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HIGHLIGHTS

« Poly-phase Dielectric Barrier Discharge plasma actuators characterization.

» Schlieren flow viasualization.

« Electric power measurement.

« High-spatiotemporal-resolution analysis of the transient discharge phases of oscillating plasma actuators.
«» Up-scaling of oscillating plasma actuators for controlling high Reynolds number flows.

ARTICLE INFO ABSTRACT

Keywords: In this article, we present the design of an array of plasma actuators (PAs) conceived to control turbulent wall-
Plasma actuators bounded flows and a unique characterization of its transient response. The actuator configuration is such as to
Schlieren diagnostics induce a control flow oscillating along the spanwise direction aimed at reducing skin-friction in turbulent flows

Turbulent drag reduction

Experi when tuned to the proper spatio-temporal scales. A full characterization of the transient behavior of the spatio-
xperiments

temporally evolving plasma discharges was carried out by high-speed Schlieren imaging, capturing up to 10,000
density/temperature gradient fields per second. From these images, the evolution of the plasma-induced flow
was tracked with sub-millisecond temporal resolution and sub-millimeter spatial resolution, and the actuator
performance was evaluated over a wide range of operating conditions. In addition to the characterization of
the transient flow, several other relevant quantities were measured and reported: the average jet velocity, the
electric power absorption, the plasma-OFF and plasma-ON PA capacitance, and the induced temperature of/from
the considered plasma actuators/discharge. Finally, scaling arguments on actuator and power-electronics are
presented and discussed as part of a design effort to install the array of oscillating plasma actuators in large-scale
facilities able to reproduce flow regimes of interest for transport applications (e.g., aeronautical), such as the
turbulent pipe flow facility in the CICLoPE laboratory.

1. Introduction Possible strategies to reduce friction drag rely either on passive
approaches, usually based on the installation over the flow exposed sur-
faces of peculiar geometries (riblets, ridges, shark-skin, dimples, etc.)

It is well known that skin-friction drag caused by turbulence is re- or active methodologies (see the review articles [4,5]). Due to their
sponsible for a large portion of the energy consumption, and therefore inherently robust configurations, passive flow control techniques are
pollution, of transport vehicles such as airplanes (50% of total drag), increasingly being adopted in the market. However, they still require
ships (80%) and conventional high-speed trains (30%) [1-3]. some maintenance due to the wearing off caused by atmospheric agents,
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Nomenclature

List of Acronyms

AC Referring to the AC signal

AFC Active Flow Control

CICLoPE Centre for International Cooperation in Long Pipe
Experiments

DBD Dielectric Barrier Discharge

EHD Electro-Hydrodynamic

GND Ground

HV 1/2 High Voltage (electrode) 1 or 2, see Fig. 3
LP Long Pipe

OPA Oscillating Plasma Actuator

OPA-A  Oscillating Plasma Actuator Array

PA Plasma Actuator

PIF Plasma-Induced Flow

PIV Particle Image Velocimetry

SPA Single Plasma Actuator

fouling and/or debris. Moreover, the theoretical maximum levels of
drag reduction they can achieve cap at ~ 10% for lab-scale flows and
much lower values, if not drag enhancement, are attained for their off-
design employment [4,5]. On the contrary, active flow control (AFC)
approaches have the advantage of being potentially more effective (over-
coming 40% in drag reduction) and more adaptable to various flow
conditions. However, the inherent power cost related to their operation
should be quantified and offset by the attained power savings [1,4,5].

A very effective technique to reduce friction drag produced by tur-
bulent flows exploits spanwise wall-oscillations (e.g., [6-8]). The wall
oscillations introduce a spanwise laminar flow modulation at the wall
(analytically described by Stokes’ second problem and known as Stokes’
flow), which shelters the wall from the higher drag events (sweeps) re-
lated to the bursting of turbulence coherent structures and reduces their
intensity [1,9]. However, implementing spanwise movable parts on ac-
tual vehicle surfaces is unfeasible; therefore, a suitable technology must
be able to reproduce the same effect without moving parts.

One of such potential technologies considers arrays of wall-mounted
plasma actuators (PAs) (see the review articles [10-12]) configured
to produce a spanwise-oscillating flow analogous to Stokes’ flow. The
plasma actuators considered for this flow control task are of the di-
electric barrier discharge (DBD) type; i.e., featuring a dielectric barrier
between the two electrodes where the plasma discharge takes place.

In DBD plasma actuators, plasma, an ionized but globally-neutral
gas, is formed when the voltage applied to the electrodes exceeds the
breakdown voltage of the gas molecules. Under these conditions, pre-
existing free electrons are accelerated by the electric field and, acquiring
sufficient energy, collide with neutral molecules: this generates new
electrons and positive ions (heavier than electrons). Ions are acceler-
ated by the electric field and, colliding with neutral molecules, transfer
momentum to the fluid, giving rise to the electro-hydrodynamic (EHD)
force. This momentum transfer generates the ionic wind, a jet of air
tangential to the dielectric surface. The intensity of this flow mainly de-
pends on the applied voltage, the frequency of the electrical signal, the
geometry of the electrodes and the dielectric material. The flow topology
induced by bursts of plasma-generated jets was thoroughly described in
references [13,14]: due to the principle of continuity and conservation
of momentum and because of the no-slip condition imposed by the wall,
the plasma induced flow (PIF) tends to induce a vortical structure near
the wall, especially when the actuator is activated in a fluid initially at
rest. This vortex is generated because the plasma jet entrains the adja-
cent fluid, creating a circulation that closes by continuity, thus forming
a vortex.

In order to generate an oscillatory motion, at least three electrodes
are usually considered. These actuators, hereafter referred to as oscillat-
ing plasma actuators (OPAs), are typically made of two active electrodes
alternatively operated and a passive electrode on the other side of the
dielectric layer closing the circuit. More electrodes can be introduced
to further increase the spanwise homogeneity of the induced flow, as
performed by Hehner et al. [15].

DBD plasma actuators have been used in many studies for friction
drag control showing promising results [16-29]. However, most of these
studies did not focus on the transient behavior of plasma actuators and

are limited to low-Reynolds number applications. The transient behav-
ior is particularly important as, to induce oscillatory motions, the plasma
discharges directed along alternating spanwise directions are modulated
in time at relatively high frequencies (in the range of 10-100 Hz). In
references [30,31], the authors investigated the effect of the temporal
modulation of OPAs. They introduced a cut-off frequency, which corre-
sponds to the modulation frequency at which the two oscillating jets do
not have the time to develop and eventually merge generating a wall-
normal plume. This effect can be mitigated by increasing the applied
voltage or reducing the spacing by two adjacent electrodes. Although
this flow forcing could still induce some levels of drag reduction, similar
to what was investigated in references [27,32,33], it relies on different
flow mechanisms compared to the oscillating-wall approach considered
in this study. Despite these studies [13,14,30,31], the physical mecha-
nism of the creation of plasma discharge and how energy is transferred
to the fluid, not to mention the interaction with the fluid, is still poorly
understood; therefore, experimental data on the dynamic behavior of
the plasma-induced flow is needed.

The applicability of OPAs for friction drag reduction in higher
Reynolds (Re) number flows is also an open problem both from the fluid
dynamics and the electric perspective. In a turbulent flow, the Reynolds
number can be seen as the ratio between the largest and the smallest
spatio-temporal scales. In particular, the reference parameter adopted
when dealing with skin-friction drag caused by turbulence is the fric-
tion Reynolds number, Re,, which is the Reynolds number based on
the friction velocity, u,. This requires strict specifications on the actu-
ator design, both in terms of actuator spacing and of excitation time-
scales.

Narrowly-spaced time-lagged high voltage electrodes are not easy
to fabricate and to operate due to the electric interactions among them
[34], and the fluid dynamic mutual influence among the induced jets
[30,31]. Moreover, fast temporal modulations can lead to the previously
described wall-normal plumes. In this regard, the recently introduced
concept of outer scale actuation (OSA), where the targeted turbulence
structures are those further away from the wall—thus larger spatio-
temporal scales—proposed by Marusic et al. [35] and Chandran et al.
[36], opens interesting possibilities for the active control of aeronauti-
cal flows. This extends also to plasma-based friction drag control efforts
which might suffer from the referred fluid dynamics and electric inter-
actions. Nonetheless, as mentioned, the OSA flow control approach is
still debated in the literature as the recent numerical investigation by
Gatti et al. [37] questioned its benefits.

Finally, considering larger arrays of OPAs to be deployed for
higher- Re applications also brings challenges due to the need for larger
supplied powers and of matching the impedance of the electric load with
the resonance frequency of the high voltage suppliers.

1.2. Current study

In this study, we present the design, fabrication, and characteriza-
tion of an oscillating plasma actuator and its modular extension into
an oscillating plasma actuator array (OPA-A), specifically conceived
for application in high-Reynolds-number flows. The innovation of the
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present work lies in a combined time-resolved experimental charac-
terization of the actuator’s dynamic behavior and a design-for-scaling
approach. A summary of key studies on DBD plasma actuators is pro-
vided in the Supplementary Materials to facilitate comparison with
existing literature.

First, we made use of a predominantly qualitative technique to
extract quantitative measurements with high temporal and spatial res-
olution, suitable for the investigation of high-Reynolds-number flows
and comparable to that required for such conditions, exceeding those of
the techniques employed so far. Indeed, the cited works present phase-
averaged velocity fields obtained via stereo or planar PIV, whereas we
adopt a different approach (which does not require flow seeding and is
inherently qualitative) to characterize the transient phase of discharge
ignition and to verify that the wall-parallel induced flow is compara-
ble to the characteristic velocities of the turbulent vortical structures
to be controlled in order to reduce skin-friction drag. This capability is
particularly relevant for high-Re flows, where resolving fast transient
phenomena is essential.

The second innovative aspect concerns the scalability of the actuator
design toward high-Reynolds-number applications, extending geome-
tries that have so far been employed only at low Reynolds numbers. The
choice of a flexible material (Kapton) and the need to simultaneously
power a non-conventional number of electrodes stem from the objec-
tive of testing plasma actuators intended for AFC applications inside
the Long Pipe (LP) wind tunnel, a unique infrastructure capable of re-
producing turbulent pipe flows at Reynolds numbers and physical scales
representative of aeronautical applications [38,39]. Scaling from a small
actuator (5 cm) to a large one (200 cm) implies a substantial increase in
geometric dimensions and electric capacitance, which in turn requires
adjusting the AC frequency of the voltage signal supplied to the PAs for
matching load impedance and resonance frequency of the high-voltage
suppliers as well as increasing the peak voltage to maintain comparable
thrust levels. This process is non-trivial and demands a dedicated pre-
liminary characterization to assess feasibility, power requirements, and
operational limits under high-Re conditions.

The article is organized as follows: in Section 2, we describe the de-
sign of the actuator and the used high-voltage equipment; in Section 3,
we discuss the employed diagnostics. The main results are then pre-
sented in Section 4, whereas the conclusions are reported in Section 5.
Finally, in two appendices at the end of the manuscript and in the
Supplementary Materials, we provide more details on the analyses and
methodologies.

2. Actuator design
2.1. Layout and specifications of the oscillating plasma actuator module

The OPA module hereby considered is composed of two DBD single
plasma actuators (SPAs) alternatively producing ionic winds in oppo-
site directions. A 3D sketch of an OPA is depicted in Fig. 1. Two active
high-voltage electrodes (HV 1 and HV 2) are separated from a passive
grounded electrode (GND) by means of a solid dielectric layer. Active
electrodes are alternatively driven by modulated AC voltages with the
same amplitude and frequency, generating an oscillating induced wind
that propagates in the positive and negative plasma-jet directions (+ x).

The supplied high-voltage signals are modulated in time by the step
functions shown in Fig. 2. When the HV 1 electrode is fed, an ionic wind
propagating from left to right is produced. Subsequently, the electrode
HV 1 is switched off and HV 2 is turned on, generating an induced wind
in the opposite direction (from right to left in the figure). Both electrodes
are energized for the same time (Tyy), producing the same induced os-
cillating wind in opposite directions. The switch-off time Ty was set
to 1 ms to avoid surface flashovers between HV electrodes.

The design of the oscillating plasma actuator is fundamentally con-
strained by the characteristic spatio-temporal scales of wall-bounded
turbulent flows at high friction Reynolds numbers (1 x 10* < Re, <
4 x 10*). In these regimes, turbulent flows encompass a broad range of

Sensors and Actuators: A. Physical 407 (2026) 117952

Dielectric layer
Plasma
HV 2

HV 1

GND

Filler

Fig. 1. 3D sketch of an oscillating plasma actuator (OPA) and reference axes
used in this paper. x, y and z will also be referred to as spanwise direction,
wall-normal direction, and streamwise direction in the manuscript.

HV 1 L) HV2  HVT () HV 2
. T GND T GND
S = =
8
3
o
=
)
2 HV 1 ON HV 2 ON
S

TON TOFF TON Time

Fig. 2. Layout and operating principle of an oscillating plasma actuator (OPA)
module: when HV 1 is supplied, an ionic wind is produced from left to right;
when HV 2 is ignited, the ionic wind propagates from right to left.

turbulent structures, from near-wall streaks to large outer-layer motions,
each governed by distinct length and time scales.

To interact with the turbulence-producing structures near the wall,
the actuator-induced spanwise oscillations must be tuned to the charac-
teristic viscous time and length scales. These are defined by the friction
velocity u, and the kinematic viscosity v through the viscous length scale
I* = v/u, and the viscous time scale r* = v /uf. In particular, the optimal
oscillation time is of 100 viscous time scales, although recent studies sug-
gest that targeting the large-scale motion (i.e., 0(100-1000) viscous time
scales) might be more effective and efficient at large Reynolds numbers
(see the mentioned OSA approach).

As a result, in dimensional terms, for typical airflows in the consid-
ered Reynolds number range, u, ~ 1-3 m/s, and the actuator modulation
period must lie in the range Ty = 5-80 ms. This corresponds to modula-
tion frequencies in the range of approximately 10-200 Hz. Furthermore,
to guarantee a reasonable control authority, the actuator must generate
a flow of at least the same order of magnitude as u,.

In addition to these constraints dictated by the flow physics, the
following criteria must be met:

« Mechanical flexibility, to allow adaptation to curved surfaces
typical of aeronautic applications

« Reliability, the OPA must guarantee full functionality for several
working hours

« Reproducibility, to enable the creation of an OPA array (OPA-A)
composed of multiple OPA

« Scalability, to cover larger surfaces (e.g., deployment on large test
surfaces such as those of the Long Pipe in CICLoPE laboratory)

Regarding the proposed OPA, flexibility and reliability are guaran-
teed by adopting a 400 um thick Kapton layer as dielectric material. This
polymer has a dielectric strength exceeding 100 kV mm ~1, is chemically
stable and can be continuously subjected to temperatures up to 240 °C
without changing its main properties, while the thin layer thickness
allows the OPA to adapt to curved surfaces.

The availability of a 0.5 m large, 5 m long Kapton roll, makes it pos-
sible to create OPA-As with a curvature compatible with the cylindrical
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HVZ‘ ‘ HV1‘ HV 2
— — — -

_eno

Fig. 3. Two out of eight oscillating plasma actuators (OPAs), constituting part
of an oscillating plasma actuator array (OPA-A), each with a length of 25 cm
(total plasma length: 8 x 25 cm = 200 cm). @ = 3 mm, b = 9 mm, ¢ = 6 mm.

shape of the surface in the CICLoPE wind tunnel or other curved sur-
faces (e.g., the surface of a wing or fuselage). Furthermore, Kapton-based
plasma actuators of this type can produce a wall jet with a maximum
velocity of about 4m/s (see reference [40]), thus guaranteeing control
authority.

The electrodes were manufactured using an 80 pm-thick copper tape
foil, which was attached to the dielectric surface using an adhesive layer.
To enhance durability and avoid the creation of unwanted discharges,
the encapsulated electrodes were insulated with a cast of epoxy resin.

2.2. Design of the oscillating plasma actuator array (OPA-A)

While a single OPA module is capable of generating spanwise os-
cillatory forcing, it is insufficient to provide uniform wall forcing over
extended surfaces as required [15], especially in realistic high-Reynolds
number flow control applications. Therefore, a modular OPA-A is intro-
duced, as shown in Fig. 3: it is composed of eight OPAs, each with a
length of 25 cm, yielding a total plasma length of 8 x 25 cm = 200 cm.
The transition to an array configuration introduces a set of additional
design constraints.

More specifically, the dimension of the exposed high voltage elec-
trodes, a, must be large enough to avoid the formation of plasma
discharges between the encapsulated electrodes and the furthest edge
of the exposed electrodes (also referred to as “back plasma”). This
unwanted discharge phenomenon produces an induced wind in the op-
posite direction to the desired one, thus limiting the effect of the OPA.
Furthermore, the width of the ground electrodes, b, and consequently
the distance between the two active electrodes HV 1 and HV 2 must be
large enough to guarantee a full development of the plasma front and to
avoid a direct surface discharge between the two exposed HV electrodes
for the whole considered range of input voltages (see also the approach
to this problem discussed in [34]). Previous studies showed that reduc-
ing the width of the ground electrode (lower values of b) can lead to
the formation of surface flashover, probably due to the presence of a
large amount of charges deposited onto the dielectric surface by plasma
action [41].

Taking these aspects into account, the geometric dimensions for the
present application were chosen as (see Fig. 3):

+ Exposed high-voltage electrode width: ¢ = 3mm, chosen to sup-
press undesired back discharges at 4.5kV

« Ground electrode width: b = 9mm, large enough to accommo-
date full plasma front development and prevent direct discharges
between HV 1 and HV 2

« Inter-module spacing: ¢ = 6mm, to avoid electrical interaction
between adjacent OPAs in the array

A complete characterization of the OPA modules was performed to
ensure that the actuator with the described layout can be operated in
the range of 0-4.5 kV without surface flashovers or other unwanted
discharges, while providing a PIF with the desired characteristics.

2.3. High voltage power supply

The OPA-A was supplied by a dual-phase, high-voltage sinusoidal
power supply based on the architecture described in references [42,43].

Sensors and Actuators: A. Physical 407 (2026) 117952

An Arduino DUE micro-controller managed the power electronics con-
nected to an AC-DC converter, feeding two flyback transformers. In this
way, two separated high-voltage signals were generated. Each phase
was automatically switched on alternatively, for a time interval equal
to the selected Ty (see Fig. 2). The maximum available average power
of each phase was equal to 300 W. The amplitude and frequency of the
voltage waveform were varied in the range 3.5-6 kV and 12-31 kHz, re-
spectively. These voltage variations were necessary to ensure impedance
matching between power supply and load (OPA-A), and to characterize
the OPA-A performance.

3. Experimental setup and methods
3.1. Electrical measurements

The applied voltage was measured using two Tektronix P6015A high-
voltage wide-band probes (one for each phase). The average power
feeding the discharge was evaluated using the capacitor method or the
Lissajous-figure method [44], analyzing the charge-voltage characteris-
tics of the actuator. The figure obtained by plotting the instantaneous
charge Q(r) as a function of the instantaneous applied voltage v, (), is
useful for diagnosing the electrical properties of DBD actuators [45]. The
area enclosed by the Q — v,,, diagram corresponds to the energy deliv-
ered to the discharge within a cycle [44] and the average power can be
defined as:

Paverage = TL }g Uy (1) do() (@8]
AC

where T, is the period of the applied AC voltage. The charge O(r)

transferred to the actuator was evaluated by measuring the voltage v,,(7)

across a 100nF measurement capacitor C,, connected between the buried

electrode and the ground reference terminal.

The significantly higher capacitance value of C,, compared to the ac-
tuator’s equivalent capacitance ensures that the majority of the high
voltage is effectively applied to the actuator electrodes. The relation
between transferred charge and measurement capacitor voltage is

o1 = C,v,(1) (2

Applied voltage and current feeding the discharge as a function of
time, have been acquired as well. As these data were not useful for
the paper purposes, a typical voltage-current time behavior has been
reported in the Supplementary Material.

3.2. Plasma-induced thermal and mean flow measurements

The steady-state induced jet velocity profiles generated by the sin-
gle plasma actuator (SPA) were measured using a glass Pitot tube with
an outer diameter of 1mm. The tube was positioned at a distance of
2mm downstream of the plasma region end onto the dielectric surface
and was moved by a step motor with a linear resolution of 0.03 mm.
A DCAL401 Sursense ultra-low differential pressure sensor was used to
detect pressure variations produced by the wall jet. The acquired signals
were filtered by using a digital low-pass filter with a cut off frequency
of 100 Hz. All electrical signals were acquired by means of a Yokogawa
DL1740 scope with a sample rate of 10° samples per second.

The actuator surface temperature was measured with a FLIR T1020
infrared-thermal camera. The emissivity set in this instrument was cho-
sen by consulting the literature related to the typical values found for
the Kapton material. The temperature of the actuator thermalized with
the surrounding ambient was detected by the infrared camera and sub-
sequently compared with the ambient temperature obtained by using a
digital thermometer. The difference between the two measurements was
found to be within 0.2 °C. The influence of the plasma in the surface
temperature measurement was checked by continuously measuring the
Kapton temperature with the infrared camera by alternatively switching
the plasma ON and OFF. In the instant immediately after the discharge
extinction, no differences were found in the thermal images.
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y [mm|

x [mm)]

Fig. 4. Schlieren image after the background subtraction; in white, the reference
system adopted. The high-voltage electrodes HV 1 and HV 2 have been marked
with red and green lines, respectively. X, and X, represent the centers of HV
1 and HV 2 respectively. Images have been cropped to focus on the region of
interest (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.).

3.3. Plasma-induced transient flow measurements

From the literature, it is known that plasma actuators produce a
synthetic wall-parallel flow that develops in the domain. The plasma
production process also causes moderate heating of the air surrounding
the high-voltage electrode. The Schlieren imaging technique, exploiting
the difference in the air refractive index generated by the temperature
(and thus density) difference, allows one to visualize the plasma-
induced flow. Moreover, under the assumption that the temperature
field behaves as a passive scalar which evolves under the action of the
wall-parallel flow, it is possible to track the PIF, intended as the pro-
gression of the front of air warmer than the surrounding ambient air
(hot-front), in both time and space.

Combining the Schlieren technique with high-speed imaging, time-
resolved measurements on the plasma-induced flow can be performed,
allowing for a detailed study of the transient-flow behavior. Images
were captured by means of a Z-type configuration Schlieren setup [46].
[lumination was provided by a tungsten halogen low-voltage lamp
equipped with a rear reflector. A Schneider-Kreuznach Xenon 40mm
double-Gauss lens with an f/1.9 focal ratio was used as condenser. Two
off-axis parabolic mirrors with a diameter of 138 mm and a focal ratio
of f/3.5 reflected the light beam. The light beam propagated along the
actuator-defined z-direction (Fig. 1). The knife-edge was set perpendicu-
larly to the actuator surface to maximize the detected density gradients,
produced by the induced flow.

Images were detected by a high-speed camera Phantom Miro M340,
with sensor size of 2560 x 1600 pixels2, a pixel size of 10 pm, 12-bits
of digital resolution and a maximum frame rate of 800 frames per sec-
ond at full sensor resolution. The camera was equipped with a SIGMA
MACRO DG objective, with a focal length of 180 mm and an f-stop
number of 3.5. This allowed us to get the actuator surface in sharp fo-
cus. In this configuration, the spatial resolution was of 0.071 mm/px.
In order to reach a frame rate of 10,000 fps, the resolution was re-
duced to 384 x 512 pixels®. This gives a field of view of approximately
28 x 36 mm?, which is sufficient to capture the flow in between two
electrodes. To reduce the computational effort, images have been fur-
ther cropped along the x direction: the resulting field of view is shown
in Fig. 4.

To assess the evolution in time of the spanwise flow starting from
the raw images, two algorithms were implemented: the algorithm used
for the PIF tracking, performed by tracing the hot-front, is described
in Appendix A; the procedure adopted for the vortex identification and
vortex core tracking is reported in Appendix B.
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4. Results

The design parameters of the present array of oscillating plasma actu-
ators (OPA-A) were optimized considering the actuator’s electrical and
fluid-dynamics performance, while ensuring impedance matching be-
tween power supply and electrical load, for both lab-scale and full-scale
actuators. In this chapter we report the following results:

« Electrical, thermal and fluid-dynamics characterization of an actua-
tor with a single phase (SPA) consisting of HV 1 and GND electrodes
(see Fig. 1)

+ Fluid-dynamics characterization of the PIF of a lab-scale OPA-A

« Scaling of the performance of a full-scale SPA as compared to a
lab-scale actuator

4.1. Single plasma actuator characterization

The first step in designing the OPA-A is the characterization of the
SPA, which serves as the foundation for its operation: SPA consists solely
of the HV 1 and GND electrodes (see Fig. 1). An initial series of tests was
conducted to observe the plasma regime and to measure the discharge
average power as a function of the applied voltage. An AC voltage sig-
nal with a fixed frequency of 30 kHz was selected to ensure effective
impedance matching between the high voltage source and the load,
and thus a proper operation of the SPA. The tests were conducted for
a series of input voltages with a peak amplitude in the range 3.5-5 kV,
with increments in steps of 0.5 kV. The results are shown in Figs. 5(a)
and (b): they show, respectively, the morphology of the plasma dis-
charge together with the plasma extension for the different supplied
voltages.

For voltages below 3 kV, the discharge was barely ignited (see
Fig. 5(a)), thus producing a negligible induced wind. For values in the
range 3-5 kV, both the induced wind intensity and the plasma exten-
sion grew approximately linearly with the applied voltage. For voltages
larger than 5 kV, the discharge became strongly non-homogeneous
(strong plasma filaments appeared), leading to a large temperature
growth and negligible further increments in the plasma length.

Fig. 6(a) shows the wall mean-velocity profiles induced by the SPA,
measured with the glass Pitot tube at a distance of 2 mm downstream
of the visible end of the plasma region, for increasing supplied voltages.
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Fig. 5. a) Single Plasma Actuator (SPA) discharge pictures captured with in-
creasing supplied voltages. b) SPA plasma extension for different supplied
voltages.
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Fig. 6. a) Velocity profile induced by the single plasma actuator (SPA), measured 2 mm downstream of the plasma front using a 1 mm-diameter glass Pitot tube at

different applied voltages.

The obtained wall jet velocity profiles exhibit their highest value close
to the actuator surface, with an interaction region spanning a few mil-
limeters. All velocity measurements reported in Fig. 6 were obtained by
performing an ensemble average over 5 different acquisitions in sim-
ilar actuation conditions: the relative standard deviations are always
within 5%.

As for the plasma extension, the maximum induced velocity increases
linearly with the applied voltage, up to 4.5 kV, with limited increments
for larger applied voltages (see Fig. 6(b)). This behavior is related to the
limitation in the plasma extension for the largest investigated voltage,
and the setting of a strong non-homogeneous discharge. This plasma
regime results in a lower conversion efficiency of electric energy into
kinetic energy and it is not useful for fluid-dynamics purposes.

In surface DBD actuators, the dielectric surface beneath the discharge
filaments experiences a temperature gradient along the plasma propaga-
tion direction (i.e., along the y axis of Fig. 1). The highest temperature
is observed close to the exposed electrode edge, where plasma forma-
tion takes place. For completeness, a thermal image of the SPA supplied
with 4.5 kV voltage is provided in the Supplementary Material. These
maximum temperature values are useful for assessing the thermal stress
on the Kapton surface, as well as the potential fluid-dynamic effects due
to buoyancy/viscosity effects.

The temperature increase of the actuator surface is related to the
electric average power supplied to the electrodes, which is primarily
converted into heat. As previously mentioned, the average power was
calculated with the Lissajous figure method for all operating conditions.
This allows one to evaluate the average power density (W/cm), which
is critical for determining the maximum spanwise length of the actuator
that can be supported by the power supply. Lissajous figures obtained
in all supplying conditions (i.e., by supplying the actuator in the whole
voltage range) are reported in the Supplementary Material. An example
of Lissajous figure is depicted and explained in Fig. 13.

Fig. 7 shows the measured specific average power and maximum
temperature detected on the surface of the SPA as a function of the
applied voltage. These two quantities exhibit similar trends because
most of the electrical energy supplied to the actuator is converted into
heat [47]. The maximum detected temperature reaches about 160° C.
This value is significantly below the maximum continuous working
temperature for Kapton (240° C). Despite this, the combined effects
of temperature and electric field alongside the corrosive action of the
ozone molecules generated in the plasma region, could lead to prema-
ture damage of the dielectric layer. Additionally, localized spots with
higher temperatures may occur. Furthermore, high temperature values
could also cause the detachment of copper electrodes, due to a reduc-
tion in the bonding strength of the copper tape glue. For these reasons, to
prevent premature actuator failures, a maximum working temperature
of 110° C was chosen (see Supplementary Material), corresponding to a
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Fig. 7. Single Plasma Actuator (SPA) specific average power and maximum
temperature measured for different supplied voltages.

specific average power below 1.5W/cm. As a consequence, for the future
tests reported in this work, a maximum voltage of 4.5 kV was chosen,
corresponding to an induced velocity below 3.5m/s (see Fig. 6).

4.2. Induced-flow characterization

The previous section shows the results in which the actuators have
been operated in a continuous mode; in this section, the plasma actuators
were tested according to the following parameters:

+ Modulation period (Toy) — from 10 ms to 80 ms. This quantity
represents the time interval during which a single HV electrode is
powered (see Fig. 2). It should not be confused with the period of
the sinusoidal voltage waveform that powers the actuator, i.e., Ta¢.

« Amplitude of the input voltage (V;,) — from 3.5 to 5 kV.

« Frequency of the input voltage (f5c) — from 20 to 40 kHz.

The images shown from now on will be referred to the following
input parameters: V;,= 4 kV, f,-= 31 kHz; moreover, unless other-
wise specified, all images were acquired with a camera frame rate of
10 kfps.

4.2.1. Transient response of the plasma-induced flow

Based on the assumption that temperature field behaves as a passive
scalar, and by exploiting the integral procedure detailed in Appendix
A, the temperature/velocity distribution evaluated at the spanwise loca-
tion midway between the two exposed electrodes (i.e., at X = 0) enables
the reconstruction of the wall-normal profiles of the spanwise veloc-
ity throughout the oscillation period. To do so, a conversion factor of
0.071 mm/px determined with an optical calibration, is considered to
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Fig. 8. Normalized wall-normal induced velocity profiles acquired at X = 0
and for different phases of the oscillation cycle. Solid lines represent the ensem-
ble average of 10 instantaneous profiles; dashed lines represent the theoretical
model based on the momentum equation for 1-D flows.

retrieve the displacement and velocity of the propagation front of the PIF
in physical units. This procedure allows for assessing the structure of the
actuator-induced oscillations offering clear support for the introduction
of spanwise oscillatory fluid motions.

The velocity profiles, depicted in Fig. 8 with solid lines, refer to
the actuation case with fy;= 100 Hz. Each profile represents the en-
semble average of 10 instantaneous profiles and is smoothed using a
Gaussian low-pass filter with a 4-sample window for improved visual-
ization. The interval from 0 to r is defined as the phase during which HV
1 is active, while the interval from 0 to —z corresponds to HV 2 activa-
tion. Moreover, the profiles are plotted at increments of = /5 to prevent
overcrowding of the figure.

During the first actuation half-cycle (associated with HV 1), the wall
velocity reaches its maximum approximately halfway through the mod-
ulation period and subsequently diffuses in the wall-normal direction.
When HV 2 is activated, its effect appears as a displacement in the wall-
normal direction occurring relatively far from the wall. This behavior is
consistent with the upward displacement of the starting vortex induced
by the second vortex (i.e., the oppositely-directed one), as also observed
in the flow visualizations. Subsequently, the second vortex counteracts
the flow moving in the opposite direction, leading to the formation of a
second lobe closer to the wall, which is evident in the profiles at —4z /5
and —r. Therefore, consistent with the assumptions outlined in Appendix
A, the velocity profiles associated with HV 2 appear less confined to-
ward the wall. For comparison, dashed lines are included in the figure,
representing the theoretical model proposed by Su et al. [31], which is
based on the momentum equation for predominantly one-dimensional
flow with a body force.
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Moreover, the average displacement and velocity profiles of both
HV 1- and HV 2-induced jets along the x axis for all actuation periods,
including the associated maximum deviations, are illustrated in Fig. 9.

Fig. 9(a) suggests that the largest displacement occurs at the very
beginning of the gas energization; then the spanwise flow develops in
the spanwise direction, progressively decelerating, and a steady state is
reached after approximately 5 milliseconds. Apart from the initial in-
stants after ¢, a reasonable degree of symmetry between the two phases
can be observed. The larger uncertainty associated with HV 2 is mainly
due to the development of the spanwise flow in already perturbed air,
which increases the uncertainty in the interface detection. Additional
discrepancies between the average profiles of the two phases may also
arise from slight differences in the copper track layout of the hand-made
plasma actuator. The missing portion in the displacement front induced
by HV 2 is attributed to the so-called “dead time” occurring between two
subsequent modulation periods. As a matter of fact, since the OPA layout
is designed to reproduce the effect of an oscillating wall, the two high-
voltage electrodes are alternately switched on and off. Consequently,
the vortex generated by HV 2 develops in a region previously perturbed
by HV 1, i.e., within a flow field characterized by a temperature higher
than the ambient one. The dead time, typically of the order of 1 ms,
accounts for several factors: the non-instantaneous switching between
HV 1 and HV 2, possible non-ideal modulation effects, any parasitic
discharge currents arising during phase alternation, and the finite re-
sponse of the tracking algorithm in detecting the switching between the
opposing jets and identifying the maximum in the temperature profile.

Then, knowing the displacement and the time interval between sub-
sequent frames, it is possible to retrieve the velocity profile of the
propagation front along the x axis, whose first actuation period is shown
in Fig. 9(b).

As expected, the induced flow exhibits a strong initial acceleration,
driven by a sharp and highly localized impulse at the actuator edge.
The velocity profile, obtained through a sliding average operation us-
ing a 4-sample window (0.4 ms), is similar in shape to that reported
by Bolitho and Jacob [48]; however, the velocity induced by the ac-
tuators hereby considered is higher. Moreover, the critical frequency
identified in that study shows much closer agreement with the results
obtained in the present work. The dashed-black curve represents the
piecewise exponential model for the time evolution of the spanwise ve-
locity profile proposed by Su et al. [31], where the values of the model
have been chosen so as to fit with the solid-blue line in Fig. 9(b). As ex-
pected, the decay is initially steep and gradually smooths, with a slower
tail—behavior that is not captured by a single-exponential first-order
model. The piecewise exponential model reproduces the peak position
but fails to match the decay slope. The automatic fit underestimates the
peak, reflecting a compromise between the steep rise and slower tail
due to the model’s limited two-parameter flexibility. These observations
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Fig. 9. Average profiles (solid lines) of the HV 1- (blue) and HV 2- (red) induced jets for all modulation periods and maximum deviation (shaded regions): a) shows
the propagation front of the induced flow; b) delineates the average horizontal velocity profile, where the black dashed line represents the analytical model proposed
by [31], whereas the black dash-dot line corresponds to the model proposed in the present work (For interpretation of the references to colour in this figure legend,

the reader is referred to the web version of this article.).
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indicate that the system cannot be described as a first-order process.
The failure of the piecewise model to capture both the peak and de-
cay implies the presence of multiple characteristic timescales, inertia or
nonlinear effects, and transport or accumulation processes that deviate
from simple exponential dynamics. Therefore, a different model is pro-
posed, represented by the black dash-dot line in Fig. 9(b): a modified
piecewise exponential formulation characterized by one rise timescale
and two decay timescales. The first decay timescale represents the rapid
post-peak decrease and is assumed to be equal to the rise timescale,
while the second accounts for the slower long-tail relaxation observed
in the measurements. In this way, the model captures both the sharp
peak formation and the subsequent two-stage decay while retaining a
limited number of free parameters. Since the fast decay shares the same
characteristic time as the rise, the model effectively introduces only two
independent timescales, corresponding to the rapid dynamics and the
slower relaxation process.

Finally, it is worth mentioning that these results are in contrast with
the experimental results reported in [30,31], where they show that
effective near-wall oscillating flow can only be achieved at a modula-
tion frequency below tens of Hertz. Once beyond this range, the flow
pattern transitions rapidly from a periodic alternation of two opposite
near-wall jets to a quasi-steady vertical jet, resulting in a sharp drop in
spanwise oscillation strength. This is not what we observe in our high-
speed Schlieren measurements: even at modulation frequencies as high
as 100 Hz, we clearly see that the vortex generated by HV 1 and HV 2
is able to cross the entire GND electrode width, and in any case always
more than half of it. This is evident both from the plots in Fig. 9(a),
which describe the displacement of the vortex front, and from the plot
in Fig. 10(a), which shows the displacement of the vortex core.

4.2.2. Vortex-core evolution

For the tracking of the vortex core, a binarization procedure of
the measured frames was performed, as described in Appendix B. This
method allows tracking the displacement of the propagation front along
both the wall-parallel and wall-normal directions. The disadvantage is
that following the vortex front after the first modulation period becomes
more challenging since the tangential vortex coming from the second
high-voltage electrode develops in a region that was already perturbed
(thus, warmer) with respect to unperturbed air.

Fig. 10(a) shows the displacement of the vortex core along the span-
wise direction: here, unlike the previous method, the deviation does
not decrease as time passes, but stays rather constant during the tran-
sient phase. This happens because, as the vortex spreads, the vortex
core becomes more sensitive to smaller variations in light intensity: this
could be avoided, at least in principle, by setting an adaptive luminosity
threshold value. However, an algorithm that defines, frame by frame, the
brightness level suitable for distinguishing the center of the vortex from
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other structures is not trivial and could lead to feeble results. Fig. 10(b)
shows the resulting velocity profile: as can be appreciated, in the initial
time instants since the discharge onset, the wall-parallel velocity profiles
of the vortex center and front are very similar, despite a greater uncer-
tainty compared to the previous technique. Then, the vortex spreads in
space and time, causing a velocity difference between the center and the
front profiles, with the latter settling at lower velocities. On the other
hand, Fig. 11 depicts the vortex-core displacement and velocity profile
in the wall-normal direction. Even if these profiles represent the evolu-
tion of the core of the induced vortex and not of its propagation front,
their values confirm the tangential feature of the plasma-induced vortex.
Indeed, the development in the y direction is much slower than in the x
direction.

Moreover, the evolution of the vortex core along the x and y axes
was exploited to determine the vortex-core travelling angle, 6, with the
same procedure adopted in reference [13]. As can be verified by exam-
ining the corresponding plots, at the very beginning of the energization,
the vortex core is characterized by a travelling angle equal to 10°, which
monotonically increases up to 20° as the motion becomes affected by dif-
fusion, rather than convection. This is in contrast to what was measured
by Mishra et al. [13], who reported a travelling angle of the starting
vortex core which is in the range of 30°-32°.

4.3. Oscillating plasma actuator array scale-up

An OPA-A constituted of 8 OPAs with an external size of 300 x
150 mm? was developed, to be tested in the CICLoPE Long Pipe facility
(see Fig. 12(a)) in a future experimental campaign aimed at reducing
friction drag for high-Re flows. The equivalent plasma length in the
CICLoPE LP is 10 m for each high voltage phase. A total of 5 OPA-As with
an equivalent active length of 200 cm each will be assembled in the wind
tunnel test section (see Fig. 12(b)). The specific choice of 200 c¢m is dic-
tated by the 300 W output average power of the generator, considering
a maximum specific average power of 1.5W/cm.

According to the maximum power transfer theorem, maximum
power is delivered when the generator impedance equals the complex
conjugate of the load impedance. Therefore, the operating conditions
and electrical parameters of the HV generator must be adapted to
properly supply the scaled actuator. This aspect is particularly crit-
ical in the present system because the HV generator is based on
a resonant transformer topology (see reference [42] for details). In
such converters, the output voltage strongly depends on the operat-
ing frequency relative to the resonance frequency of the generator—
load system. Since the actuator behaves predominantly as a capacitive
load, scaling the actuator length significantly modifies the equivalent
capacitance seen by the generator and consequently shifts the reso-
nance frequency of the system. As a result, the voltage gain of the
generator and its optimal operating point may change substantially.
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Fig. 10. a) Evolution of the vortex core along the x axis; b) vortex core (blue) and the hot-front (red) velocity profiles from the two different tracking procedures;
horizontal average profiles (solid lines) and maximum deviation (shaded regions) from the binarization procedure (For interpretation of the references to colour in
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Fig. 12. Scheme of the top view of a OPA-A a) and an OPA-A mounted within the CICLoPE test section (diameter 0.9m).

For this reason, a circuit-level analysis of the coupled generator—
actuator system is required in order to correctly design the scaled
configuration.

In this section, the procedure adopted to scale up the single plasma
actuator (SPA) to a full-scale oscillating plasma actuator array (OPA-A)
is described.

4.3.1. Estimation of the full-scale actuator capacitance

The equivalent capacitance of the OPA-A (full-scale actuator) was
estimated by extrapolating the small-scale SPA capacitance measured
through the Lissajous method (Fig. 13). The SPA is characterized by an
equivalent cold capacitance C [, related solely to the actuator geome-
try when no plasma discharge takes place, and by a higher capacitance
value C,y associated with the ignition of the discharge. Since the plasma
remains ignited for most of the AC signal period (about three quarters
of it, as also indicated by the capacitance variation in Fig. 13), C,y was
selected as the representative equivalent capacitance of the small-scale
actuator.

This choice represents a conservative scenario because higher equiv-
alent capacitance values correspond to larger variations in the operating
frequency required to achieve the desired performance of the power
source. According to the Lissajous measurements reported in Fig. 13,
the capacitance in plasma-on conditions was found to be C, = 15.1 pF
for the 5cm SPA, while Cypr = 7.5pF. Assuming a linear scaling with
the actuator length, the equivalent capacitance of the large-scale 200cm
OPA-A is therefore estimated to be approximately 604 pF.

We note that, in plasma-on conditions, an effective resistance must
also be introduced in the circuit representation to account for the active
power absorbed by the discharge. The numerical value of equivalent
resistance was determined by matching the simulated active power to
the corresponding experimental measurements.

4.3.2. Validation of the generator-load system equivalent circuit
Using the load parameters discussed in the previous paragraph,
and after performing an electrical characterization of the transformer
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Fig. 13. Lissajous figure obtained for the 5 cm SPA actuator supplied with a
4.5kV.

employed in the generator as described in reference [42], an equivalent
circuit model of the coupled generator-reactor system was implemented
in the LTSpice simulation environment. The validation of the model
was performed by comparing the simulated resonance frequency of
the system as a function of the load capacitance with experimental
measurements.

The resonance frequency measurements were carried out using a
modular capacitive load, adjustable between OpF and 1050pF in steps of
150pF. The capacitors were manufactured using a 400 um Kapton layer
as dielectric material and copper tape as plates. This capacitance range
corresponds to an equivalent SPA streamwise length (see Fig. 1) between
0 and approximately 350cm. The edges of the encapsulated electrodes
were filled with silicone to avoid surface plasma formation. The input
DC voltage was selected so as to limit the output high voltage when op-
erating close to the resonance frequency. The results of the comparison,
reported in Fig. 14, show a good agreement, confirming the reliability
of the developed equivalent circuit.
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Fig. 14. Measured and simulated resonance frequency of the electric system as
a function of the load capacitance and equivalent SPA length in cm.

4.3.3. Generator operating point adaptation for the scaled actuator

After validating the equivalent circuit of the generator-load sys-
tem, the model was used to investigate how actuator scaling affects the
electrical operating conditions of the generator. In particular, frequency-
domain circuit simulations were performed to analyze the frequency
response of the coupled generator-reactor system for both the small-
and large-scale actuators.

At a constant DC bus voltage (10.8V in the performed simulations),
the maximum achievable output voltage of the push—pull resonant gen-
erator strongly depends on the operating frequency. As discussed in
reference [42], the optimal operating condition is typically obtained at a
frequency slightly lower than the resonance frequency of the generator—
load system, in order to exploit the resonant voltage amplification while
limiting switching losses.

As anticipated, actuator scaling significantly modifies the equivalent
capacitance of the load. When increasing the actuator length from 5cm
to 200cm, the equivalent capacitance increases by approximately a fac-
tor of 40 (from about 7.5pF to 300pF in plasma-off conditions and from
about 15pF to 600pF in plasma-on conditions). According to:

1

fre.v =
2z LC

3

this increase in capacitance leads to a substantial reduction in the
resonance frequency, where L is mainly determined by the induc-
tive components of the generator and remains approximately constant
during scaling.

The simulated frequency responses, reported in Fig. 15, show that
both the resonance frequency and the peak output voltage decrease
when moving from the small to the large actuator. In plasma-off con-
ditions, the resonance frequency shifts from approximately 32kHz for
the small reactor to about 16kHz for the large reactor, while the maxi-
mum achievable output voltage (for constant DC bus voltage) decreases
from approximately 8.5kV to about 4kV. When plasma ignition is con-
sidered, the additional plasma-related resistance further reduces both
the resonance frequency and the peak voltage.

For the large-scale actuator in plasma-on conditions, the simulations
predict a resonance frequency of approximately 12.5kHz. This value is
in good agreement with the experimental measurements, which show a
resonance frequency close to 12kHz (see Fig. 14). Since the large actua-
tor operates closer to the voltage limit of the generator, it becomes even
more critical to operate very close to resonance in order to exploit the
resonant voltage boost and ensure reliable plasma generation.

Finally, as reported in reference [43], a reduction in the operating
frequency requires a higher voltage amplitude to maintain the same
active power transferred to the discharge. Consequently, in order to

10
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Fig. 15. Frequency domain simulation (DC bus voltage 10.8V), single plasma
actuator (SPA) vs oscillating plasma actuator array (OPA-A).
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Fig. 16. Maximum induced velocity as a function of the specific average power
for the large-scale and lab-scale SPAs.

correctly power the large-scale actuator (OPA-A) at its lower resonance
frequency and guarantee a similar amount of thrust, the DC bus voltage
of the generator was increased (and the operating point adjusted accord-
ingly) to compensate for the reduced resonant gain and to preserve the
desired specific average power delivered to the plasma.

As a final fluid-dynamic validation, the maximum induced velocity
measured 2mm downstream of the plasma edge at the wall (y = 0) is
reported in Fig. 16 for both the large- and small-scale actuators as a
function of the specific average power (the OPA-A being operated in
unidirectional mode). The results show that the induced velocity pro-
duced by the OPA-A is comparable to that of the small-scale actuator.
This confirms that the scaled power supply can properly drive the large-
scale actuator and supports its use in the CICLoPE facility for future
experiments.

5. Conclusions

This work presented the design, fabrication, and characterization of
an array of oscillating plasma actuators (OPA-A) aimed at reproduc-
ing the effect of spanwise wall oscillations for turbulent skin-friction
control. The actuator array offers a practical, non-mechanical solution
to generate the wall-parallel oscillatory motions that have been shown
to be effective in reducing turbulent friction drag. The transient be-
havior of the plasma-induced flow was investigated using high-speed
Schlieren imaging, providing time- and space-resolved measurements
of the evolving vortical structures. Unlike most previous experimen-
tal studies, which typically report phase-averaged velocity fields (e.g.,
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obtained via planar or stereo PIV), the present approach resolves the
instantaneous spatio-temporal dynamics of oscillating plasma actua-
tors at modulation frequencies relevant to turbulence control. This
enables direct characterization of the discharge-induced perturbation
at time scales comparable to those of near-wall turbulent structures in
high-Reynolds-number flows.

The actuators were shown to produce symmetric and repeatable
spanwise jets with peak velocities of approximately 3.5 m/s at 4.5 kV,
comparable to near-wall turbulence velocities. Electrical and thermal
measurements confirmed stable operation within safe limits, with max-
imum surface temperatures kept below 110 °C to ensure durability.

The design was then scaled up and integrated with dedicated power
electronics to allow operation at much larger dimensions. Tests demon-
strated that a 2 m-long actuator can be powered effectively while
maintaining performance, enabling future experiments in the CICLoPE
Long Pipe facility at Reynolds numbers representative of aeronautical
applications. The results presented here define the design space and
operating conditions of oscillating plasma actuators and establish their
potential for large-scale implementation.

Overall, this study establishes both the design principles and the
experimental foundation for deploying oscillating plasma actuators in
large-scale, high-Reynolds-number turbulent flows. These results rep-
resent a critical step toward the active control of skin-friction using
plasma-based forcing and open new opportunities for energy-efficient
drag reduction in transportation applications.
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Appendix A. Hot-front tracking

The flow generated by plasma actuators can be visualized by ac-
quiring high-speed Schlieren images, and measured by tracking the
front of air warmer than ambient air. Because of the configuration
of the Schlieren imaging setup adopted for these experiments, bright
areas correspond to positive horizontal density gradients, whereas neg-
ative horizontal gradients are visualized as darker areas. A background
subtraction procedure was applied to the raw images, followed by a
min-max normalization of the luminosity intensity values and a masking
procedure to isolate the actuator surface. To retrieve a measure of the
temperature-gradient (and thus density-gradient) field generated by the
plasma discharge, each image was integrated in a direction perpendicu-
lar to the knife-edge orientation, i.e., along the x axis. Indeed, the light
intensity collected by the high-speed camera is related to the air density,
through the following formula:

I(x,y) (x/ <BP(X, ¥, Z2) " dap(x, y, z)) dz
ox dy

(A1)

Since the knife-edge was oriented along the y axis, the derivative of
the density along this direction can be neglected; therefore, under the
assumption of a quasi-2D velocity field, Eq. (A.1) can be rewritten as:

I(x,y) x A (A.2)

9p(x,y)
Pty
ox
Therefore, by integrating in the x direction the pixel counts in the
Schlieren images, it is possible to retrieve a quantity which is related to
the density gradient of the volume of air above the actuator surface.

X X ’
/ I(xX',y)dx’ « Az/ 9p(x>) dx’ (A.3)
0 0

ox!

Since density gradients are generated by a temperature gradient, this
quantity can be viewed as a measure of the temperature-gradient field
above the actuator surface. The result is shown in Fig. A.1. The first
column of the figure shows images of the plasma-induced flow by HV
1 at different instants of time, after the background subtraction pro-
cedure. The second column represents the temperature gradient field
produced by this induced flow, resulting from the integration procedure
mentioned earlier.

Then, in order to create a robust hot-front tracking algorithm, the
images were averaged column-wise: thus, a 2-D matrix of luminosity
values is reduced to a 1-D signal, and its evolution in time is analyzed to
determine the hot-front displacement. Experiments have shown that a
more reliable tracking is obtained by restricting the averaging operation
only to a region very close to the actuator surface: this happens because,
especially in the first instants after plasma ignition, the maximum of the
temperature gradient lies in a very narrow region close to the dielectric.
This operation is schematized in Fig. A.2.

For the acquired snapshots, the PIF propagation front was identified
using the following procedure:

1. Store global maximum (/,,,,) and minimum (7,,;,) signal values.
2. Locate x,,,,,, corresponding to I,,,..
3. For x > x,,,,, define the front location (x) as the x value where
1 =07, — 1)
The employed 0.7 coefficient used for front tracking was determined
empirically, seeking for the best front-evolution tracking along the x axis

for the considered experiments.
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Fig. A.1. Images taken at different actuation times (respectively 1.5, 5, 8 ms after operating HV 1). a,c,e): Images with background subtraction; b,d,f): Schlieren

images after integration along the x axis.
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Fig. A.2. (a) Example of a processed Schlieren image, with horizontal dashed lines as visual references to show the restricted area over which the averaging procedure
along the y axis is performed; (b) corresponding (normalized) horizontal temperature profile from integration of the results in the figure on the left.

Appendix B. Vortex-core tracking

The flow induced by the plasma actuator entrains the adjacent fluid,
generating a circulation that closes by continuity, thus forming a vor-
tex. Therefore, an algorithm was developed capable of recognizing the
vortical structure, and then tracking the evolution in time of its core dis-
placement. This method allows detection and tracking not only of the
displacement of the vortex core in the wall-parallel direction, but also
in the wall-normal direction.

This procedure consists of the binarization of the pre-processed im-
ages based on a luminosity threshold value. The threshold criterion is
not derived from a formal mathematical definition of a vortex core (e.g.,
based on velocity-gradient invariants), but rather from a qualitative vi-
sual identification of the vortex region, which is then translated into an
automated intensity-based detection algorithm. Subsequently, the im-
age is binarized as follows: a value of 1 is assigned only to those pixels
whose intensity variation exceeds a given threshold, typically set to three
standard deviations from the mean image intensity.

12

In principle, this operation allows distinguishing different vortical
structures: either the ones associated to pixels brighter than the back-
ground image, or the ones formed by darker pixels than the background
image, or one single (larger) vortical structure associated with those pix-
els whose intensity values have changed more than a given threshold,
with respect to the background image.

After the binarization procedure, a median filter is applied to reduce
the salt and pepper effect. The resulting image after these processing
operations is shown in Fig. B.1(b).

Then, it is possible to track both the displacement of the vortex front
and the movement of the vortex core. The former is obtained by track-
ing the coordinates of the outermost pixel (blue cross in Fig. B.1(b)),
while the latter is determined by calculating the centroid of the two
largest vortical structures, defined as the continuous set of all white
pixels (blue dot in Fig. B.1(b)). This approach, applied to track the
vortex core evolution, allows to detect displacements of the vortex
core smaller than a single pixel, thereby increasing the accuracy of the
measurement.
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Fig. B.1. A) Image of the vortex-core tracking produced by HV 1 after background subtraction; B) image resulting from the binarization procedure: the blue dot
represents the vortex core, while the blue cross marks the vortex front (For interpretation of the references to colour in this figure legend, the reader is referred to
the web version of this article.).

Appendix C. Supplementary data

Supplementary data to this article can be found online at doi:10.
1016/j.sna.2026.117952.

Data availability

Available data are presented in the paper and in the Supplementary
Material
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