spectrograph (Newport; MS260i) is used
for exploring wider wavelength ranges. It is equipped with two motorized gratings: one
holographic (2400 grooves mm~!; blaze wavelength 250 nm; 180-700 nm) and one ruled
(600 grooves mm~!; blaze wavelength 400 nm; 250-1300 nm). The photodetector of this
spectrograph is a linear CCD array (200-1100 nm). Optical matchers are used in both cases
(monochromator and spectrograph) for optimal alignment of the fiber image.

The speed of the plasma-induced fluid is recorded in real time with a pitot-like tube
(glass capillary tube; Doyt = 1.3 mm; G, = 0.8 mm) and appropriate hardware (Trotec;
TA400). Precise, point-specific measurements are allowed due to the tube mounting on a
x-y-z linear micro-translation stage.

Finally, flow field patterns are visualized by means of schlieren imaging. The main
parts of the system are provided by Edmund Optics®. It contains a high-power green
light emitting diode, two aluminized first surface spherical mirrors (152.4 mm in diameter,
1524 mm focal length and 1/8 wave surface accuracy) overcoated with silicon monoxide,
and two Foucault knife edge testers mounted on separate micro-translator stages (one
horizontal and one vertical). The components are arranged in a Z-type configuration. A
camera (Nikon; D3300) is added to the system enabling photographic records. The camera
is equipped with a zoom lens (Canon; FD 70-210 mm). The settings for the schlieren photos
are ISO 400, exposure time 1/4000 s, and f-number 4. The settings for the conventional
photos of the plasma are ISO 6400, f-number 5.6, and 1/30 s at 14 kVp, and 1/40 s at
16 kVpp (“kVpp” stands for kV peak-to-peak).

3. Results and Discussion

Figure 3a—c provide representative oscillograms of the actuator driving voltage, DBD
current, and plasma emission integrated over ultraviolet-near infrared (UV-NIR) wave-
lengths, respectively. Clearly, the main ionization and excitation processes are related to
the rising part of the driving voltage, whereas much weaker current and emission are
observed during the falling part. This fact has been mentioned and studied extensively in
other DBD-based setups, showing that the propagation of cathode- and anode-directed
streamers is involved [23].



Appl. Sci. 2021, 11, 11930

50f13

Voltage (kV)

Current (A)

s
S
3
§=
5 0.
0 50 100 150 200
Time (us)

Figure 3. Representative waveforms of (a) the high voltage, (b) DBD current, and (c) wavelength-
integrated optical emission over two periods. The projection of the optical fiber acceptance cone on the
actuator surface corresponds to a circle of 12.5 mm in radius, centered on the point (x =0,y =0, z = 0).

During the rising part of the voltage, primary electrons propagate towards the anode,
promoting ionization and excitation processes. The qualitative similarity between the
current and emission impulses (Figure 3b,c) is underlined. At the same time, the resultant
heavy positive ions are accelerated towards the dielectric-covered cathode, transferring
momentum and energy to the surrounding air molecules, leading eventually to the flow
field patterns that are illustrated below. On the other hand, during the falling part of the
voltage, we probably deal with anode-directed streamers. According to this assumption,
since the exposed electrode is now negatively driven, electrons are repealed towards the
dielectric-covered electrode. They are following the field lines and diverging from each
other giving a diffused and weaker excitation.

The impulsive form of the current (Figure 3b) and the optical emission (Figure 3c) are
in accordance with the conventional photographs of the DBD pattern shown in Figure 4.
The induced plasma is associated with filamentary DBDs. The number and the electron
density of the filaments along the flat electrodes increase for higher voltage amplitude, but
a homogeneous glow discharge is never reached with the voltage amplitudes used here. It
is considered that the electric field is quite elevated due to the electrode design (thickness
of a few micrometers only). Thus, important fluid perturbations are anticipated because
of electrohydrodynamic forces [2,24-26]. Schlieren images are in line with this statement
(discussed later).

Based on the above observations, it becomes apparent that the power is principally
delivered to the actuator during the positive cycle of the driving voltage. Figure 5 shows
that, under the present experimental conditions, the actuator consumes a mean power
of less than 10 W. An increase at the voltage amplitude of just 2 kVp,, leads to power
doubling (Figure 5a versus Figure 5b). However, the consumption remains practically
unchanged over at least 24 h of operation (accumulative). The latter is an implication of a
quite reliable actuator.
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Figure 4. Representative conventional photographs of the DBD developed between the Ag-ink
electrodes of the actuator. The filamentary nature of the discharge is manifested: (a) 14 kVpp.
(b) 16 kVpp. The scale is the same in both photos (the plasma visible pattern has a length of about

50 mm).
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Figure 5. Electrical mean power consumed by a newly constructed actuator during the first 24 h of
its operation (accumulative): (a) 14 kVpp and (b) 16 kVpp. Solid symbols: mean values following

10 sets of measurements (see Section 2 for details). Error bars: standard deviations derived from the
10 sets. Lines: linear fitting of the mean values.

However, despite the consistency of the actuator in terms of power consumption,
both dielectric and electrode degradation are observed as the operation time accumulates.
Figure 6 demonstrates this aging effect, as it is exhibited on the top surface of the actuator.
The photo in Figure 6b refers to 24 h of accumulative operation and the worst-case stress
scenario (i.e., 16 kVpp). The actuator of Figure 6b remains functional, but the quantification
of its material degradation and its possible efficiency deterioration might be the task of
another study.

A better insight into the species contributing to the plasma-induced flow field may be
gained by the OES spectrum of Figure 7a. Although a much wider wavelength range has
been examined (see Section 2 for grating specifications), only N»(SPS) and N5 (FNS), shown
in Figure 7a, are detectable. The identification is organized in Table 1. Interestingly, with
regard to ionic species, the nitrogen molecular ion is solely observable, and despite its weak
relative spectral emission, its role in the flow field formation is emphasized. Otherwise,
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the spectrum is mainly populated by excited nitrogen molecules, whereas species such as
NO., OH, and N3 (FPS) are not detected.

Figure 6. External top view of a newly constructed actuator (a) before and (b) after operation during
24 h (accumulative time) at 16 kVpp.

Furthermore, high-resolution spectra can give the patterns of the rotational distribu-
tions of excited molecules, which thus serve as probe molecules for the gas temperature
evaluation. In Figure 7b, the rotational distribution of the N, (SPS) species (337.13 nm
in Table 1) is presented, being determined both experimentally and numerically. The
numerical fitting of the latter to the former implies a gas temperature up to around 410 K
at the maximum applied voltage (16 kVpp). Further experiments have given values around
318 K at 12 kVyp,, and 336 K at 14 kVy,p. Apart from the positive ions, the role of this rather
elevated temperature in the flow field pattern should also be considered. This remark
becomes more critical if one considers the local temperature, which is expected to be higher
than the average one measured here. The term “local” means the temperature within spe-
cific elementary volumes of the plasma, contrary to the integrated emissive volume probed
here (see the caption of Figure 7). In the frame of this work, the relative contribution of each
factor, i.e., ions versus temperature, to the flow field modifications cannot be conclusive,
but this topic remains challenging (see the further discussion below based on the schlieren
imaging results).
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Figure 7. (a) Optical emission spectroscopy wide scan of the SDBD plasma (resolution 50 pm). For
temporal evolution of the emission, see Figure 3c. (b) N»(SPS; v/ = 0 — v/’ = 0) rotational distribution
(resolution 1 pm). Solid symbols: experimental points. Line: theoretical rotational distribution, at
410 K, fitted to the experimental data. In both frames, the projection of the optical fiber acceptance
cone on the actuator surface corresponds to a circle of 12.5 mm in radius, centered on the point
(x=0,y=0,z=0).
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Table 1. Identification of the numbered bands of the spectrum given in Figure 7a.

Number/Label Species Vibrational Transition v/ — v"/ (Av) Theoretical A (nm)
1) N, (SPS): C311,-B*I1, 3—-1(+2) 296.2
N (SPS): C°IT,-B*I1 2—0(+2) 297.68
N, (SPS): C311,-B*I1, 3-2(+1) 311.67
) N, (SPS): C°IT,-B°T1 2—1(+1) 313.6
N, (SPS): C*11,-B*I1, 1-0 (+1) 315.93
3) N, (SPS): C°IT,-B°I1g 1—1(0) 333.89
N, (SPS): C*11,-B*I1, 0—0 (0) 337.13
N, (SPS): C°IT,-B°I1g 2-3(-1) 350.05
4) N, (SPS): C311,-B*I1, 1-2(=1) 353.67
N, (SPS): C°IT,-B*I1 0-1(-1) 357.69
N, (SPS): C311,-B*I1, 2—4(-2) 371.05
(5) N3 (SPS): C°IT,-B°I1g 1-3(=2) 375.54
N, (SPS): C*11,-B*I1, 0-2(-2) 380.49
(6) Nj (FNS) : B2Zi —X*% 0-0(0) 391.44
@) N, (SPS): C°IT,-B°I1, 2-5(=3) 394.3
N, (SPS): C3I1,-B*I1, 1—4 (=3) 399.84
N, (SPS): C°IT,-B*I1g 0-3(-3) 405.94

Figure 8 presents the point-specific speed of the fluid over the actuator surface
(z=0.75mm; y = 0 mm) at various positions far away from the discharge gap (x = 8,
18, and 24 mm) versus the time. These graphs unveil the variation in the speed that may
take place as a function of the space coordinates and the time elapsed. Speed fluctuations
are highly pronounced at longer distances from the discharge gap and they almost fade as
the gap is approached (sequence Figure 8c — Figure 8b — Figure 8a). It is thus suggested
that a transition from laminar to turbulent flow takes place along the x direction, even if
we remain close to the surface of the actuator.

Based on time-resolved speed graphs such as those of Figure 8, the mean speed is
calculated from each 300 s graph, and the 2D distribution (xz-plane) of the gas mean
speed is mapped as in Figure 9 (y = 0). As regards the fluid speed close to the actuator
surface (z = 0.75 mm; solid symbols in graphs), an increased speed is measured close to the
discharge gap (x = 0 mm), whereas it decays monotonously along longer distances (up to
x = 24 mm). This trend persists independently of the applied voltage amplitude. However,
at 16 kVy,, (Figure 9b), a slightly higher speed is achieved compared with that at 14 kVp,
(Figure 9a). On the other hand, an abrupt decrease in the speed is observed at an almost
double distance from the actuator surface (z = 1.4 mm; open symbols in graphs), and this
is more noticeable when the actuator is driven by a lower voltage (Figure 9a). Another
remarkable fact is the increased values of the standard deviations (error bars) calculated
in the case of z = 1.4 mm compared with those found for the measurements closer to the
surface (z = 0.75 mm). This fact should not be attributed to experimental uncertainties but,
as it is mentioned above, it is rather related to the transition from a laminar flow layer to a
turbulent phase. The subtleties of this assumption are considered below along with the
schlieren imaging results.
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Figure 8. Real-time recordings of the point-specific, “instantaneous” speed (integration time 1 s) over
300 s time intervals. Two independent sets are obtained at x = 8 mm, y = 0 mm, z = 0.75 mm (al,a2);
x =18 mm, y =0 mm, z = 0.75 mm (b1,b2); and x =24 mm, y = 0 mm, z = 0.75 mm (c1,c2). A newly
constructed actuator is used for each set (first set: al—c1; second set: a2—c2).
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Figure 9. Mean speed along the x-axis at two different positions over the actuator surface. Solid
symbols: y = 0 mm and z = 0.75 mm. Open symbols: y = 0 mm and z = 1.4 mm. Driving voltage:
(a) 14 kVpp and (b) 16 kVpp. Mean values and standard deviations are derived from two sets of
measurements. Four newly constructed actuators are used (first and second: 14 kVpp/z = 0.75 mm/z
= 1.4 mm; third and fourth: 16 kVpp/Z =0.75mm/z = 1.4 mm).
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The vertical (i.e., along the z-axis) variation in the mean speed for two representative
positions behind the discharge gap is plotted in Figure 10. In both cases, i.e., x = 4 mm
and x = 12 mm, as the actuator surface is approached, the fluid speed increases constantly,
whereas it becomes negligible at a vertical distance z = 1.5-2 mm. Comparing Figure 10a,b,
the turbulent nature of the flow as we move behind the discharge gap is mirrored in the
increasing standard deviation values, similarly to what is implied by the data in Figure 8.
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Figure 10. Mean speed along the z-axis at two different positions behind the discharge gap.
(a)x=4mm and y = 0 mm; (b) x = 12 mm and y = 0 mm. Mean values and standard devia-
tions are derived from two sets of measurements. Two newly constructed actuators are used (first:
16 kVpp/x =4 mm/x =12 mm; second: 16 kVpp/x =4 mm/x =12 mm).

A direct comparison of the above measured parameters with the corresponding values
appearing in the bibliography does not make sense since an identical plasma actuator
operating at the same conditions has not been evaluated earlier. Nevertheless, we can
appose indicative information from experiments on SDBD plasma actuators in terms
of fluid speed, electrical features, electrode dimensions, etc. For an actuator with both
electrodes exposed (Al tapes of 200 mm length, 5 mm width, and 0.1 mm thickness), a
2 mm PMMA batrier, an electrode gap equal to 5 mm, and a sinusoidal (700 Hz) driving
voltage at 40 kVpyp,, a maximum speed of about 4.5 m s~! has been noted [27]. In the same
work, an electrode width of 20 mm, an electrode gap of 0 mm, a frequency of 1.5 kHz, and
a voltage of 40 kVpp, led to a maximum speed of about 6.5 m s~1. In another case [4], where
a 300 mm long actuator consisting of 0.1 mm thickness Kapton® barrier, 12.7 mm wide
covered grounded electrode, and 6.35 mm wide exposed high-voltage electrode were used,
the time-averaged consumed power was reported to be less than 0.3 W mm~! when the
actuator was driven by short nanosecond pulses at frequencies less than 3 kHz and typical
peak voltage at 16 kV. The velocity field generated in still air gave ensemble-averaged
speed values up to 0.5 m s~1, 20 mm downstream of the discharge for repetition frequency
2 kHz. In a last instance [28], a 0.15 mm thick Kapton® barrier, a 0.025 mm thick copper foil,
and a 12.7 mm wide exposed electrode were employed. For a 24 mm wide insulated lower
electrode and 16 kVp,, triangular (5 kHz) high voltage, a maximum fluid speed between
2.5and 3 m s~! was recorded.

Regarding the present actuator, the above speed plots provide a reasonable picture
of the flow field pattern within the 2D space. This picture is validated by the schlieren
images of Figure 11. It is noticed that schlieren images, unavoidably, correspond to side-
on snapshots (xz-plane). This may point to an integration of optical events along the Y
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direction and their projection onto the xz-plane. However, following this angle, three
different regions and regimes of flow field are readily distinguished. The first region (1)
refers to the area above the high-voltage-driven electrode. This area is associated with
an eddy-like flow field, which appears concentrated on the electrode edge adjacent to
the discharge gap. The second region (2) is the interelectrode one, i.e., the gap itself,
where a laminar flow well bounded onto the actuator surface is established. The thickness
of this layer is approximately 1 mm. The third region (3) is the extended area above
the grounded electrode, where the boundary laminar layer continues to propagate onto
the surface. Nonetheless, it becomes progressively thicker along the x-axis, and a clear
transition to intense perturbated (turbulent) flow field is observed along the z-axis. In
addition, it tends to bend upwards as it approaches the end of the grounded electrode,
resembling the separation effect. The perturbated field occupies more and more space as
the distance along the x- or/and z-axis increases. This result is reflected in the speed and
standard deviation values discussed above. The distinction of the three areas holds true
for both voltage amplitudes in Figure 11. Nevertheless, the 16 kV;, case promotes more
intense perturbations.

(50,0,12.5)
)

3: grounded electrode 2. discharge gap ~ 1: driven electrode

3

Figure 11. Representative flow field patterns recorded by means of schlieren imaging for two different
voltage amplitudes: (a) 14 kVpp and (b) 16 kVpp. A newly constructed reactor is used. The three
white bullets (insets) refer to indicative coordinates (X, y, z) in millimeters, common to (a,b). They
mark off the image scale and facilitate the discussion in the text. The coordinates are given with
respect to the Cartesian system defined in Figure 2.

Lastly, the flow field perturbations induced by the actuator propagate to long distances,
even behind the grounded electrode. The snapshots of Figure 11 unveil perturbations far
away from (i) the grounded electrode left edge (up to about 60 mm on the x-axis) and
(ii) the electrode plane (up to about 20 mm on the z-axis). Such an intense directed motion
of neutrals should be attributed to collisions with ions drifting into high local electric
fields. The extremely thin electrodes were painted on the dielectric point to electric field
enhancement as a dominant factor determining the effectiveness of momentum coupling
into the surrounding air [28]. The role of temperature remains ambiguous even after
the present results. However, similar electrohydrodynamic and thermal effects have
been extensively studied by our group numerically [24-26,29], and the adaptation of the
available numerical models to the present actuator case is in progress.
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4. Conclusions

An SDBD-based plasma actuator having flexible a dielectric barrier and electrodes
made of conductive ink was implemented and tested. Being driven by sinusoidal high
voltage at 10 kHz, the actuator consumed up to 10 W of electric power and yielded a
fluid mean speed of up to 4.5 m s~!. Molecular nitrogen ions were produced during the
rising part of the driving voltage, originating from air ionization due to the propagation of
cathode-directed streamers. These ionic species were considered potential agents for the
flow field establishment. This consisted of (i) a thin laminar flow layer, better developed
closer to the actuator surface and the discharge gap, and (ii) an extended turbulent struc-
ture, which prevailed as being moved away from the surface and the gap. The average
temperature of the neutral species over the actuator was found to be around 410 K at the
maximum power level. Consequently, although the fluid directed speeds were presumably
accredited to an ionic wind effect, the role of the temperature in the flow field formation
remained debatable.

Author Contributions: V.P. and C.D. contributed equally: conceptualization; investigation; method-
ology; software; data curation; writing—original draft preparation; writing—review and editing;
formal analysis; validation; visualization. P.S.: project administration; funding acquisition; supervi-
sion; resources; writing—original draft preparation; writing—review and editing; validation. PX.P.:
resources; validation; writing—review and editing. G.P.V.: resources; investigation. P.V.: valida-
tion; writing—review and editing. All authors have read and agreed to the published version of
the manuscript.

Funding: This research received no external funding.

Data Availability Statement: The data presented in this study are available from the corresponding
author upon request. The data are not publicly available due to privacy.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Sato, S.; Furukawa, H.; Komuro, A.; Takahashi, M.; Ohnishi, N. Successively accelerated ionic wind with integrated dielectric-
barrier-discharge plasma actuator for low-voltage operation. Sci. Rep. 2019, 9, 5813. [CrossRef]

2. Boeuf, ].P; Lagmich, Y.; Unfer, T.; Callegari, T.; Pitchford, L.C. Electrohydrodynamic force in dielectric barrier discharge plasma
actuators. J. Phys. D Appl. Phys. 2007, 40, 652-662. [CrossRef]

3. Mursenkova, I.V.; Znamenskaya, I.A.; Lutsky, A.E. Influence of shock waves from plasma actuators on transonic and supersonic
airflow. J. Phys. D Appl. Phys. 2018, 51, 105201. [CrossRef]

4. Little, J.; Takashima, K.; Nishihara, M.; Adamovich, I.; Samimy, M. Separation control with nanosecond-pulse-driven dielectric
barrier discharge plasma actuators. AIAA J. 2012, 50, 350-365. [CrossRef]

5. Moreau, E. Airflow control by non-thermal plasma actuators. J. Phys. D Appl. Phys. 2007, 40, 605-636. [CrossRef]

6. Corke, T.C.; Enloe, C.L.; Wilkinson, S.P. Dielectric barrier discharge plasma actuators for flow control. Annu. Rev. Fluid Mech.
2010, 42, 505-529. [CrossRef]

7. Kogelschatz, U. Dielectric-barrier Discharges: Their History, Discharge Physics, and Industrial Applications. Plasma Chem. Plasma
Process. 2003, 23, 1-46. [CrossRef]

8.  Svarnas, P,; Giannakopoulos, E.; Kalavrouziotis, I.; Krontiras, C.; Georga, S.; Pasolari, R.S.; Papadopoulos, PK.; Apostolou, I;
Chrysochoou, D. Sanitary effect of FE-DBD cold plasma in ambient air on sewage biosolids. Sci. Total Environ. 2020, 705, 135940.
[CrossRef]

9.  Svarnas, P.; Asimakoulas, L.; Katsafadou, M.; Pachis, K.; Kostazos, N.; Antimisiaris, S.G. Liposomal membrane disruption by
means of miniaturized dielectric-barrier discharge in air: Liposome characterization. J. Phys. D Appl. Phys. 2017, 50, 345403.
[CrossRef]

10. Ndong, A.C.A,; Zouzou, N.; Benard, N.; Moreau, E. Geometrical optimization of a surface DBD powered by a nanosecond pulsed
high voltage. J. Electrostat. 2013, 71, 246-253. [CrossRef]

11.  Gao, G,; Dong, L.; Peng, K.; Wei, W.; Li, C.; Wu, G. Comparison of the surface dielectric barrier discharge characteristics under
different electrode gaps. Phys. Plasmas 2017, 24, 013510. [CrossRef]

12.  Thomas, FO.; Corke, T.C.; Igbal, M.; Kozlov, A.; Schatzman, D. Optimization of dielectric barrier discharge plasma actuators for
active aerodynamic flow control. AIAA J. 2009, 47, 2169-2178. [CrossRef]

13. Bian, D.; Wu, Y,; Long, C.; Lin, B. Effects of material degradation on electrical and optical characteristics of surface dielectric

barrier discharge. J. Appl. Phys. 2018, 124, 183301. [CrossRef]


http://doi.org/10.1038/s41598-019-42284-w
http://doi.org/10.1088/0022-3727/40/3/S03
http://doi.org/10.1088/1361-6463/aaa838
http://doi.org/10.2514/1.J051114
http://doi.org/10.1088/0022-3727/40/3/S01
http://doi.org/10.1146/annurev-fluid-121108-145550
http://doi.org/10.1023/A:1022470901385
http://doi.org/10.1016/j.scitotenv.2019.135940
http://doi.org/10.1088/1361-6463/aa7be7
http://doi.org/10.1016/j.elstat.2012.11.030
http://doi.org/10.1063/1.4974037
http://doi.org/10.2514/1.41588
http://doi.org/10.1063/1.5049463

Appl. Sci. 2021, 11, 11930 13 of 13

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Hanson, R.E.; Houser, N.M.; Lavoie, P. Dielectric material degradation monitoring of dielectric barrier discharge plasma actuators.
J. Appl. Phys. 2014, 115, 043301. [CrossRef]

Kong, E; Wang, Y.; Zhang, C.; Che, X.; Yan, P.; Shao, T. Electrical and optical characteristics of surface plasma actuator based on a
three-electrode geometry excited by nanosecond-pulse and DC sources. Phys. Plasmas 2017, 24, 123503.

Dawson, R.A; Little, J. Effects of pulse polarity on nanosecond pulse driven dielectric barrier discharge plasma actuators. J. Appl.
Phys. 2014, 115, 043306. [CrossRef]

Benard, N.; Moreau, E. Role of the electric waveform supplying a dielectric barrier discharge plasma actuator. Appl. Phys. Lett.
2012, 100, 193503. [CrossRef]

Roupassov, D.V.; Nikipelov, A.A.; Nudnova, M.M.; Starikovskii, A.Y. Flow separation control by plasma actuator with nanosecond
pulse periodic discharge. AIAA |. 2009, 47, 168-185. [CrossRef]

Labergue, A.; Moreau, E.; Zouzou, N.; Touchard, G. Separation control using plasma actuators: Application to a free turbulent jet.
J. Phys. D Appl. Phys. 2007, 40, 674-684. [CrossRef]

Grundmann, S.; Tropea, C. Experimental transition delay using glow-discharge plasma actuators. Exp. Fluids 2007, 42, 653—-657.
[CrossRef]

Corke, T.C.; Post, M.L.; Orlov, D.M. SDBD plasma enhanced aerodynamics: Concepts, optimization and applications. Prog.
Aerosp. Sci. 2007, 43, 193-217. [CrossRef]

Cardoso, R.P; Belmonte, Y.; Keravec, P,; Kosior, F.; Henrion, G. Influence of impurities on the temperature of an atmospheric
helium plasma in microwave resonant cavity. J. Phys. D Appl. Phys. 2007, 40, 1394. [CrossRef]

Gazeli, K.; Svarnas, P; Vafeas, P.; Papadopoulos, P.K.; Gkelios, A.; Clément, F. Investigation on streamers propagating into a
helium jet in air at atmospheric pressure: Electrical and optical emission analysis. J. Appl. Phys. 2013, 114, 103304. [CrossRef]
Logothetis, D.K.; Papadopoulos, PK.; Svarnas, P.; Vafeas, P. Numerical simulation of the interaction between helium jet flow and
an atmospheric-pressure “plasma jet”. Comput. Fluids 2016, 140, 11-18. [CrossRef]

Papadopoulos, P.K.; Vafeas, P.; Svarnas, P.; Gazeli, K.; Hatzikonstantinou, P.M.; Gkelios, A.; Clément, F. Interpretation of the
gas flow field modification induced by guided streamer (‘plasma bullet’) propagation. J. Phys. D Appl. Phys. 2014, 47, 425203.
[CrossRef]

Papadopoulos, PK.; Athanasopoulos, D.; Sklias, K.; Svarnas, P.; Mourousias, N.; Vratsinis, K.; Vafeas, P. Generic residual charge
based model for the interpretation of the electrohydrodynamic effects in cold atmospheric pressure plasmas. Plasma Sources Sci.
Technol. 2019, 28, 065005. [CrossRef]

Forte, M.; Jolibois, J.; Pons, J.; Moreau, E.; Touchard, G.; Cazalens, M. Optimization of a dielectric barrier discharge actuator by
stationary and non-stationary measurements of the induced flow velocity: Application to airflow control. Exp. Fluids 2007, 43,
917-928. [CrossRef]

Enloe, C.L.; McLaughlin, T.E.; VanDyken, R.D.; Kachner, K.D.; Jumper, E.J.; Corke, T.C.; Haddad, O. Mechanisms and Responses
of a Single Dielectric Barrier Plasma Actuator: Geometric Effects. AIAA J. 2004, 42, 595-604. [CrossRef]

Svarnas, P.; Papadopoulos, P.; Athanasopoulos, D.; Sklias, K.; Gazeli, K.; Vafeas, P. Parametric study of thermal effects in a
capillary dielectric-barrier discharge related to plasma jet production: Experiments and numerical modelling. J. Appl. Phys. 2018,
124, 064902. [CrossRef]


http://doi.org/10.1063/1.4862309
http://doi.org/10.1063/1.4863175
http://doi.org/10.1063/1.4712125
http://doi.org/10.2514/1.38113
http://doi.org/10.1088/0022-3727/40/3/S05
http://doi.org/10.1007/s00348-007-0256-8
http://doi.org/10.1016/j.paerosci.2007.06.001
http://doi.org/10.1088/0022-3727/40/5/012
http://doi.org/10.1063/1.4820570
http://doi.org/10.1016/j.compfluid.2016.09.006
http://doi.org/10.1088/0022-3727/47/42/425203
http://doi.org/10.1088/1361-6595/ab0a3c
http://doi.org/10.1007/s00348-007-0362-7
http://doi.org/10.2514/1.3884
http://doi.org/10.1063/1.5037141

	Introduction 
	Experimental Setup 
	Results and Discussion 
	Conclusions 
	References

