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Abstract

This paper summarizes the results of Plasmaero (EU
project) partners on the characterization of plasma ac-
tuators based on nanosecond pulsed discharges. Results
cover electrical aspects, optical discharge visualizations
and measurements of the plasma-induced pressure wave,
this for quiescent and transonic flow regimes. Among
the results, this study demonstrates that the induced
pressure wave is composed of over and under pressure of
1600 and -600 Pa, respectively. In transonic regime, the
capability of the discharge to produce a pressure wave
remains but this one is convected by the freestream flow.

1 Introduction

The PLASMAERO European project looks at a fur-
ther understanding of plasma physics for flow manip-
ulation by non-thermal surface discharges. On the mar-
gin of typical AC Dielectric Barrier Discharge (DBD)
plasma actuators that are based on the produced elec-
tric wind [1], different actors of the project are inter-
ested in the development of pulsed discharges with rising
time in the nanosecond scale order. This type of actu-
ator has demonstrated promising influence to mitigate
flow separation at Reynolds numbers related to realis-
tic flight speed conditions [2-4], where AC-DBD have
shown only little or no effect. Recent literature sug-
gests that nanosecond pulsed DBD can produce a lo-
calized pressure wave that propagates in the medium at
speed of sound [5-8] while the induced momentum trans-
fer related to neutral/charged particle collision remains
marginal. In the framework of PLASMAERQO, different
nanosecond pulsed DBDs have been investigated in terms
of electrical characteristics for quiescent flow condition.
A variety of electrical parameters such as the voltage
amplitude, rising time or polarity have been considered.
Each partner has used different optical systems that per-
mit detailed qualitative and quantitative descriptions of
the propagating pressure waves suspected to be respon-
sible for the control effect and control authority at high
speed flow conditions. Later in the project, the behavior
of this type of DBD has been investigated in presence of
transonic flow. The present paper summarizes the main
results obtained in PLASMAERO EU project.

2 Nanosecond pulsed DBD
operated in quiescent flow
condition

In this first section, different nanosecond pulsed DBD
are investigated for initial quiescent flow conditions. As
ns-DBD is very flexible, important discharge parameters
can be chosen independently. For instance, parameters
such as voltage amplitude, rise time or polarity are in-
vestigated here.

2.1 Electrical aspects

The electrical measurements for a surface dielectric bar-
rier discharge composed of two electrodes (copper foil
with thickness of 40 pm) flush mounted on both sides
of a 127 pm thick Kapton layer are shown in figure 1.
The gas thermalization at the surface of the dielectric is
the result of HV pulse produced by a commercial gen-
erator (DEI PVX-4110) connected to a DC power that
can supply voltage amplitude up to £10 kV (Matsuda,
10P30, 30 mA). Results are presented for both positive
and negative voltage pulses (absolute voltage amplitudes
of 8 and 4 kV, pulse width of 200 ns and rise time about
50 ns).

For a single pulse, two current peaks occur in the total
current evolution as shown in Figure 1b. The first one is
due to air ionization when the electric field is sufficient to
initiate air breakdown. Following the first current peak,
charges are deposited at the dielectric surface. When the
potential difference between the upper electrode and the
charged surface is sufficient, a new discharge propagates
on the dielectric. This is verified regardless of the polar-
ity of the HV pulse. The positive voltage pulse presents
an asymmetry in the current peak amplitude of the ris-
ing and decaying periods. Indeed, a larger amplitude
is observed for the primary current peak that results in
a significant increase in consumed electrical power (Fig-
ure 1c). Opposingly, the amplitude of the current peaks
remains of a similar level when DBD is supplied by a neg-
ative pulse. Calculation of deposited energy per plasma
length indicates that positive HV pulse is more efficient
than negative HV pulse, this regardless of the applied
voltage amplitude (Figure 1d). As indicated by the dis-
charge current, the first current peak is the main contrib-
utor to the energy deposited on the wall surface during
an HV pulse. It is suspected that the deposited energy
is the key metric for characterizing nanosecond pulsed
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Figure 1: Electrical aspects of positive and negative pulse discharges operated at voltage amplitude of +8 kV (filled
lines) and +4 kV (dashed lines) with pulse width of 200 ns. (a) Voltage amplitude, (b) Total current (discharge plus
displacement currents), (c¢) Consumed electrical power and (d) Energy deposition

DBD for flow control applications. Indeed, it seems that
the pressure wave intensity is directly correlated with the
amplitude of the deposited energy [7].

Among the electrical parameters having demonstrated
an influence on the pressure wave formation, the rise
time of the high voltage pulse is of primary importance
as numerically demonstrated by Unfer and Boeuf [9]. In-
deed, by reducing the rising time of the input signal, the
produced pressure wave should be reinforced by a faster
energy deposition into a relatively small volume. The ef-
fects of the rising and decaying time are investigated by
adding a high voltage resistor in series with the exposed
electrode (Figure 2). The amplitude of the signal is ad-
justed to compensate the voltage drop through the resis-
tor while maintaining a constant output (9.350.15 kV).
As illustrated in the figure, the deposited energy reduces
in an exponential manner with the time-scale of the ris-
ing/decaying period of the voltage signal. By increasing
the rising time, tr, by 25 ns from 50 ns, the deposited en-
ergy is reduced by 56%. The results indicate that more
energy is dissipated, and then potentially converted into
gas heating, by reducing the time to attain the maximal
(or minimal) voltage amplitude. Furthermore, it was
found that a voltage pulse with a steeper slope causes
a much shorter and more intense discharge with higher
streamer propagation speed. This is illustrated in fig-
ure 3, which shows the discharge light emission intensity
for two voltage pulses of different rise times tr.

2.2 Plasma morphology

The temporal and spatial discharge development cre-
ated by the nanosecond pulsed DBD was investigated
using ICCD cameras. Measurements are performed for
an homebuilt pulse generator constructed using existing
power electronics (Mosfet switch). This generator can
provide pulse with rise time of a few 10’s of nanosec-
onds, discharge currents up to 30-50 A, frequencies up
to 10-20 kHz and voltage amplitude up to 10 kV. In ad-
dition, commercial pulse generator is also investigated.
This commercial system (described in section 2.1) pro-
duces high voltage pulses up to 10 kV amplitude while
the rise time is 50 nanoseconds. An illustration of the
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Figure 2: Deposited energy at the dielectric wall accord-
ing to the rising time (positive high voltage pulse) or
decaying time (negative high voltage pulse) for voltage
amplitude, U, of £10 kV
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Figure 3: Effect of the rise time on the light emission
intensity of a ns-DBD actuator (U = 47 kV)
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Figure 4: Top-view of the discharge development for homebuilt pulse generator. Cathode directed discharge during
voltage rise (a) and fall (b). Anode directed discharge during voltage rise (¢) and fall (d)
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Figure 5: Current evolution and top-view of the discharge development for commercial pulse generator (exposure
time of 180 ns). Top figure corresponds to a positive pulse of 10 kV while the bottom plot refers to a negative pulse

of -10 kV (pulse width of 200 ns)

plasma discharge obtained by using the homebuilt sys-
tem is provided in Figure 4. The figure shows the gen-
eral pattern of the discharge during voltage rise and fall.
During voltage rise (Figure 4a), a streamer discharge de-
velops very fast, showing inhomogeneous light emission.
The streamers start to develop from the edge of the upper
electrode (anode) and propagate along the surface of the
dielectric over the lower electrode (cathode). The emis-
sion intensity is very high close to the streamer heads.
Between these and some bright spots at the edge of the
upper electrode, almost no light is emitted. This first
discharge is followed by a dark period also referred as
“silent period in [10]. When the voltage pulse ends, a
second discharge develops showing a more homogeneous
plasma distribution but also a slower propagation speed
(Figure 4b). For the negative HV pulse (Figures 4c and
4d), the plasma exhibits an homogeneous pattern made
of straight ionization channels.

Typical current evolution and top-view of the gas ion-
ization at the dielectric surface are provided in Figure 5
for DBD actuator supplied by a commercial pulse gen-
erator. For the positive HV pulse, the rising and de-
caying periods produce a filamentary discharge. In its
initial stage, the discharge is composed of many stream-
ers distributed along the length of the exposed electrode
and superimposed with a corona-like discharge. The
straight filaments propagate up to 4 mm, at high speed
(0.33 mm/ns in the first instants of the discharge) in
the direction of the grounded electrode. During the de-
caying period of the positive voltage pulse, new plasma
forms due to collection of positive charges deposited dur-
ing the streamer propagation. The plasma is composed
again by straight filaments with propagating speed of 0.1
mm/ns. However, the propagation line of the plasma dis-
charge presents a wavy front. This may relate to a non-
homogeneous deposition of charged particles at the di-

electric wall following the rising period. Nevertheless, the
light emitted during the rising voltage period is stronger
than the one for the decaying period. This is confirmed
by the amplitude of the positive and negative current
peaks (1.54 and 1.28 A /cm, respectively).

For the negative HV pulse, the plasma is diffuse and
homogeneous along the edge of the active electrode, but
some ionization channels are observed. These channels
issued from corona spots and propagate with a plume
shape that extends up to 2.5 mm. By comparison with a
positive high voltage pulse, the filamentary regime, and
then occurrence of streamer channels is here significantly
reduced. The reduction in streamers results in a short-
ened discharge propagation that may explain that less
energy is deposited on the wall surface.

Finally, the two experiments performed by using two
different pulse generators produce differentiated plasma
morphology. Results are in agreement when the first dis-
charge is considered. One can say that a streamer dis-
charge develops at voltage rise, while an homogeneous
discharge forms at voltage decay. However, the plasma
morphology is changed for the discharge related to the
second current peak. The difference between the two ex-
periments may result from a larger pulse width with the
homebuilt pulse generator that permit a higher relax-
ation of charged species deposited by the first discharge
and then reduce the occurrence of streamers during the
voltage decay for positive pulse and voltage rise for neg-
ative high voltage pulse.

2.3 Induced pressure wave by
nanosecond pulsed DBD

For DBD actuators supplied by high voltage nanosec-
ond pulses, the produced local flow remains weak, sub-
sequently it cannot be considered as the key parameter
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Figure 6: Zoomed visualizations of the propagating pressure wave for positive and negative pulses with width of 200

ns and amplitude of £10 kV (side view, scale in mm)

Figure 7: Pressure levels for +15 kV (left) and -15 kV
(right) pulses at t = 20 us

in flow control scenario. As experimentally and numer-
ically demonstrated, pulsed DBD conduces to a rapid
energy deposition at the dielectric surface causing a sud-
den change in the pressure [11, 12]. This abrupt change
in the pressure distribution gives rise to a localized pres-
sure wave. It is actually presumed that the mechanism
responsible for mitigation or elimination of flow separa-
tion is due to the interactions of the pressure wave with
coherent flow structures when the wave propagates in
the aerodynamic flow. More certainly, such actuator can
have particular interest for delaying/promoting laminar-
to-turbulent transition. In both cases, the mechanical
quantity of primary importance for flow control appli-
cations is the produced pressure wave, its intensity and
propagation speed. A series of experiments have been
conduced to visualize and quantify these pressure waves.
They are introduced in this section.

The propagation of the pressure wave produced by
the nanosecond pulsed DBD is illustrated in Figure 6
for positive and negative HV pulses (side view). The
shadowgraphy images give only qualitative views of the
physical phenomenon but they show that the topology
of the wave is composed of two distinct parts: A straight
region at the top of an hemispheric region. The plate
region initiates at the dielectric surface regardless of the
pulse polarity. This plate region extends further in the
case of a positive HV pulse in agreement with ICCD vi-
sualizations. It can be postulated that this part of the
pressure wave relates to the streamer developing at the
dielectric surface. Calculation of the propagation speed
gives a value of 343 m/s, this suggesting that the pres-
sure wave could relate to aeroacoustic noise propagation.
This propagation speed is similar for positive and nega-
tive pulses of high voltage.

For convenient overpressure field value estimation a time-
resolved interferometric imaging setup has been assem-
bled (Mach-Zehnder interferometer). The expanded
beam of a 632.8 nm He-Ne laser has been used to produce
parallel fringes of equal thickness on a translucent screen
at the apparatus outlet. The fringes have been arranged
orthogonally to the actuator surface. The cmos sensor

(Photron Fastcam SA5 1000K-M2) is used to acquire the
interference figure displayed on the screen. When the
pressure wave is generated, the consecutive compression
or expansion of the air inside the wave front results in
refraction index modifications, which appear in the inter-
ference figure as fringe distortions. By measuring fringe
shifts, Ay, it is therefore possible to deduce the related
index variations, An, with the following relation:

A

An=n—ny=Ap x 5L (1)
where n and ng are refractive indices of respectively per-
turbed and unperturbed air (the latter is taken at room
temperature), A the laser wavelength and L the pertur-
bation length. To use this equation it is assumed that
the perturbation is independent from the coordinate or-
thogonal to the picture plane (2D assumption). For an
ideal gas the pressure p is related to the refractive index
by the Gladstone-Dale equation:

pK

n=1+ T (2)
where K is the Gladstone-Dale constant for the laser
wavelength and gas composition of interest, R the ideal
gas constant and T the gas temperature. The latter is
assumed to be constant and uniform, which is reasonable
if dielectric heating consecutive to discharge running can
be neglected. Finally, pressure variation can be deduced
from phase shift by the following relation:

Ap X A\
Apzpox( L4 (3)

no — 1) x 2L

Here, the acquisition system is used for an actuator with
100-mm long, 6-mm wide copper electrodes placed at a
mutual gap distance of 3 mm on each side of a 0.4-mm
thick dielectric (combination of 0.3-mm thick Mylar and
two 50 pm thick polyimide layers). The voltage pulse
consisted in a nanosecond rise ramp (30 ns) followed by
a millisecond range decay [13]. The pulse is obtained by
triggering the closure of a fast Thyratron switch (Thyra-
tron Perkin-Elmer HY-3002), in series with the actuator
and a capacitor bank. The applied voltage peak value
is £15 kV. The peak power value associated with this
pulse is approximately 200 kW, and the corresponding
dissipated energy per pulse is close to 0.3 mJ/cm.
According to this processing technique, the overpres-
sure fields have been deduced and results for the two
polarities at t = 20 us are shown in Figure 7. The front
shape is similar to those already observed with shadowg-
raphy (Figure 6) or Schlieren techniques [6]. It shows
a pressure excess on one half of the circular part and
on the planar part, and a pressure deficit on the second
half of the circular part, situated above the plasma. The
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maximum pressure is obtained at the junction of cylin-
drical and planar parts. In the present conditions it is
estimated to about 1500 Pa with positive pulse and 600
Pa with negative pulse. The minimum is about -600 Pa
for positive pulses, and -200 for negative pulses. It con-
firms that negative discharges transfer a lower amount
of energy to the pressure wave. Values agreeing well
with simulations found in the literature [9] even if fur-
ther setup improvements focusing on increasing phase
shifts associated to pressure variations should be done
to achieve a better resolution in pressure fields.

3 Nanosecond pulsed DBD
operated in situation of
transonic flow

Experiments in a transonic wind tunnel have been per-
formed to investigate the characteristics of the ns- DBD
in presence of a high speed flow (Ma=0.76). The actu-
ator is integrated on the suction side of a NACA 3506
(span of 40 mm and a length of 77.57 mm).

3.1 Plasma morphology

Phase-averaged images of the discharge development
were acquired with a Princeton Instruments PiMax
ICCD camera. Figure 8 summarizes the development

Ma =0.76, a = 4°)

of the discharge in the absence and presence of flow. An
inhomogeneous discharge forms at voltage rise, with a
discharge-front that separates from the plasma at the
edge of the exposed electrode, whereas a homogeneous
discharge is observed at voltage decay, which corresponds
to the findings of the experiments without flow. How-
ever, the discharge propagation speed, its intensity as
well as its extension are increased.

3.2 Induced pressure wave

The propagation of the actuator induced pressure wave
was investigated with phase-averaged schlieren images.
The behaviour of the ns-DBD generated pressure wave
in the presence of flow is shown in figure 9. It is the
result of 4 superimposed phase-averaged schlieren im-
ages acquired from t = 10 us to t = 40 us after the
discharge. The shape of this wave is similar to the ex-
periments without flow but it moves downstream with
the flow. The propagation speed normal to the DBD
surface is still about 330 m/s and the downstream move-
ment of its center corresponds to the flow speed. Due to
the highly averaged nature of the schlieren images con-
clusions of the effect of the actuator on the flow cannot
be drawn.
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4 Conclusion

The present paper contributes to the body of knowledge
on nanosecond pulsed DBD for flow control applications.
In particular, it is demonstrated that the actuator can
produce a pressure wave presumably useful for flow sep-
aration control, this by using different technologies of
pulse generators. For the first time, a measure of the
pressure level of the induced pressure wave is proposed.
Furthermore, it is shown that pressure wave can also be
produced in condition of transonic flow regime. How-
ever, several partners of the project had to face with
difficulties when such actuators are used in wind-tunnel
experiments. Indeed, this type of discharge can produce
electromagnetic interferences resulting in strong signa-
ture of HV pulses in the acquired data or perturbations
on the acquisition system.
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