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Surface Dielectric Barrier Discharge (SDBD) is a well-known technology for
active aerodynamic flow control with low power consumption. It is a type of
plasma actuation for flow control with no moving parts and very fast response
times. Research on SDBD flow control over the years has shown great potential
for flow separation, boundary layer transition, drag reductions and suppression
of local heating. A major area of research on SDBD flow control lies in increasing
the effectiveness of SDBD actuators with new electrode configurations, surface
materials, and plasma array designs. This review aims to provide a
comprehensive report of research performed on SDBD flow control over
the last 2 decades with a focus on SDBD reactor designs. Aspects of SDBD
flow control including discharge morphology and actuation mechanism
through momentum and energy transfer have been discussed in depth.
Additionally, the future of research in SDBD actuated flow control has been
explored. This review can serve as the baseline to develop new SDBD reactor
designs for specific applications with improved effectiveness and advanced
systems.
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1 Introduction

This paper examines the current literature available on Surface Dielectric Barrier
Discharge (SDBD) as a medium of active airflow control. It dissects relevant publications
in the last 20 years and compares them with the most recent discoveries. A detailed
discussion is presented on relevant research findings on 1) discharge morphology of
SDBD and 2) the key mechanisms of momentum and energy transfer responsible for
SDBD flow actuation. Although there are relevant publications with a similar framework
[1,2], the reader will find this review uniquely useful in the development, implementation,
and integration of new reactor designs for improved performance. Furthermore, this
review presents the knowledge base that can help readers choose the reactor design better
fitted for the requirements of the research or the field of application.
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Types of DBD Plasma Reactors. (A) Basic linear SDBD configuration with plasma along the border of the exposed electrode. (B) Cross-sectional
view of the linear SDBD configuration. (C) SDBD with both electrodes buried in the dielectric. (D) VDBD with both electrodes covered with a dielectric
layer. (E) Floating-electrode DBD (FE-DBD). (F) An example of plasma jet.

There are two variants of dielectric barrier discharges found
in the literature, namely, volume DBD (VDBD) or surface DBD
(SDBD). Independently of this classification, the basic structure
of the apparatus used to produce the discharges is comprised of a
pair of electrodes and a dielectric barrier. In SDBD, there is no
gap between any of the electrodes and the dielectric barrier. As a
consequence, discharges acquire a near two-dimensional
distribution over the surface of the barrier and along the
border of the electrode that is left exposed to the surrounding
gas, as depicted in Figure 1A. The bottom electrode is usually
grounded and buried in an additional layer of dielectric material,
such as Kapton film, to avoid any possible plasma formation on
that side of the SDBD generator. This is better appreciated
through its cross-sectional view in Figure 1B. Another
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possible configuration for an SDBD reactor is that of
Figure 1C, where both electrodes are placed side by side and
covered with a layer of dielectric material, which yields cold
plasma over the barrier without direct contact between the
electrodes and the surrounding gas. For VDBD, on the other
hand, microdischarges ignite inside a volumetric region
delimited by the gap between the electrodes, as shown in
Figure 1D. Either one or both electrodes can be covered by a
layer of dielectric material. Figure 1E illustrates a especial type of
configuration called floating-electrode DBD (FE-DBD). As the
name implies, the ground or buried electrode is eliminated and
the high voltage electrode is left floating. In this condition, the
applied voltage is insufficient to cause breakdown; however,
when an object with a high dielectric constant, like skin
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tissue, is sufficiently close to the electrode, it will form a large
capacitance where most of the voltage would concentrate,
resulting in a strong electric field in the gap that can lead to
breakdown and discharge formation [3]. The last configuration
in Figure 1F, corresponds to an example of a plasma jet, which is
a type of electrode arrangement requires the injection of an
additional gas, that will be ejected in the form of a low
temperature plasma jet into the surrounding air. Since
temperatures remain below 40 °C, they can come in touch
with soft matter, including biological tissues, without causing
thermal damage [4].

The difference of the electrode’s arrangement in SDBD and
VDBD have more than visual implications. In particular, at or
near atmospheric pressure, volume microdischarges manifest as
a large number of thin plasma channels that die down after a few
ns [5-7], since charges pileup on the barrier’s surface, weakening
the electric field at the location of the discharge; although this do
not prevent microdischarges to appear at other locations as long
as the voltage continues rising [8]. Contrastingly, surface
microdischarges manifest either as corona spots or streamers
that expand over or through the dielectric surface, as it is
discussed with more detail in following sections.

Both DBD variants have a broad range of applications in
industry and medicine, including the decontamination of
[9-14]
undesirable

and Dbacteria and
of

compounds [15-17] by exploiting the formation ions and free

pathogens such as fungi

disintegration or abatement chemical
radicals including reactive oxygen species (ROS) and reactive
nitrogen species (RNS). Especially in recent years, there has been
an outburst of possibilities for DBD technology in the emerging
field of Plasma Medicine, where five sub-fields of interest can be
identified:

decontamination, plasma biology, plasma wound healing and

plasma-based biomedical materials, plasma
plasma oncotherapy [18]. In this regard, FE-DBD shows great
promises in the sterilization of tissue [19], blood coagulation [3]
and skin regeneration [20]. But, perhaps, the most impressive
results have been the reduction of tumors and the melanoma
cancer treatment, causing apoptosis or progressive death of
malignant cells after the treatment without the destruction
and necrosis of the healthy tissue [21, 22]. Plasma jets are
other type of reactors used in Plasma Medicine for the
treatment of non-healing wounds and ulcers of the human
skin [23]. Lately, researchers have investigated the use of
plasma jet arrays to increase the jet intensity and electric
efficiency [24-27], as well as the flow characteristics of the jet
and how it influences the action on the skin tissue [28-32].

A Global interest in weakly ionized gases reemerged in the
1994 with the disclosure of the Soviet AJAX which incorporated
plasma technology to improve flight aerodynamic performance.
Since then, considerable research has been performed exploring
flow control applications of plasma actuators [33, 34]. Research
findings along with inflight-demonstrations have shown the
potential of SDBD plasma actuators as an active aerodynamic
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flow control device for control of flow separation, boundary layer
transition, drag reductions and suppression of local heating.
Various studies have also shown increased effectiveness of
SDBD actuators with new electrode configurations, optimized
dielectrics, surface materials, and plasma array designs in the last
decade.

In this paper, we aim to present a comprehensive
and its

examination discharge morphology of SDBD,

actuation mechanism through momentum and energy
transfer. The focus will be on the effect of reactors designs on
these aspects of SDBD flow control and vice versa. Section 2,
section 3, section 4 talk about the discharge morphology, SDBD
actuation through momentum transfer, and SDBD actuation
through energy transfer, respectively. Section 5 presents
authors investigative notes on the future of SDBD flow
actuation. This review can serve as the baseline to develop
new SDBD reactor designs for specific applications with

improved effectiveness and advanced systems.

2 Morphology of surface dielectric
barrier discharges

This the
phenomenon of surface microdischarges, which occur when

section examines more closely physical
the local electric field between the exposed electrode and the
nearby surface of the dielectric barrier surpasses the breakdown
voltage of the surrounding gas. Those same microdischarges
serve as bridges for electrical charges that accumulate on the
surface of the barrier (or move from it, depending on the polarity
of the voltage applied to the exposed electrode) [35-37]. Any
individual microdischarge has a short duration because the
charge accumulation (depletion) on the barrier’s surface
gradually reduces the local electric potential to levels below
the breakdown threshold.

At a distance, SDBD gives the impression of a steady glow,
but intensified charge-coupled device (ICCD) imagery revealed
very different discharge characteristics for positive and negative
voltage derivatives. Independently of the voltage waveform, a
negative voltage slope would induce a diffuse or glow regime in
which discharges are comprised by a great number of negative
corona spots that originate at the edge of the exposed electrode
and extend over the dielectric surface with a plume shape,
whereas a positive slope would induce streamers whose
branches propagate stochastically in continuous contact with
the surface of the dielectric. According to [38], the applied voltage
waveform does have an impact in the density and extension of
discharges in both regimes. It was demonstrated that the density
and extension of discharges in the glow regime increases with the
slew-rate of the voltage descent, whereas the number of streamers
would increase with the derivative of the voltage rise, although
the extension of their branches would tend to bend slightly due to
the interactions with neighboring streamers.
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FIGURE 2

(A) Schematic of discharge exchange during the negative-going cycle; concept taken from [45]. (B) SDBD's characteristic voltage and current in

the positive half-cycle [39]. (C) Fast-imaging of the developing plasma [38, 39]. (D) Schematic showing the expansion of the discharges with time [35].
(E) Schematic of discharge exchange during the positive-going cycle; concept taken from [45]. (F) SDBD's characteristic voltage and current in the
negative half-cycle [39]. (G) Fast-imaging of the developing plasma [38, 39]. (H) Schematic showing the expansion of the streamers with

time [35].

Figure 2 shows the SDBD morphology corresponding to an
AC voltage. Here, microdischarges composing the plasma
envelope only exist during certain portions of each cycle of
the voltage-wave; specifically, the voltage rises in the positive
half-cycle and the voltage descent in the negative half-cycle,
which is in agreement with what was mentioned in the previous
paragraph. During the positive half-cycle, the barrier is the source
of the electrons as shown in the schematic of Figure 2A. The
current in this region is characterized by large spikes that stand
out from the capacitive component—see Figure 2B. ICCD
photographs of the discharges in Figure 2C [38, 39] reveal the
streamers characteristic of this regime. These filamentary
discharges form and extinguish on time scales of a few to
hundreds of nanoseconds [40, 41], with subsequent streamers
extending further as time progresses as illustrated in Figure 2D
[35]. For the negative half-cycle, on the other hand, Figure 2E
illustrates the exposed electrode as the source of electrons. The
current corresponding to the glow regime appears in Figure 2F,
showing densely populated spikes which barely stand out from
the capacitive current. In Figure 2G, it can be seen that the diffuse
plasma glow in the negative cycle is in fact comprised by a great
number of corona spots. Furthermore [35], deduced that corona
discharges in the glow regime evolve with time by leaping over
each other as the overall plasma envelope expands over the
dielectric—this is illustrated in Figure 2H. By comparing
Figures 2B,F, one can notice that the largest current spikes
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appear in the positive half-cycle; nonetheless, those in the

negative half-cycle or glow regime are more densely
populated. According to experimental and numerical studies,
the surface density and charge transfer are not symmetric
because they are higher in the negative cycle or glow regime
[35, 42]. The reason for this disparity is not entirely clear, but
authors point to different factors such as the difference in the
time duration of discharges in both regimes, ionization reactions
and electron emission in the glow phase [41], discontinuous
charge transfer during streamer propagation [42], and long-lived
charge accumulation on the dielectric barrier that increases with
distance from the exposed electrode 35, 39, 43, 44]. In addition,
the work in [41] indicates that most of the active power is
dissipated in the plasma as heat during the glow regime,
although the authors admit that more studies are necessary
for a definitive conclusion.

For the nanosecond pulse SDBD, the input power signal
consists of a series of pulses with duration in nanosecond range.
The current waveform for an individual pulse presents only two
current peaks: one during the voltage rise (positive slope) and one
during the voltage fall (negative slope), as it is shown in
Figure 3A. ICCD views of discharges igniting at the same
time of the current peaks reveal similar characteristics to
discharges in the AC case. i.e., streamers with large extension
during the voltage rise (positive discharge) and corona spots

expanding with a plume shape during the voltage fall (negative
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(A) Waveform of the applied high voltage and the associated discharge current. (B) Top ICCD views of the positive (p) and negative (N) discharge.

Red dotted line: active electrode edge. Figures taken from [46].
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Illustration of the EHD force effect in SDBD. (A) Cross-sectional view of an SDBD reactor inducing air flow in the x direction. (B) PIV photograph

of the air flow induced by a linear SDBD reactor in the x direction.

discharge). This is an expected result, since the morphology of
the discharges is dependent on the voltage derivative, as it was
previously discussed.

3 SDBD actuation through
momentum transfer (EHD force)

A characteristic of SDBD is the ability to induce an electric or
ionic wind by means of an electrohydrodynamic (EHD) force.
This force is the result of momentum transferred from charged
particles accelerated by the electric field to neutral air particles
[47]. In a linear electrode arrangement like the one in Figure 1D
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and Figure 4A, the EHD force produces a wall jet flow in the
downstream direction—i.e., from the exposed to the ground
electrode—as shown in Figure 4B, where gray shades indicate
the velocity magnitude vU? + V2, U being the horizontal velocity
(x component) and V, the vertical velocity (y component) [48].
The suction effect on top of the exposed electrode is induced by
an EHD force in the -y following the principle of mass
conservation, since mass is drawn from the fluid towards the
wall to compensate for the ejected mass in the x direction [48,
49]. Typical velocities of this wall jet range from 1m/s to
10 m/s [50].

Although there seems to be a consensus of what causes the
EHD force in SDBD, its spatial-temporal behavior and the
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mechanisms involved are yet to be fully understood. However,
the most important conclusions obtained from experimental
research can be summarized as follows:

o In alinear electrode arrangement (Figure 4), there is a net
EHD force per AC cycle with a dominant component
parallel to the surface of the dielectric barrier in the
direction of the buried electrode that creates a laminar
wall jet flow in the same direction.

« A negative vertical component of the EHD force near the
edge of the expose electrode pushes the air flow
downwards—towards the dielectric barrier—with a fluid
suction effect [39, 48, 51, 52].

o The maximum downstream velocity—x direction—is
developed a short distance from the exposed electrode,
after charge particles have acquire enough acceleration.
Many authors have identified this horizontal position of
maximum velocity X max With the maximum extend of the

[39, 52-54]. the

maximum velocity decreases and the jet thickness

plasma Ax Further downstream,
increases due to diffusion and viscous effect [39].

« Highest velocities are developed during the negative half-
cycle (negative slope) that correspond to the glow regime
[52, 55, 56], with some authors suggesting that more than
95% of the momentum transfer to the neutral fluid occurs
in this regime [35, 57].

Although it is known that the EHD force is primarily a
function of the electric field and the number of ions [58, 59], the
spatial and temporal behavior of the EHD force in both modes of
SDBD plasma and the contributions of certain ion species are not
established with certainty. On this subject [56], proposed a push-
push scenario where both negative and positive half-cycles
produce a force in the positive x direction, but only the
negative voltage derivative produces enough force to
substantially overcome the drag induced by accelerating the
air in the immediate vicinity the dielectric surface. This
conclusion was validated numerically by [60]. In contrast [51,
61], suggested a push-pull scenario where EHD forces in opposite
direction for different phase angles of the AC voltage, but that the
average force in one cycle was positive. Later, the same group
concluded that the plasma discharge itself induces two successive
pushes over one voltage cycle, and that the presence of EHD force
components in the —x direction is indication of a strong positive
pressure gradient caused by the fluid deceleration in the absence
of EHD force during the no discharge phase [55]. This study also
confirmed that the magnitude of the EHD force is larger in the
diffuse or glow regime (negative half-cycle) and proposed that
the main contributor factor was the downstream ejection of
negative ions close to the exposed electrode. In this regard [57],
also presented evidence that oxygen and oxygen negative ions are
responsible for the majority of the actuation force when DBD

plasmas are operated in air, predominantly during the forward
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stroke—negative half-cycle—when the dielectric surface attracts
negative charge.

3.1 Influence of physical parameters of
SDBD actuators

It is possible to enhance the momentum transfer from ions
to neutral gas particles and achieve the highest possible
velocities by altering physical parameters of the SDBD
apparatus, as well as adjusting values of voltage and/or
frequency.

3.1.1 Optimal horizontal gap between exposed
and buried electrode

By positioning the covered electrode asymmetrically with
respect to the exposed electrode, the electric field lines extend
over a larger area and the plasma region expands. However, this
type of asymmetric arrangement also gives rise to questions;
including how the horizontal separation or gap, shown in
Figure 5A, would affect the maximum induced velocity [62].
Investigated this topic using four different Teflon® PTFE
actuators with electrodes 3.2 mm wide and horizontal gaps ‘g’
of 0, 1, 2 and 3 mm. The four actuators were subjected to voltage
signals with a constant peak value, but frequencies varying in the
range of 5-10kHz. The maximum induced velocity was
measured at 15 mm downstream from the top electrode to
investigate if the gap could affect the maximum velocity, and
how such influence would behave for different values of
frequency and voltage. Figures 5B,C show results for RMS
voltages of 7 and 9kV, respectively. Although both figures
plot the maximum induced velocity vs. frequency, there are
four different curves, each representing a different gap value.
The minimum performance is obtained with the gapless
electrodes (g = 0), whereas the optimal performance for these
specific experiments was reached at g = 2mm, with maximum
velocities up to 20% higher. [52] performed similar experiments
but expanded the gap range to include cases of horizontal overlap
(g < 0mm) and extreme gap separations, maintaining the width
of the exposed and covered electrode at 5mm. The induced
velocity as a function of the electrode gap is plotted in Figure 5D,
showing the highest velocities for electrode gaps in the range of 0
to 10 mm; with the maximum peak being detected at g = 5mm,
and a drastic decrease in velocity observed for gaps larger than
I10mm. In cases of electrode overlap (g < 0mm), the induced
velocities dropped below the value obtained at g = 0 mm. A likely
explanation for this behavior is that a larger portion of the electric
field would be directed towards the dielectric material; therefore,
more energy would be stored in the form of capacitance and
would not contribute to the electrodynamic force needed to
induce air flow. These results were analyzed and interpreted
by [63], resulting in the introduction of an empirical general
formula to calculate the gap range that would yield the best
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(A) Diagram of the horizontal gap between electrodes. (B) Induced flow velocity as a function of frequency and electrode gap, RMS voltage = 7 kV
(~19.8 kVpp). (C) RMS voltage = 9 kV (~25.5 kVpp). Electrode gaps of g = 0, 1, 2, and 3 mm for both cases [62]. (D) Evolution of the maximum induced velocity
with the electrode gap, AC voltage amplitude of 20 kVpp and frequency of 700 Hz [52]. (E), (F) Power consumption and induced flow velocity vs. electrode

gap, frequency of 9.1 kHz [64].

velocity performance. In this formula, the gap is normalized by
the width of the covered electrode, which is represented by we,.

0< 9 <2
wce

Another study [64, 65], provided similar results for linear
electrodes 8 mm wide under various voltage amplitudes at a fixed
frequency of 9.1 kHz. Figures 5E,F shows that power and induced
velocity increase gradually with the horizontal separation of the
electrodes until they reached a peak or optimal point, but levels of
power and velocity drop rapidly if the gap is increased further
because the electric field weakens, leading to a fast reduction of
plasma and the induced velocity.

In summary, leaving a horizontal gap g between exposed and
buried electrodes is the best designing choice to maximize ionic
wind velocities. However, one must be careful not to make the
gap too wide, because that would produce the opposite effect. The
literature discussed here do not fully agree on the exact location
of the optimal gap, and it would be highly impractical to perform
experiments for each actuator design and operating conditions to
find such value. Nonetheless, there is a safe gap range where
velocities will remain higher than if the electrodes overlap, which
is given by the empirical formula above. The only concerning
limitation of such formula is that the authors considered the
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same width for both electrodes, but in most SDBD actuator
designs the buried electrode is much wider. In these cases, a good
rule of thumb could be making g equal to the width of the expose
electrode wp.

3.1.2 Influence of electrical parameters on the
induced velocity

The power consumption of SDBD reactors is a function of
the applied voltage and the operating frequency. Normally,
the power consumed by a dielectric is proportional to V?
following the equation below [62], where A is the area of the
dielectric barrier, d is the barrier’s thickness, ¢, and ¢, are the
relative permittivity of the dielectric material and the
permittivity of vacuum, respectively, and tand represents
the loss tangent.

Py=VZi_ ZﬂfTMAe,eu tan 8

However, when plasma is formed, the power follows the
relationship P oc V", where 7 is a number between 2 and 3.5 [45,
66-68]. According to [67], these values of n are a direct
consequence of the discharges. Some authors [69, 70] have
successfully applied fitting curves using the equation below,
where ¢ is a constant coefficient depending on the geometry
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of the discharge area, the dielectric material and the
environmental conditions; while V, is the ignition voltage.

P:(Pxfacx (V_Vu)z

In terms of frequency, experimental observations performed
by numerous authors have demonstrated that, in general and for
any SDBD arrangement, power and frequency share a linear
relationship P o< f 4 [12, 52, 69, 70]. Figure 6B shows the specific
example found in [52], in which the authors used a linear
electrode arrangement, similar to that in Figure 1C and
Figure 5A, where the pair of linear electrodes were 5 mm wide
(Wee = wee = 5mm ) and 20 cm long, there was no horizontal gap
(g = 0) and the dielectric barrier was made of 2 mm-thick glass.

The hand,
asymptotically with voltage and frequency, initiating with a

induced velocity, on the other evolves
rapid growth and then reaching a saturation point or plateau,
as the example in Figure 7A. This saturation phenomenon is also
shared with the relationship between velocity and power
that threshold,

increasing the electrical power has little to no effect on the

consumption, meaning after a certain
maximum velocity achieved—see Figure 7B. It is important to
notice that saturation is achieved more rapidly with frequency
than with voltage, which coincides with the extension of the
discharge area for these two parameters, as shown in Figures
7C,D. [71] Explained this behavior as a result of the increment in
collisions and attachment processes. Another effect to consider is
that the power dissipation through the dielectric would increase
more rapidly with frequency according to the loss tangent of the
material.

An important phenomenon is observed in Figure 7E [68],
which depicts the relationship between thrust and the operating
frequency. Here, thrust if the reactive force pointing in the
opposite direction of the mass flow acceleration induced by

DBD. The authors measured this force directly through a
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highly sensitive balance able to detect an apparent mass
increase (measured in grams, gm) that actually corresponds to
the push of the thrust. The figure shows that if the power is
increased beyond saturation by raising the frequency, the
maximum thrust drops. This is the direct result of the
formation of leaders, which are prominent discharges with a
higher temperature and degree of ionization than normal
streamers. Leaders consume power and reduce the maximum
thrust because their channel temperature promote fast heating
reactions that would consume electrons and quench other excited
molecules and ions. Since both thrust and velocity are directly
proportional to the momentum transfer between particles in the
plasma, the same behavior applies if the velocity, instead of
thrust, is used as the dependent variable.

3.1.3 Geometry of the exposed electrode

Besides linear electrodes, other electrode geometries of
SDBD, like those in Figure 8, have been proposed to create
three-dimensional structures and exert specific effects in the
surrounding flow. Except for Figure 8B, all configurations
exhibit a periodicity of the plasma envelope that [72]
characterized through the parametric function:

g(s) =ilx(s) +jAy(s)

where A is the wavelength, A represents the amplitude and the
variables x and y are normalized—i.e., 0<x<1Iand -1<y<I.
Geometries where only one component of g(s) dominates tend
to produce a two-dimensional flow, whereas geometries where
both components of g(s) have similar magnitude tend to
generate three-dimensional flow structures.

It is evident that the linear reactor geometry in Figure 8A
corresponds to the special case where A — co and A — 0. Since
there is no periodic variation only a two-dimensional
perturbation of the flow is expected.
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(A) Velocity as a function of voltage and frequency. (B) Velocity as a function of electrical power [52]. (C) Discharge area as a function of applied
voltage for a fixed driving frequency of 8.4 kHz, including discharge photographs from 7.2 to 14.2 kVmax (top to bottom). (D) Discharge area as a
function of applied frequency for a fixed driving voltage of 12 kVmax voltage, including discharge photographs from 6.5 to 10 kHz (top to bottom)
[71]. (E) Induced trust for different AC frequencies. SDBD reactor with a glass dielectric barrier 6.35-mm-thick [68].
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The geometry in Figure 8B is called horseshoe. In such
configuration the electrodes consist of a half circle with two
extended ends resembling the shape of a horseshoe, hence its
name. The semicircles of the exposed and ground electrode are
concentric with different radii. In the example shown in
Figure 9A, the radius of the expose electrode r.’ is larger than
the radius of the covered electrode ‘r.; therefore, the plasma
forms inwards—toward the center of the electrodes—as shown in
Figure 9B. Numerical simulations [73] show the flow effects that
the horseshoe geometry can create under freestream velocity
conditions 1, > 0 m/s. For both cases in Figures 9C,D the force
vectors act inwards—from exposed to ground electrode—and
only the direction of 1y, changes. The simulations show the
velocity in the x — z plane at the position y = 0. In both cases,
vortices draw fluid from the vicinity of the exposed electrode and
then push it upwards at the origin. For the opposite case r, <7,
the plasma forms in the outer edge of the exposed electrode, and
the force vectors that are always perpendicular to the exposed
electrode [74] spread outwards as shown in Figures 9E,F. When
U 1s in the —y direction shown in Figure 8E, the vortices now
push the fluid upwards but far away from the center region. In
the second scenario where u, is in the +y direction the fluid
attaches to the wall and there is no velocity in the +z direction.

The horseshoe reactor later evolved into the serpentine
reactor geometry, which is illustrated in Figure 8C and
Figure 10A. The design consists of an arrangement of
alternating half circles, with two different radii so each half
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cycle of the plasma envelope has the same linear length. The
grounded electrode usually follows the windings of the exposed
electrode. Every period of this configuration can be analyzed by
dividing it in two regions: pinching and spreading. The spreading
region corresponds to the crest and is characterized by the
spreading of the force vectors as presented in Figure 10D.
Whereas, the pinching region corresponds to the valleys,
where force vectors point inward and interact with each other
through superposition. Figures 10C,D, show the characteristic
flow effects induced by the serpentine geometry [75]. At the
spreading region, the induced flow corresponds to a typical
SDBD wall jet as shown in Figure 10C. But at the pinching
region, the electric field concentrates and superposition gives way
to EHD force components not only parallel to the dielectric
barrier but also out of plane, resulting in streamwise counter-
rotating vortex pairs at each side of the spreading region that
generate streamwise twisted jets that propagate pushing the fluid
upwards with an impingement angle as shown in Figure 10D.

Other versions of the serpentine geometries have been also
developed; namely square [75] and sawtooth or triangle
serpentine [76]. The flow pattern of these geometries also
presents a straight wall jet in the spreading region and
opposite vortex pairs in the pinching region but with some
noticeable differences. In the square serpentine the vortices
propagating in the streamwise direction have the same
impeachment angle than in the circular serpentine, but a
larger velocity magnitude because the straight lines of the
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freestream velocity when plasma forms inwards. (E,F) Vortical structures depending on the direction of the freestream velocity when plasma forms

outwards. Concept and data taken from (73).
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square serpentine produce straight jets directed in the opposite z
direction, adding more momentum to the vortex pairs. On the
other hand, the main difference in the flow induced by the
sawtooth configuration is that the spreading region has been
reduced to a single point which generate a strong wall parallel to
the dielectric surface. In addition, there is only a single vortex in
the pinching region to lift the fluid as it propagates downstream,
but its effect is very weak compared to the circular or square case.
Furthermore, the bright hot spot that forms in the spreading
region increases power consumption.

Another simple and efficient way to introduce three-
dimensional effects in the airflow is to positioning linear
reactors with respect to each other or to an incoming flow.
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Such is the case of the comb/finger geometry, which in fact is an
arrangement of parallel linear reactors, although they could also
be considered a special type of square serpentine, where the
spreading region has been decreased to a minimum. There are
various flow patterns that can be induced and controlled through
the design of the ground electrode. In the configuration of
Figure 11A, the design of the ground electrode restricts the
plasma formation to only parallel edges of the fingers.
Therefore, adjacent fingers produce opposite wall jets that
push the fluid upwards at half distance between them. This
effect combined with the suction mechanism over the edges of
the finger creates counter-rotating vortices like those in like the
ones in Figure 11B. If, of the other hand, the ground electrode is
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(A) Circular serpentine SDBD plasma reactor. (B) Numerical simulation showing the counter-rotating vortex pairs at the pinching region on the
x —z plane and also their streamwise propagation. (C) PIV image showing average flow velocity in the spreading region. (D) PIV image showing are
average flow velocity in the pinching region; the twisted jet has an impingement angle, ~38° in this example. Images taken from [72, 75].

positioned only on one side—the same for each finger—the
resulting vortices are co-rotating.

If a linear SDBD electrode is oriented with an angle with
respect to an oncoming flow, it can generate a vortex that
propagates in the direction of the flow or stream-wise. These
types of arrangements are often called SDBD Vortex Generators
[48, 50]. The key parameters that affect the formation of the
vortex are: the ratio (U,/U,), where U, is the wall jet velocity
induced by the linear electrode and U, is the free-stream velocity
of the fluid; the reactor’s length [, and the angle of alignment f3
between the reactor and the fluid flow. Studies have concluded
that the strongest vortices are created when the reactor is aligned
perpendicularly with the oncoming flow, so that the induced
body force is also perpendicular to the external flow angle
(B = 90°) as shown in the diagram of Figure 12A [50]. Using
this perpendicular configuration and a linear reactor 40 mm long
[48], studied the evolution of the downstream vortex as it moves
along the length of the reactor. Figures 12B-G show the vorticity
in the yz plane at x = 0, 10, 20, 40, 60 and 120 mm, respectively,
and scaled by the factor (6/Us), where ¢ is the undisturbed
boundary layer thickness. For the vertical axis, the authors used

Frontiers in Physics

12

the dimensionless term y/§, where y is the heigh in mm, to
emphasize that the vertical dimension of the exposed electrode is
small in comparison with the boundary layer, guaranteeing a
minimal disturbance of the fluid flow. This is a great advantage
against mechanical vane-type vortex generators, whose height
could be in the order of §, yielding an increment of drag. The
image in Figure 12B shows the initial phase of the vortex that
coincides with the beginning of the electrode (x = 0 mm). It also
shows the suction of fluid on top of the exposed electrode caused
by the action of the EHD and the principle of mass conservation.
In Figures 12C-E, the twisting of the wall jet evolves into a
streamwise vortex that grows along the reactor’s length due to the
continuous interaction between the SDBD-induced wall jet
pointing in the z direction and the incoming fluid moving in
the x direction. Finally, Figures 12F,G show that beyond the
electrode line, the vortex weakens and lifts up, since it is no longer
energized by the added momentum from the plasma, eventually
fading away due to the viscosity of the fluid and near the wall.

In addition to vortex generators, a type of SDBD synthetic jet
could also be achieved through the proper arrangement of the
electrodes. Originally, synthetic jets, also known as Zero-net
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Section A-A

Flow of comb/finger reactor with plasma only around the parallel fingers. (A) Ground electrode on both sides of the fingers. (B) Counter-
rotating vortices. (C) Ground electrode only on one side of the parallel fingers. (D) Co-rotating vortices [77].

mass-flux (ZNMF) jets, have been generated through mechanical
actuators since the 1990s and have found room in applications
related to drag reduction, active flow control and heat transfer
enhancement, among others [78, 79]. These actuators (see
Figure 13A) employ an oscillating membrane or diaphragm to
eject fluid across an orifice during one half of the oscillation cycle
and entrains or suctions fluid back through the same orifice
during the opposite half of the cycle. Thus, transferring a finite
amount of momentum to ambient fluid, but with no net mass
flow rate across the orifice over an integer number of cycles [80,
81]. In SDBD synthetic jets, on the other hand, the same objective
is achieved but the momentum is added to fluid through the EHD
force mechanism and no mechanical oscillation of a membrane is
required. This concept was initially developed by [82] using
electrodes with the shape of two concentric rings, a
configuration that the authors call annular synthetic jet. The
ground electrode must have a smaller radius than the exposed
electrode, so that the plasma forms around the internal perimeter
of the exposed electrode and the direction of the EHD force
points towards de center of the ring, as shown in Figures 13B,C.
An example of the instantaneous flow pattern of the annular
synthetic jet, captured through Schlieren flow visualization, is
presented in Figure 13D. The temporal evolution of the jet was
studied through particle image velocimetry (PIV) as shown in
Figures 13E-H. For the specific experiment shown in the
pictures, the diameters of the exposed and buried electrodes
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were 5.8 cm and 3.8 cm, respectively, while the AC signal applied
had an amplitude of 5 kV and frequency of 4.2 kHz. Figure 13E
contains the first capture at t = 28 ms, showing that the jet starts
forming through primary vortices that entrain fluid adjacent to
the ring and move upward pulling the fluid along with them, as
seen in the PIV capture at ¢ = 68ms in Figure 13F. Finally,
Figures 13G,H show the fully developed jet at t = 153 and 300's
with the presence of secondary and weaker tertiary vortices that
maintain their position near the surface as long as the plasma is
on. The diagram in Figure 13I contains a summary of the flow
structures that develop from the first stages until the jet reaches
its steady state.

SDBD synthetic jet actuation can also be performed through
an arrangement of linear electrodes, as was demonstrated
experimentally and numerically by [83], yielding similar
results to the concentric rings configuration, but with lower
velocities of fluid ejection, likely due the vortical structures
only forming in the xy plane. An illustrative diagram of the
linear SDBD synthetic jet actuator is presented in Figure 13].

4 SDBD actuation through energy
transfer (shock wave)

Although AC-driven SDBD has been studied extensively as a
mean of achieving active flow control, its practical use remains
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SDBD vortex generation mechanism. (A) Illustration Diagram. (B—G) Cross-sectional view of the stream-wise propagation of the vortex.

Concept and data taken from (48).

relegated to applications involving low flow velocities. The reason
for this is that the low velocities of the ionic wind (less than 10 m/
s) have proven ineffective in tackling aerodynamic problems,
such as boundary layer separation, at high speeds environments
like a flying aircraft [84, 85]. However, it seems that SDBD
actuators driven by nanosecond (ns) pulses can have a more
significant impact on high speed (even transonic) flows [86, 87].
The basic physical structure of AC-SDBD and ns-SDBD
actuators is basically the same, but the principles and
mechanisms of interaction with the flow are very different.
While AC-SDBD actuators crate flow by adding momentum
to the surrounding fluid, ns-SDBD actuators generate pressure or
shockwaves that emerge from the surface into the flow. The basic
working principles of both technologies are illustrated side by
side in Figures 14A,B to facilitate the comparison [88].

As the name implies, ns-SDBD operation requires very high
voltage nanosecond pulses. The resulting discharges exhibit the
same morphology discussed in section two [86, 88], with the
difference that streamers in ns-SDBD generate shockwaves due
to both the amount and the rate of the energy that is transferred
into the plasma as heat. An example of ns-SDBD and Schlieren
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images of the shock waves for the same linear actuator are
presented in Figures 14C,D, respectively [67]. The duration of
ns-SDBD pulses could be in the order of a streamer’s lifespan;
therefore, ns-SDBD streamers carry a large amount of energy
that is injected into the gas as heat, while also promoting
dissociation and excitation reactions. During the pulse, the
temperature of the discharge zone rises by tens to hundreds
of degrees Kelvin, but most of the ultrafast gas heating actually
occurs after the pulse through exothermic recombination and
self-quenching reactions that release more thermal energy and
further increase the temperature by hundreds of degrees Kelvin
[2, 89]. The gas heating region develops very fast (I1us<),
undergoing a proportional increase in pressure. When the hot
gas finally expands, it does so in the form of a shock or blast wave
with overpressure of up to tens of kPa and fluid velocities that can
equal or surpass the speed of sound [90]. An example of ns-
SDBD glow and Schlieren image of the shock waves for the same
linear actuator are presented in Figures 14C,D, respectively [91].
Figures 14E,F experimental measurements of the temperature of
the show example of the gas temperature of the plasma layer and
shockwave propagation speeds found in [89, 90], respectively.
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Shock waves in ns-SDBD can be considered, more
specifically, as blasts waves since they are formed by
increasing the pressure of a very localized small gas volume
through the deposition of large amounts of energy that depend
on the duration and amplitude of the applied voltage. In theory,

this could be achieved with any type of voltage wave form that
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could induce this type of localized extreme pressure difference
before the adiabatic expansion of the gas, but according to
numerical and experimental studies, in SDBD the total
development of the hot zone takes hundreds of nanoseconds
[90, 92, 93], requiring voltage pulses with duration also in the
nanosecond range.
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Based on the discussion above, it is natural to consider that
the strength and speed of ns-SDBD shock waves is directly
proportional to the energy of the pulse, typically controlled
through the voltage amplitude, and inversely proportional to
the rising time [94]. Other factors that seem to affect the intensity
of the shockwaves are the ambient pressure and the thickness of
the dielectric barrier [2]. Several studies agree that the strength or
intensity of ns-SDBD shockwaves increase with ambient pressure
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and are inversely proportional to the dielectric barrier’s thickness
(89, 90, 94].

5 On the future of SDBD technology

Technology Readiness Level (TRL) is a measurement system used
to assess the maturity level of a particular technology [95]. Although it
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Examples of dynamic decontamination introduced in [113, 114]. (A) Measurement planes P2 and P3 with measurement grid and reactor
orientation used in the study of SDBD actuated distribution of Escherichia coli decontamination inside a chamber. (B,C) Decontamination
distribution using a comb-type reactor at 3.5 min in planes P2 and P3, respectively. (D,E) Decontamination distribution using a fan-type reactor at
3.5 minin planes P2 and P3, respectively. Reactor, respectively. Here, Ln: normalized log reduction; Liyin and Linax: minimum and maximum log
reduction achieved in each plane over all the repeats, respectively. o standard deviation of the mean of normalized log reductions over the plane,
indicating uniformity in decontamination distribution [113]. (F) Schematic of expected vortices from one, two, three, and six exposed electrodes in the
cylindrical actuators. (G) Average log reduction (CFU ml™) of Salmonella cells inoculated onto glass coverslips placed within SDBD actuators with
one, two, three, and six electrodes and treated for 4 minutes [114].
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was established originally by NASA to track the progress of new
technologies used in space programs, it has been expanded to analyze
the evolution of other technologies in industry [96-99]. Currently
there are nine technology readiness levels, the lowest being TRL 1,
which refers to basic principles observed and reported, and the highest
being TRL 9, which corresponds to technology already proven in
operational environments and in stages of competitive
manufacturing. Despite 2 decades of enthusiastic and fruitful
research, the Technology Readiness Level (TRL) remains relatively
low [100, 101] for SDBD actuated flow control in the aerospace
industry, despite 2 decades of enthusiastic and fruitful research. The
challenge is three-fold. First, there are chief concerns for employing
plasma actuators in flight applications including power requirements,
integration issues, weather effects, electromagnetic interference,
durability and maintenance. In addition, AC-DBD that was
research extensively, ultimately has proven unsuccessful for
scenarios where the surrounding air moves at high velocities
(>100 m/s) [102]. Second, there is the difficulty of numerically
simulating SDBD actuated flow due to the disparity in the
involved time and length scales ranging from molecular processes
to global flight process. This calls for the development and validation
of multi-scale models that can accurately predict SDBD actuated flow
control with reasonable resource requirements. The third challenge
lies in the development of non-intrusive measurement techniques that
can accurately capture the plasma actuated aerodynamic environment
which includes the electric field, gas particles, electron density and
electron temperature. The third challenge lies in the development of
non-intrusive measurement techniques that can accurately capture
the plasma actuated aerodynamic environment which includes the
electric field, gas particles, electron density and electron temperature.
In terms of the electric field, there have been considerable advances in
the development of non-invasive techniques to map and characterize
it. For example, Stark spectroscopy, which uses the shifting and
splitting of spectral lines of atoms and molecules due to the
presence of an external electric field, also known as Stark effect
[103] have already proven successful in helium [104, 105].
Authors have also assessed electro-optic sensors, based on Pockels
effect, as tools to measure the real-time evolution of the electric field in
non-equilibrium plasma formed in air and other gasses [25, 106-108],
field
simultaneously. The presence of the probe does not seem alter the
electric field under study due to the small size and fully dielectric
structure composed of a cylindrical isotropic birefringent crystal and a

accurately obtaining even two electric components

laser beam guided through an optic fiber. A disadvantage of this
method is that it is not suitable for the measurement of a static electric
field [107, 108]. Most recently, the technique known as electric-field-
induced second harmonic generation or E-FISH [109, 110], was
developed at Princeton University for remote optical measurements of
electric fields in gases and plasmas [111, 112]. The E-FISH method
allows for local measurements of electric field strength and orientation
in virtually any gas or gas mixture by measuring the amount of second
harmonic generated in the presence of the electric field.

Frontiers in Physics

18

10.3389/fphy.2022.923103

Future research efforts in SDBD plasma actuators are expected to
be directed towards overcoming the above-mentioned challenges with
a balanced focus on application-based and fundamental research.
Application-based research focuses on optimization and evaluation
that can yield power-efficient, lightweight, integrable and durable
actuators with collaborative efforts from the field experts in
electrical
engineering, and material science. With regards to supersonic

aerodynamics, plasma  physics, manufacturing,
actuation, efforts are being concentrated on nanosecond pulse
SDBD. However, EHD-based actuation still has broad room of
these

characteristics could be used for cooling [41] and to improve and

applications in industry and biomedicine, where
control the elimination of pathogens and reduction of chemical
compounds, among others. A good example is the dynamic
decontamination that considers SDBD actuation capabilities, and
enhance decontamination through manipulation and utilization of
the induced flow. Relevant work in this area includes [113], who used
SDBD reactors specifically designed for the enhancement of the
spatial and temporal distribution of oxygen and nitrogen species
[115] to test local decontamination levels and developed integrated
numerical simulation methods to predict localized or targeted
decontamination. It was concluded that SDBD could be applied
for decontamination of desired surface areas, thus reducing
exposure times, dosage requirements of species like ozone, and
energy consumption. Figures 15A-E show the distribution of
decontamination of Escherichia coli across two planes of a
chamber using a comb-type and a fan-type reactor. The figures
show that the decontamination can be biased or uniformly
distributed, just by adjusting the design of the electrodes. Other
authors [114] studied the effect of using different number of linear
electrodes on the internal walls of a cylindrical actuator where the
decontamination takes place, as shown in Figures 15F,G. The total
power was kept constant in order to isolate the influence of the
number and position of the linear electrodes on the average log
reduction (CFU ml-1) of Salmonella cells. Based on the results, it was
determined that the flow pattern inside the cylinder resulting from the
interaction of individual electrodes indeed influence decontamination,
as shown in the graph of Figure 15H. Furthermore, it was noticed that
a perpendicular orientation of the contaminated substrate to the
plasma-induced airflow would maximize cell-damaging effects.
Finally, these studies indicate that this dynamic type of
decontamination could be made fully smart or intelligent by
including electronic and control technology to detect the location
of the decontamination target, selectively power electrodes or position
the decontamination target at a proper angle or location.

In addition, recent works have explored the use of a multi-
electrode SDBD plasma actuator, powered by a combination of
DC voltage and repetitive nanosecond pulses, which self-
enhances the EHD force and successfully accelerates the ionic
Besides the
enhancement, the main advantage of this actuators is that do

wind with no counter wind effects. flow

not require very high-voltage, as typical SDBD actuators do,
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making it more suitable for industrial applications and flow
control in vehicles of low or medium speed [116].

Finally, fundamental research is expected to be performed in
developing efficient and accurate computational models and
measurement techniques for better understanding and subsequent
designing of application specific SDBD plasma actuators. Such
studies have been recently published by [101, 117-119].
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