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Abstract
Plasma morphology and airflow induced by a dielectric barrier discharge (DBD) actuator,
whose exposed electrode geometry is designed with a serrated configuration, are investigated
in quiescent air and compared with a DBD actuator consisting of electrodes designed with a
standard linear strip configuration. ICCD imaging, electrical measurements and
three-component laser Doppler velocimetry were carried out to compare various features of
these two actuators. With the serrated configuration, ICCD images of the discharge show that
streamers are bent, whereas with the linear configuration they are straight. These curved
streamers induce a three-dimensional flow topology, which is confirmed by friction line
visualization and velocity measurements. Whereas a two-dimensional wall-jet is induced with
the linear configuration, a transverse velocity component is measured with the serrated
configuration, implying the creation of spanwise-periodic vorticity. Phase-averaged velocity
measurements allow the temporal variation of this transverse velocity to be highlighted. On
both sides of a tooth, it has qualitatively the same variation as the longitudinal velocity with
respect to the negative or positive half-cycles of the high voltage signal. Moreover, with the
same electrical operating parameters, the measured longitudinal velocity was higher,
particularly at the tips.

(Some figures may appear in colour only in the online journal)

1. Introduction

Plasma actuators can be used to perform active flow control in
order to improve the aerodynamic performance of vehicles.
Actuators which use a surface dielectric barrier discharge
(DBD) are widely studied since they consist of quite simple
devices. They are made of a dielectric plate on which metallic
electrodes are placed on each side. Supplied by an ac high
voltage, a non-thermal plasma is created on the surface of the
actuator where charged species drift along the electric field
lines and collide with the particles of the surrounding air. As
momentum is transferred from the plasma to the air, a flow of
a few m s−1 called ionic wind is induced. Reviews on flow

3 Present address: PRISME, UPRES 4229, Université d’Orléans, 8 rue
Léonard de Vinci, 45072, Orléans Cedex 2, France

control by plasma actuators were conducted by Moreau [1],
and by Corke et al [2] specifically for DBD actuators.

In quiescent air, a typical DBD plasma actuator (i.e.
with strip electrodes, called linear design) produces a phase-
locked two-dimensional wall-jet with a relatively low velocity.
Many studies have therefore been conducted to increase
the ionic wind velocity in order to improve the efficiency
of plasma actuators when they are used to perform flow
control. To achieve this goal, different geometric or electrical
parameters can be modified. In the numerous studies
available in the literature, the following parameters have been
studied: electrode gap [3], length of the grounded electrode
[3–6], dielectric thickness [3, 6, 7], dielectric [3, 6–9] and
electrode [10] materials, electrode arrangement [11], electrode
shape [4, 6, 12–16], and waveform signals [4, 6, 9, 12, 17, 18].
Modification of the shape of the exposed electrode seems to
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Figure 1. Schematics of (a) the linear and (b) the serrated plasma actuator designs.

be one of the most useful techniques to significantly increase
the induced thrust, since an exposed electrode with a sharp
edge locally increases the electric field and therefore the ionic
wind velocity near the edge. Mesh electrodes with pointed
tips [12] or with a serrated edge consisting of triangular patterns
in series [6, 16, 19–22] can be used. These serrated designs
lead to an increase in the mean thrust up to 50% higher than
for a strip electrode [6, 12]. Moreover, this type of electrode
design can produce a three-dimensional flow topology [14, 20],
which can be interesting for aerodynamic control applications.
Different geometric shapes of electrodes have therefore been
studied such as serpentine, triangular or square [20, 21] in order
to promote a three-dimensional ionic wind. These electrode
designs have a pattern forming an alternation of tips and roots.
In each case, a three-dimensional flow field is induced in
quiescent air, characterized by a ‘pinching’ of the flow at the
root and a ‘spreading’ at the tip [14]. These configurations of
plasma actuators can generate spanwise-periodic streamwise
vortex structures [16, 21].

In this study, a plasma actuator with a sawtooth edge
exposed electrode is considered. The serrated design was
used rather than a serpentine or a square one in order to
induce a three-dimensional ionic wind (due to the periodicity
of roots and tips) with an increase in the longitudinal velocity
(due to the serration). To combine these flow characteristics,
the tooth size was chosen appropriately with a spanwise
length/height ratio of r = 1.2. Previous studies have shown

that a small ratio is beneficial to induce thrust (r = 0.25
in [6] and r = 0.5 in [19]) whereas a large ratio allows the
actuator to create vorticity (r = 2 in [16, 21]). The serrated
configuration is compared with the plasma actuator with strip
electrodes. The plasma morphology of the two designs
and the electrical characteristics are studied. Friction line
visualizations are presented and introduce, in qualitative terms,
the three-dimensional flow topology induced by the serrated
design. In order to study the ionic wind quantitatively, a
three-component laser Doppler velocimetry (3C-LDV) device
is used to map the flow fields induced by serrated and linear
designs, in quiescent air. Time-averaged and phase-locked
measurements are carried out to characterize the ionic wind
both spatially and temporally.

2. Experimental setup

2.1. Actuator designs

Two actuator configurations are considered herein. The linear
design had strip electrodes (figure 1(a)) and is called the
standard configuration in this study. The second design had an
exposed electrode with a sawtooth edge (figure 1(b)), called
the serrated configuration. The grounded electrode was not
modified. In both cases, the actuator was composed of two
metallic electrodes separated by a dielectric panel, which
consisted of three layers of two dielectric materials: a 500 µm

2



J. Phys. D: Appl. Phys. 46 (2013) 125204 R Joussot et al

thick Mylar sheet was placed between two Kapton sheets
(55 µm thick), giving an overall thickness of about 610 µm.
The electrodes were made of adhesive copper foil tape. The
upper exposed electrode was connected to an ac power supply;
the lower one was grounded directly or via a measurement
component. Kapton was used to encapsulate the grounded
electrode in order to inhibit plasma formation on this side.
The encapsulation did not affect the ionic wind generation on
the upper side [23].

The linear actuator had a rectangular exposed electrode
76 mm in spanwise length (Z-axis) and 15 mm in width
(X-axis), overlapping the grounded electrode on 5 mm. The
serrated actuator had an exposed electrode with a sawtooth
edge. It was composed of 12 single triangular patterns, forming
an alternation of tips and roots. Each triangle pattern formed
a ‘tooth’ 5 mm in height and 6 mm in spanwise length. For
both cases, the insulated electrode was 120 mm in length and
16 mm in width.

2.2. Electrical and optical diagnostics

In the present experimental setup, the actuator operated in a
continuous actuation mode at a frequency (fHV) of 1 kHz. The
driving voltage amplitude (VHV) was set to 10 kV, except for
the measurement of the active power achieved as a function of
the high voltage amplitude. A high voltage probe (Tektronix
Series P6015A, 75 MHz, 3.0 pF) was used to measure the
voltage applied to the actuator. A carbon-film resistor
(R = 47 �, 5%, 1 W) was set up to measure the discharge
current through the actuator, and a silvered-mica capacitor
(C = 47 nF, 1%, 500 V) measuring the charges crossing the
actuator was used to determine the power consumption of the
running actuator. The resistor and the capacitor were not
wired simultaneously. The probe capacitance was three orders
higher than the actuator capacitance in order to optimize the
measurement of charges crossing the actuator [7, 24]. The
active power was assessed over 6000 discharge cycles by the
Lissajous method with 502 data points recorded (at 500 kHz)
per discharge cycle. The electrical signals were monitored on
a digital oscilloscope (LeCroy WaveSurfer Series, 64 Xs-A,
600 MHz, 2.5 Gs s−1, 8 bits).

Images of the discharge were recorded by an intensified
CCD camera (Andor iStar DH734) equipped with a lens 60 mm
in focal length (f/2.8). The camera was triggered using a pulse
synchronized with the high voltage. The discharge was imaged
during both positive and negative half-cycles.

2.3. Three-component laser Doppler velocimetry

The velocity measurements were carried out using a 3C-LDV
TSI system. A 15 W ionized Ar laser (Spectra Physics, Series
2000) provided beams to two probes of 363 mm in focal length
(probes A and B in figure 2), operating in back-scatter mode.
The first probe provided the 532 nm and the 488 nm wavelength
beams, the second one the 476.5 nm wavelength beams.

The probes were rigidly and horizontally mounted on a
support. To ensure only one velocity measurement location,
the alignment of the three LDV volumes was checked with
a pinhole. The actuator was placed on a moving support
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Figure 2. Schematic of the probes arrangement (A and B) of the
3C-LDV system.

inside a closed box measuring 0.5 × 0.5 × 1 m3 (see [25]
for further details). A 3-axis traversing system ensured the
displacement of the actuator with a resolution step on each
axis of 0.1 mm and a precision of ±0.02 mm on each position.
The position of the LDV measurement volumes crossing the
dielectric surface was checked in order to determine the height
of the first measurement point. A 10 s pause was added
after each displacement of the actuator in order to avoid any
vibrations during measurement. The closed box was seeded
with olive oil droplets produced by an aerosol generator.

The mean droplet diameter was around 1 µm according
to the manufacturing data, ensuring a characteristic response
time of the droplets of about 2.8 µs [26]. This relaxation time
ensured that droplets were able to follow the flow fluctuations
up to 8 kHz with a precision of at least 1%. Once the seeding
of the box had been achieved, a time delay was observed to
obtain quiescent air. Accuracy of the LDV measurements of
the mean velocity components (U , V and W ) was estimated by

εx = tNi−1, 95% Ix√
Ni

, (1)

where εx was the root-mean-square error of a time-averaged
velocity component x, Ni was the number of independent
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Figure 3. Schematic of the three planes considered for the
time-averaged velocity measurements.

samples (estimated with Ni = 0.5 × Tacq × fforcing [27]),
tNi−1, 95% was the quantile of Student’s t-distribution with Ni−1

degrees of freedom and a confidence interval of 95%, and
Ix (relative to the x component) was the ratio between the
standard deviation of the mean velocity and the mean velocity.
The median values of εU , εV and εW , estimated with all
the measurement points, were assessed to 0.44%, 2.22% and
3.85%, respectively. For the time-averaged measurements, the
mean data rate of the LDV system was assessed at about 8 kHz
for the three velocity components.

An interaction between the seeding particles and the
plasma could be expected. Indeed, the particles may be
charged and accelerated by stronger Coulombian forces near
the dielectric surface. In regards to previous studies [25, 28], it
was assumed that the seeding particles were weakly influenced
by the electric field inherent to the plasma discharge, since
particle-based technique such as LDV is able to capture with
good agreement both shape and magnitude of the velocity
profiles.

The two LDV probes were placed according to the
arrangement shown in figure 2: V1, V2 and V3 were the velocity
components measured by the probes; U , V and W were
the components in the Cartesian coordinate system {X; Y ; Z}
defined by the actuator (figure 1). The angles between the
two coordinate systems ({V1; V2; V3} and {U ; V ; W }) were
set at α = 19◦, β = 17◦ and γ = 6◦. The two probes
were angled downwards by angle γ in order to approach
measurement volumes that were the closest to the dielectric
surface. The velocity components measured by the LDV
system were a combination of the Cartesian components and
the transformation matrix (2):


V1

V2

V3


 =




cos β 0 − sin β

sin γ sin β − cos γ sin γ cos β

cos α 0 sin α


 ·




U

V

W


 .

(2)

In order to describe the flow topology induced by the
different plasma actuator designs, velocity profiles were
performed within three measurement planes (figure 3): two
longitudinal xy-planes, and a transverse yz-plane. Origin of

the Cartesian coordinate system was located at the tip of a
tooth. The first xy-plane was aligned on a tip (plane origin at
O(1.5, 0.2, 0) and dimensions of dx × dy = 10.5 × 2.8 mm2)
and the second one on a root (O(1.5, 0.2, −3) and dx × dy =
10.5 × 2.8 mm2). The yz-plane was set at the longitudinal
position of x = 6 mm (O(6, 0.2, −6) and dy × dz = 3.8 ×
9 mm2), and was chosen to highlight the three-dimensional
behaviour of the ionic wind induced with the serrated design.
With the discrete measurement points, a 2D interpolation was
performed in order to obtain the flow fields. The displacement
steps varied according to δx = 1.5–3 mm, δy = 0.1–0.5 mm
and δz = 1 to 1.1 mm within the measurement planes.

2.4. Friction line visualizations

Friction line visualizations on the actuator surface were
performed using a viscous coating made of oleic acid,
dodecane, silicon oil and titanium dioxide according to [29].
This technique allows the three-dimensional flow topology to
be described from specific coating patterns at the body surfaces
[30, 31]. The wall was coated with the mixture using a brush.
The plasma actuator was then ignited with fixed electrical
parameters until the friction lines became visible. Shaped lines
created by the coating displacement were representative of wall
streamlines. During electrical discharges streamers occurred
close to the surface and could influence friction line patterns.
Consequently, great care was preliminarily taken to check that
the coating did not disturb the electrical discharge in terms of
electrical characteristics. Focusing on demonstrating the three-
dimensional flow topology generated using the serrated design,
this technique here provided the possibility to qualitatively
compare the flow topology generated using the linear or the
serrated designs.

3. Discharge characterization

3.1. Plasma morphology

The characteristic structure of the micro-discharges was
observed during each active part (i.e. with the plasma present
on the dielectric surface) of the two half-cycles (figure 4).
For the linear design, the discharge was composed of long,
thin and discrete filaments during the positive half-period: the
streamers propagated from specific locations on the exposed
electrode [32] and were highly filamentary [33]. During the
negative half-period, the discharge had a diffuse nature and
appeared as corona-type plasma [34], emanating from discrete
locations. For the serrated design, the discharge exhibited
similar characteristics. Furthermore, the streamers generated
with the serrated design were longer than those created with
the linear design for the same applied high voltage. This was
due to the local increase in the electric field at each tip. The
shape of the discharge filaments was also modified: streamers
were bent with the serrated design whereas they were straight
with the linear one.

The curved shape of streamers came from the geometric
repetition of the triangular pattern. For a given tooth, the
streamers were ignited at both its edges and they then spread
over the surface in a straight and edge-perpendicular direction,
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Figure 4. Plasma imaging during the active part of: the positive half-cycle for (a) linear and (b), (c) serrated designs, the negative half-cycle
for (d) linear and (e), (f ) serrated designs (VHV = 10 kV and fHV = 1 kHz).

towards the neighbouring teeth. In the vicinity of a root, the
streamers ignited from the edge of a given tooth approached
those coming from the neighbouring tooth. The streamers
pushed each other since their head had the same polarity, and
they deviated, giving the plasma filaments a curved shape.
If there were enough surface charges on the dielectric, the
filaments propagated along the longitudinal direction (i.e.
along the X-axis), otherwise they vanished. Figures 4(c) and
(f ) show more clearly the deviation of the filaments (images
taken 100 µs after the beginning of the active part).

During the negative half-cycle, the micro-discharges took
on the appearance of diffuse corona spots propagating with
a plume shape whatever the design considered. The increase
in the electric field due to serration was observed since bright
spots were located at the tip of each tooth. This could lead to
a more effective negative charge deposition that induced the
development of longer streamers during the following half-
cycle. The corona spots could take on a curved shape like the
positive filaments and for the same reasons.

For the serrated design, the plasma was non-uniform along
the spanwise direction (figure 5(a)). For each tooth, the
discharge was self-limited into a zone delimited by the two
longitudinal axes (along the X direction) aligned on each root
(figure 5(b)). These axes were the two boundaries outlining
the plasma channel, which was self-limited in the transverse
direction (Z-axis). The photo was taken with a digital camera.

3.2. Electrical measurements

Figure 6 shows the instantaneous discharge current for the
serrated design. Overall, the current curves exhibited similar

Figure 5. Image of the plasma for the serrated design (a) and
schematic of a plasma channel (b) (exposure time of 20 s,
VHV = 10 kV, fHV = 1 kHz).

patterns for both designs, suggesting that the shape of the
exposed electrode had a weak influence on the discharge
current features. The discharge current had a near-sinusoidal
pattern superimposed with two groups of random peaks for
each period. The characteristic structure of the micro-
discharges was observed. During the positive half-cycle,
streamers were present on the dielectric surface. This is
depicted on the current curve by a rapid sequence of numerous
peaks. During the negative half-cycle, the number of visible
peaks was significantly reduced since instead of streamers,
corona spots were observed on the dielectric surface.
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Figure 7 shows the power consumption as a function of
the high voltage amplitude. For both configurations, the active
power evolved as Pel ∝ (VHV)n, which was similar to the laws
found in previous studies [4, 35]. The active power Pel (W)
could be estimated by the empirical law

Pel = Cact fHV Lact (VHV)n , (3)

where Cact (W m−1 Hz−1 V−n) is a coefficient depending on
the geometric arrangement of the actuator, fHV (Hz) is the
actuator frequency, Lact (m) is a characteristic spanwise length
of the exposed electrode, and VHV (V) is the high voltage
amplitude. The coefficient Cact and the exponent n were
obtained by fitting (least-squares method) the experimental
data. The values of Lact, Cact and n used to estimate the active
power are summarized in table 1.

For the same applied voltage, the power per unit actuator
length (Pel/Lact) of the serrated design was about 16%
higher than with the linear one. The increase in the power
consumption could be induced by the greater effective length

Table 1. Parameters of the empirical power law (3).

Cact

Design Lact (m) (W m−1 Hz−1 V−n) n R2

Linear 0.076 2.25 × 10−13 2.81 0.99
Serrated 0.072 3.84 × 10−14 3.01 0.99

of the exposed electrode edge due to its sawtooth-like shape,
and by the greater plasma length due to the serration. In
addition these greater lengths induced an increased surface
of plasma (assessed with ICCD images [36]). Whereas the
ratio of Pel/Lact between the two designs was constant within
the range of voltage amplitude in this study case, the ratio
(between the two actuator configurations) of power density
per covered area suggested by Kriegseis et al [36] was not
constant to qualify the increase in the power consumption.
Further experiments have to be performed to establish which
parameter is the most relevant to explain this power increase.

4. Characterization of the induced flow

4.1. Qualitative investigation of the ionic wind topology

Friction line visualizations were performed at the surface of
the plasma actuator to investigate the main differences in
the flow topology generated using the linear or the serrated
designs. In order to check that the coating did not disturb
the electrical discharge in terms of electrical characteristics,
the current was monitored with an oscilloscope. The results
showed that the features of the discharge current remained
the same as those obtained with an uncoated dielectric surface,
suggesting that the discharge was not disrupted by the mixture.
In addition, images of the discharge (figures 8(a) and (b))
performed with an ICCD camera revealed that the streamers
(and the corona spots) developed in the same manner whatever
the surface (coated or uncoated). By comparing the length
of the streamers to the signature of the main shaped friction
lines (figure 8(c)), one can note that the friction line signatures
are still visible downstream the grounded electrode. It can
be noted that this visualization technique shows how the flow
topology is related to the plasma morphology since both plasma
filaments discussed in the last section and friction lines show
similar shapes. However, the use of this technique in this
experimental study gave a mean to investigate differences in
the flow topology generated using the linear or the serrated
designs in the region of interest shown in figure 4, downstream
the tooth tips, where velocity measurements were carried out.

Whereas no noticeable shapes were observed for the
linear design (figure 9(a)) since the induced jet-like flow was
fully two-dimensional, for the serrated design, main lines
named ‘separatrices’ divided the flow into distinct regions
(figures 9(b) and (c)). They appeared aligned on the roots,
and extended downstream the grounded electrode. The
separatrices were located between plasma ‘channels’ observed
on the discharge images. Downstream the teeth, the skin
friction lines converged when approaching these separatrices,
suggesting that the flow sprang up from the wall [31]. Thus
each separatrice, being paired with an ejection of flow, is a
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Figure 8. Streamer appearance for the serrated design (a) with viscous coating applied on the dielectric surface and (b) without coating.
The image (600 µs gate delay, 50 µs gate width) was recorded 10 s after the actuator was switched on (VHV = 10 kV, fHV = 1 kHz). (c) The
corresponding friction line visualization.

Figure 9. Friction line visualizations for (a) linear and (b) serrated
designs at VHV = 10 kV and fHV = 1 kHz; (c) close-up of the
separatrices for the serrated design (this image was numerically
processed to highlight the friction lines).

separation line. The presence of these lines can be due to
the convergence of both induced flows emerging from the
adjoining edges of two consecutive teeth. This visualization
reveals that the flow induced by the serrated design has a

three-dimensional topology downstream the teeth, and more
specifically, that the signature of the main expected separation
lines is due to counter-rotating vorticity in the flow as shown
by analysing flow velocities in the following section.

4.2. Time-averaged flow topology

The time-averaged flow topologies were mapped using 3C-
LDV within the three planes introduced previously. As
expected, the linear design induced a two-dimensional flow
topology (not shown here). Figure 10 shows, for the serrated
design, a spanwise variation of the velocity contours in the
transverse yz-plane: similar velocity levels at the tip (z =
0 mm, z = −6 mm), and at the root (z = 3 mm, z = −3 mm)
were noticed. The maximal values of the longitudinal velocity
(U ) were measured at the tip and close to the dielectric surface.
This is due to the serration which locally increased the electric
field. The transverse velocity (W ) contours showed that the
flow created by the serrated design was three dimensional. The
maximal values of the W -velocity were measured between a
tip and a root, as mentioned in a previous study [21]. This is
due to the fact that the ionic wind was blown perpendicularly
to the tooth edge. Since this velocity component changed
signs alternately, with reversals at each tip and root, vorticity
(ωx) was induced (figure 11). The vorticity reversed at the
root (z = −3 mm) and reached its maximum value between
the tip and the root where the W -velocity gradient was the
highest. Due to a geometrical effect (hand-cut electrodes), the
transverse velocity, and thus the vorticity, could reverse in the
vicinity of the root and not exactly at the root. The maxima
of ωx (≈ ± 1000 s−1) measured in this study were close to
those reported by Durscher and Roy [21] for a comparable
normalized power (Pel/Lact ≈ 40 W m−1). Near the tip,
the vorticity was negligible since the induced flow there was
mainly two dimensional.

One can observe that within the plane aligned on a tip
(z = 0 mm), the longitudinal acceleration (along the X-axis)
increased both in strength and length (figures 12(a) and (c)).
This can be attributed to serration which led to longer streamers

7
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Figure 10. Interpolated velocity flow fields in the yz-plane at
x = 6 mm for the serrated design (VHV = 10 kV, fHV = 1 kHz).
The black dots stand for the measurement positions.

and corona spots than for the linear design. The U -velocity
was maximal above the plasma region (x < 9 mm) and close
to the surface. This longer acceleration was paired with a
lower vertical V -velocity (figures 13(a) and (c)). Thus, the
diffusion of the ionic wind for the serrated design was initiated
further than the linear one. For a height greater than 1 mm,
the V -velocity was negative. The ambient air was deflected
towards the plasma region due to the acceleration of the flow
at the dielectric surface, which induced air suction above the
discharge.

Within the xy-plane aligned on a root, the pinching effect
[21] induced the highest, and positive, values of the V -velocity
(figure 13(b)). Indeed, this effect was responsible for a lift-
up motion: the flow streams induced by two successive teeth
collided and were propelled in normal-to-surface (y > 0) and
in-plane (x > 0) direction. This pinching was paired with a
decrease in the U -velocity (figure 12(b)). The low acceleration
of the flow was due to the fact that there was no plasma at this
particular position. The airflow motion was not induced by a
plasma body force but by the merging of flows coming from
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Figure 11. Vorticity (a) profile according to the spanwise direction
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y = 1 mm) and (b) interpolated flow field in the yz-plane at
x = 6 mm for the serrated design (VHV = 10 kV, fHV = 1 kHz).
The black dots stand for the measurement positions.

adjoining teeth. This flow topology corroborated the presence
of separatrices on the friction line visualization.

4.3. Phase-averaged velocity

In this section, the velocity measurements synchronized with
the high voltage are discussed. As the mean data rate of the
LDV system was around 8 kHz, it was not possible to study
the influence of the positive and negative half-cycles of the
ac voltage (fHV = 1 kHz) with correct sampling. In order to
get round this low data rate, the velocity measurements were
phase-locked to the actuator frequency. For each velocity
component, at least 90 000 validated counts were recorded,
enabling the velocity to be calculated with 500 seeding
particles per 2◦-phase angle of the sine voltage.

The measurements were made above the discharge (x = 3
and 6 mm) and close to the surface (y = 0.5 mm). The
velocity variations during a single cycle were reported in polar
coordinates where the radius stands for the velocity magnitude
(figure 14). The active part of the negative half-cycle lasted
from 0◦ to 90◦, and the positive one from 180◦ to 270◦.
Figure 14(a) shows the three velocity components for the
serrated (measurement position aligned on a tip) and the linear
designs, at x = 6 mm. Figure 14(b) is relative to the serrated
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Figure 12. Interpolated U -velocity flow field in xy-planes: (a) at a
tip (z = 0 mm), and (b) at a root (z = −3 mm) for the serrated
design and (c) for the linear design (VHV = 10 kV, fHV = 1 kHz).
The black dots stand for the measurement positions.

design with measurement points located on either side of a
tooth, at x = 3 mm.

The U and V components of the ionic wind velocity
followed the temporal scenario described in previous studies
[3, 18, 25, 37]. During the negative half-cycle (0◦–180◦), the
U -velocity of the ionic wind was higher than during the positive
half-cycle (180◦–360◦). For the active part of the negative half-
period the flow was accelerated (30◦–90◦), and air suction
in the vicinity of the discharge was induced (V < 0). For
the serrated design, the ionic wind velocity was greater than
with the linear design, and the suction duration was slightly
increased. In addition, this phase lasted longer for the positions
on either side of the tooth (figure 14(b)). For the remainder
of the negative half-period, the flow decelerated slightly
because of hydrodynamic effects and pressure [18] since the
plasma was extinguished on the dielectric surface. At the
beginning of the positive half-period, the plasma was reignited,
inducing a deceleration of the U -velocity (180◦–210◦). This
deceleration was paired with a significant increase in the
V -velocity, probably induced by the reversal motion of the
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Figure 13. Interpolated V -velocity flow field in the xy-planes:
(a) at a tip (z = 0 mm) and (b) at a root (z = −3 mm) for the
serrated design and (c) for the linear design (VHV = 10 kV,
fHV = 1 kHz). The black dots stand for the measurement positions.

electrical charges accumulated on the dielectric surface during
the previous half-period [4, 38]. Then, the positive ions drifted
downstream and dominated the momentum transfer to the air
until the active part of the positive half-cycle ended. An
acceleration of the U -velocity was measured (210◦–270◦),
but weaker than during the negative half-cycle. For the
remainder of the positive half-cycle no further substantial
velocity variation was measured.

For the position aligned on a tip (serrated design) and
for the linear design, the W -velocity was minute throughout
almost the whole cycle. However, a slight increase, followed
immediately by a decrease of the same strength, was observed
during the active part of the positive cycle (210◦). This
fluctuation could be due to the reversal motion of charged
species at the surface after the voltage reversed. Figure 14(b)
shows the absolute velocity for the positions on either side of a
tooth. The absolute velocity was considered in this case since
the transverse velocity was either positive or negative (the tooth
tip was the reference position). The transverse velocity was
accelerated during the active part of both negative and positive
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Figure 14. Phase-averaged profiles of U , V and W -velocity (left to right) as a function of the phase angle of the voltage signal at
y = 0.5 mm, VHV = 10 kV and fHV = 1 kHz. Panel (a) is related to measurement for the serrated (tip-aligned, z = 0 mm) and linear
designs at x = 6 mm and panel (b) is related to measurement for the serrated design on either side of a tip (z = ±2 mm) at x = 3 mm. The
absolute velocity |W | is considered for the positions at z = ±2 mm.

half-cycles. This phase-averaged variation of W -velocity was
similar to that of the U -velocity, except in amplitude.

These measurements showed that all the velocity
components had a phase-locked variation. For the serrated
design, U - and W -velocity evolved with similar patterns for
the positions not aligned on the tooth tips. The acceleration
during the negative half-cycle was higher than the one during
the positive half-cycle. When these accelerations occurred, at
the beginning of each half-cycle, the V -velocity was oriented
either towards the dielectric surface or upwards.

5. Conclusion

This paper focused on the study of the serrated plasma actuator
configuration, which had an exposed electrode with a sawtooth
edge. This design was compared with the standard one,
with strip electrodes. The serrated design induced a slightly

higher power consumption than the linear design. This was
related to the serration that increased the area of the plasma
for the same applied voltage. This increase was confirmed
with images of the discharge which showed longer filaments.
During the active phase of the positive and negative half-
cycles, streamers and corona spots were, respectively, ignited
on the dielectric surface, for both designs. The serration and
the repetitive pattern induced, respectively, longer and more
curved filaments than the linear design.

The modification of the plasma morphology due to
serration had a dominant influence on the induced flow
topology. This was first revealed by carrying out friction
line visualizations which revealed separatrices on the dielectric
surface. The measurements of the three velocity components
confirmed the three-dimensional topology induced by the
serrated design. The transverse velocity had the same order of
magnitude as the vertical one, and had a spanwise periodicity,
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implying that vorticity was created between each tip and
root, and propagated downstream. Serration induced a higher
longitudinal velocity than the linear design. In addition, the
acceleration length was increased, since longer filaments were
generated. The temporal behaviour of the induced flow was
also investigated. For both designs, the longitudinal velocity
was higher during the negative half-cycle than during the
positive one. For a longitudinal position aligned on a tip,
the transverse velocity was negligible. However, for the
positions on either side of a tooth, the transverse velocity
had, qualitatively, the same phase-locked variation as the
longitudinal velocity.

A single plasma actuator with a serrated design is
thus able to induce a three-dimensional flow, and more
specifically spanwise-periodic vorticity, in the same way as
yawed DBD actuators [39] or a plasma actuator array [40]
dedicated to reduce flow separation by vortex generation or to
delay the laminar-to-turbulent transition of a boundary layer,
respectively. Indeed, in this latter flow control application, the
spanwise wavelength of the induced vorticity is useful to act
on transverse flow disturbances. However, with the actuator
design presented in this paper, as the transverse velocity levels
remain low in comparison with the longitudinal velocity, no
well-established counter-rotating vortices are formed. For that
reason, further experiments have to be carried out in order to
increase the transverse velocity by optimizing the tooth design
(i.e. height and spanwise length) because this ability to create
velocity simultaneously in the three directions may be helpful
to perform different flow control strategies.
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