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Abstract.

The aim of this work is to systematically quantify and rank the effects of nine
different design parameters on the fluid mechanic abilities of a Dielectric Barrier
Discharge (DBD) plasma actuator supplied with an Alternating Current. The
ranking and quantification not only consider the parameters themselves but also
their interactions with each other. In order to perform this ranking, a Design of
Experiment approach is used. This allows the most significant design parameters
for the thrust generation, power consumption and thrust to power consumed ratio
(force efficiency) of DBD actuator performance to be determined in a systematic
way. The results show that the thrust generation is driven by the voltage, distance
between the electrodes, AC frequency, and geometry of the exposed electrode, in
that order. A high voltage and high frequency, with a thin dielectric, a narrow
inter-electrode gap, and a thin and narrow air-electrode results in an increase
in the thrust generation.The thrust to power ratio of a DBD is employed as a
proxy for the fluid mechanic efficiency. The analysis of the force efficiency shows
that the voltage, frequency, distance between the electrodes, and geometry of
the air electrode have significant effects. The higher force efficiency is obtained
for a high voltage, low frequency, short inter-electrode gap, thin dielectric of low
permittivity with a narrow and thin exposed electrode. Finally, two actuators are
investigated to determine the best scaling laws for the power consumption as a
function of voltage and frequency. In these experiments, the power consumption
was a function of voltage to the power of 2.5 and frequency to the power of 1.5.
This systematic study of the parameters and their interactions allows general
guidelines to be obtained for the best fluid mechanic performance of a DBD, viz.
its thrust generation and force efficiency.
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Parametric Study of the DBD
1. Introduction

The standard arrangement of a Dielectric Barrier
Discharge (DBD) plasma actuator consists of two
electrodes separated by a dielectric layer (see|Figure 1)).
One electrode is encapsulated in a dielectric material,
and the second is exposed to air. A high-voltage is
applied, resulting in the generation of plasma. The
charged species drift between the air-exposed electrode
and the surface of the dielectric due to electromagnetic
forces. Thus, a wall jet is induced by the plasma, as a
result of the collisions between the neutral and charged
particles. This wall jet can be modeled as a Glauert
laminar wall jet [I], that extends a few millimeters over
the surface of the actuator [2].
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Figure 1: Typical DBD configuration and characteris-
tics.

The flow control abilities of DBDs are now well
established for applications such as boundary layer
control [3, 4, [5], or flow control over simple geometries
[6, 7, 8] at low Reynolds number. Also, their ease
of production and installation make them a suitable
candidate for flow control applications. However, the
induced velocity is relatively low (maximum of 5 to
10 m/s close to the wall), thus limiting the control
authority of the DBD.

Kriegseis et al [9] presented the power-flow
diagram of a DBD actuator for flow control focusing
on four stages. The first stage is the overall power
supplied by the power source, which is named “input
power” by the authors. Part of this power is lost
through electrically resistive effects when generating
plasma. The second stage is the “actuator power”.
However, the plasma generated by the actuator has
its own efficiency measured by its ability to convert
its electrical power into a body force in the fluid.
Therefore, the third stage is the “fluid mechanic
power”, which corresponds to the actual power
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imparted by the DBD to the fluid. Finally, the actuator
can be used for a specific flow control application,
which will dictate its placement and the modulation
of its electrical input. A key part of this entire process
is to obtain an actuator that induces a high momentum
into the flow with the lowest power usage (to transform
electrical power into fluid mechanic power). This
present work focuses on this particular stage where the
actuator power is transferred to a momentum injection
in the fluid by a DBD. Consequently, it restricts to
what Kriegseis et al [9] refer to as the “fluid mechanic
efficiency”. Depending on the specific application, the
efficiency of the actuator can be further enhanced,
by modulating the signal [7, [10, 11, 12] at specific
excitations frequencies for the particular application.

For a DBD supplied with a time varying
electric current, several parameters can be adjusted
to maximize the induced thrust and minimize the
consumed power. The parameters are shown in
They are the width and height of the air-
exposed (w; and hp) and encapsulated (w2 and hsg)
electrodes, the inter-electrode gap (g), the thickness of
the dielectric layer (t), the permittivity of the dielectric
material (e,), and the voltage (V) and frequency (fac)
of the electric signal. The waveform of the time varying
current can also be modified. However, in this study
only the most common waveform is considered, viz. a
sine wave.

At a fixed voltage, Forte et al [13| 4] observed
that a thinner dielectric thickness increases the
maximum velocity induced by the plasma. They
also showed that, for a given consumed power, a
lower permittivity of the dielectric increases the
maximum induced velocity. Moreover, Thomas
et al [15] highlighted that, at a constant voltage
and frequency, decreasing the dielectric thickness or
permittivity increases the thrust. They also described
a phenomenon of thrust saturation when the plasma
discharge transitions from a uniform glow discharge
to a heterogeneous filamentary discharge. The thrust
initially scales as voltage to the power of 3.5, but
as saturation is approached, the thrust scales as
voltage to the power of 2.3. When the saturation is
reached, the thrust stagnates at a value that reduces
if the frequency or dielectric permittivity increases.
However, the authors highlighted that a thick dielectric
of high permittivity can practically sustain higher
voltages before reaching breakdown, and hence achieve
a greater thrust. Forte et al [13| [14] proved a small
inter-electrode gap (g) of 0 to 5 mm leads to a
greater maximum velocity in the induced wall jet. As
a first approximation, Murphy et al [2] noticed an
inverse relationship between the consumed power and
dielectric thickness (¢). This trend could be explained
by the power loss occurring inside the dielectric layer,
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due to the polarization of the electric charges. It is
proportional to &, /t, as indicated by Corke et al [10].

The material of the electrodes was not found to
influence the performance of the DBD, as highlighted
by Hoskinson et al [16]. A thinner exposed electrode
was seen to give a higher thrust generation and a
higher force efficiency (thrust over power ratio). This
phenomenon was seen especially for wire type exposed
electrode by Hoskinson et al [16], Enloe et al [T7] and
Debien et al [18]. It can hence be expected that a
thin and narrow rectangular exposed electrode would
provide a higher thrust and force efficiency. Abe et
al [19] assessed a mesh type exposed electrode that
created a stronger electric field than a standard plain
electrode. It produced more thrust than a simple
rectangular electrode at various ambient pressures.
However, a wire mesh was not evaluated against a mesh
electrode.

Although the thickness of the encapsulated
electrode (h2) was not particularly studied, its width
(wg) plays an important role in the momentum
induction by the plasma. A narrow encapsulated
electrode can constrain the plasma, hence limiting its
extent over the dielectric surface, as described by Forte
et al [13], Thomas et al [I5] and Enloe et al [17]. If the
encapsulated electrode is wide enough not to constrain
the plasma extent, increasing its width (ws) does not
further improve the thrust generated by the actuator
[13, [15).

Increasing the voltage or frequency of the electric
signal increases both the thrust generation and the
power consumption. Enloe et al [I7], Debien et al
[I8] and Abe et al [19] concluded that an almost
linear relationship existed between the induced thrust
and the consumed power. It is typically agreed that
the maximum induced velocity [10, 15, 20] and the
power consumption [10, 15l 17, [21] 22] are proportional
to the voltage to the power 7/2. However, some
discrepancies exist in the reported power laws. For
instance, the power consumption has been observed to
be proportional to the square of the voltage [13, 23, 24].
Experiments reveal the consumed power depends on
the frequency to a power ranging between 1 [19] and 1.5
[21]. A linear relationship between the power and the
frequency can be expected, since the consumed power
over one AC period is defined by the energy consumed
over this period multiplied by the frequency of the AC
signal [21I]. Any other dependency of the power on
the frequency is caused by the discharge, and affects
the consumed energy. Kriegseis et al [21] proposed a
scaling parameter © based on the commonly reported
scaling laws,

Is/L

GAZW ) (1)

where II5 is the power consumption in watts, L the
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electrode span, V' the voltage and f,. the frequency.
However, this parameter is not non-dimensional, and
has a dependency on the design of the actuator. The
influence of the waveform was analyzed by different
authors [I0, 25, 22, 26]. It was observed a sine
or triangular wave with a longer negative going half
cycle and shallow positive going half cycle enhances
the momentum transfer to the flow. The rectangular
wave was found inefficient compared to the other two
waveforms [10]. However, with a very high frequency
(tens of kilovolts) and a low duty cycle, the rectangular
wave can be tuned into nanosecond pulses. The
momentum injection by the nanosecond-pulsed DBDs
(NS-DBDs) and AC driven DBDs are different [27, 28].
NS-DBDs create a fast discharge, that leads to a
high temperature and pressure jump, generating a
flow through thermal effects. On the other hand, AC
driven DBDs induce momentum in the flow through
electrohydrodynamic forcing.

Some considerable work has already been per-
formed in order to determine the influence of numer-
ous design parameters on the ability of the DBD to
produce thrust at a given electrical power consump-
tion. However, it has not been performed systemati-
cally, ranking and quantifying the effects of the differ-
ent design parameters. It is also uncertain how these
different factors interact with each other, and whether
these potential interactions impact the fluid mechanic
performance of the actuator, here defined as its thrust
generation and force efficiency. This current work ad-
dresses these points.

In order to rank and quantify the parameters and
their interactions, a Design of Experiment (DOE) [29]
approach is used in this work. The method enables the
most significant geometric and electrical parameters
to be determined, and quantify how they affect the
fluid mechanic performance of DBDs. It also allows
the interactions between the different parameters to
be examined. The method can also be used to derive
simple linear regression models to predict the flow
control performance of a DBD with a given design. The
experimental rig used in the experiments in described
in Section The ranking of parameters and their
interaction for thrust, power consumption and force
efficiency (thrust/power consumption) are presented in
Sections and [f respectively. Finally, in Section [6]
the observed scaling laws are discussed.

2. Experimental method

2.1. Flectrical measurements

The high voltage source comprises of two pieces of
equipment. A low voltage signal is delivered by a
BK Precision 4010A function generator, and amplified
by a Trek 20/20C-HS high-voltage amplifier. The



Parametric Study of the DBD

frequency of the voltage is derived from the TTL
signal emitted by the function generator. The voltage
and current are measured by the amplifier in-built
voltmeter and ammeter with accuracies of 20 V for
the output voltage and 0.2 mA for the output current,
with full scales of 20 kV of amplitude and 20 mA .
These monitors provide the time averaged quantities.
The consumed power I14 is obtained by the integration
of the product of the voltage V' and current I over n
periods Tae (= 1/ fac) of the AC signal,

My = — (/ acVIdt) . 2)
NTac 0

In the present work, n is 2500 for the frequency of
0.5 kHz and 10000 for the frequency of 2.0 kHz. The
acquisition is performed by a dSpace DS1104 board,
with 5 s recordings sampled at 40 kHz (2.0 x 10° points
per sample). The standard error for the full scale
with 2.0 x 10° observations is 0.009 W. The two-tailed
Student’s t-value for 2.0 x 10° points with a confidence
level of 95% is 1.96, giving a confidence interval of
£0.02 W.

It is also important to note that the electrically
capacitive behavior of the DBD is responsible for a
phase shift between the electrical current and voltage
(on average 85 degrees in the present study). If the
Trek 20/20C-HS power supply exceeded its distortion
limit, it would trip. To avoid this, the voltage and
frequency ranges discussed in Section [2.3] were selected
in order to achieve the maximum capacitance within
the capabilities of the Trek 20/20C-HS amplifier.
Supplementary tests showed that the amplifier would
trip around 17 to 18 kV,,,, for several of the DBDs used
in the study.

2.2. Force measurements

The momentum transferred to the free-stream is
measured through the thrust produced by the DBD
actuators. The force measurement is realized by a
dedicated test rig, that amplifies the thrust via a lever
(see [Figure 2). The amplification ratio by the lever is
9.2. In order to lower the friction in the linkage between
the lever and its support, a straight blade was utilized.
As a result, the lever lies on a sharp blade, where it
is balanced by three calibration masses as shown in
The force is recorded by a NovaTech F329
deci-Newton load cell with an accuracy of 10 uN, on a
full scale of 100 mN. Consequently, the test rig provides
measurements up to 10.9 mN. The entire test rig is
enclosed in a perspex box, so that it is isolated from
free-stream disturbances. The box and its dimensions
are shown in [Figure 3] The acquisition is performed by
a dSpace DS1104 board, with 5 s samples obtained at
a frequency of 25 kHz (1.25 x 10° points per sample).
The standard deviation measured on the signal from
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the test rig at full scale is 105 uN, leading to a standard
error of 105/4/1.25 x 10> = 0.3 uN. For a confidence
level of 95%, the two-tailed Student’s t-value for each
sample is 1.96. Hence, the confidence interval of the
rig is 0.6 uN for each data point acquired with the
experimental rig.

Sharp blade

linkage Perspex box

THRUST

DBD

/
Calibration
mass

Calibration
masses

Test rig
support

Figure 2:  Schematic of test rig for micro-thrust
measurement. N.B. not to scale.

Figure 3: Picture of test rig for micro-thrust
measurements in its perspex box. Dimensions in
millimetres.

2.8. Design of experiments and DBD actuators

All the DBDs utilized in this study were produced
using standard printed circuit board manufacturing
techniques. This is done to minimize the impact of
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inaccuracies and variability in the production process
on the final results. However, it also means several
of the nine parameters (see are limited
to particular sets of values due to manufacturing
constraints. This led to the use of a standard 2-
level fractional factorial Design of Experiment (DOE)
approach. In this approach, each of the design
parameters can take two values.

A full factorial design evaluates all the possible
combinations of parameter values, and would require
to 2° = 512 independent tests. 512 tests would not
be feasible in a reasonable time frame, especially if
they are to be repeated to gain in accuracy. In order
to reduce the number of experimental data points,
a 1/16 fraction was chosen, resulting in 2°7% = 32
separate runs. Each run corresponds to a particular
set of low and high values of the nine factors, and all
the runs are unique. The test matrix is a standard
Plackett-Burman design with 32 runs, for 9 design
parameters with a 1/16 fraction. The test matrix was
also randomized before commencing the experimental
campaign.

Due to this reduction of the number of experimen-
tal tests, all the combinations of levels of the variables
are not met. Hence, the interactions between the de-
sign parameters can only be analyzed between up to
two interacting parameters. Moreover, aliases between
some interactions exist in the results, meaning the anal-
ysis cannot differentiate whether one observed effect is
caused by one interaction or its alias(es). The aliases
are systematically described in the discussion of the
results. An interaction occurs when the influence of a
design variable on the output parameter is altered by
another design variable.

The 32 runs were all performed three times,
in order to reduce the uncertainty of the results.
Consequently, the final test matrix includes 32 x 3 = 96
data points in total. The design was realized and
analyzed using Minitab 18.

The low and high values of all the parameters
represented in are given in The
dielectric material is either standard FR4 epoxy
laminate (e, = 4.42) or glass reinforced PTFE
laminate (e, = 2.33). The electrodes are all made of
copper, and all have a span L of 100 mm. The variables
in have different ranges between the maximum
and minimum values tested. These ranges were
selected based on the existing literature, presented
in and based on manufacturing limitations
of the PCBs used as the actuators. Therefore, the
following analysis compares the effects of the nine
parameters and their interactions within the selected
ranges in the design of experiment. It is important to
note that this analysis cannot necessarily be extended
outside of these ranges with any certainty. The effects
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and their ranking therefore depend on the chosen
ranges to some extent. All the actuators have the
same longitudinal and lateral dimensions of 70 mm x
110 mm (see . The encapsulated electrode
front edge is located 54.5 mm from the rear edge of the
actuator for all DBDs. In the case where the electrodes
have two different copper thickness, two printed circuit
boards are bonded together with an epoxy glue 0.5 mm
from the encapsulated electrode (i.e. 55 mm from the

rear edge of the actuator, see [Figure 4)). Three output
parameters are analyzed:

e The thrust generation by the actuator per unit of
electrode span T (mN/m).

e The consumed power by the actuator per unit of
electrode span Py (W/m).

e The force efficiency of the actuator na = Ta/Pa
(HN/W).

Symbol Low and
Parameter
(units) | high values
Exposed wy 0.5
electrode width (mm) 5
Encapsulated w3 10
electrode width (mm) 50
Inter-electrode g
gap (mm) )
Exposed hq 35
electrode height (pm) 70
Encapsulated ha 35
electrode height (um) 70
Dielectric layer t 0.8
thickness (mm) 3.2
Permittivity of . 2.33
the dielectric " 4.42
1
Applied voltage v 0
(kVpp) 16
Signal fac 0.5
frequency (kHz) 2
Table 1: Studied parameters in the Design of

Experiments.

The DOE analysis draws linear regression models
based on the different design parameters and their
interactions.  Mathematically, if Y is the output
parameter and X is the array of the input variables,
the linear regression model is represented by the lower
triangular matrix A defined by,

X:[l wy wy g hi hy t & V fac] ,(3)
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x | Longitudinal direction.
Streamwise direction.

—p»  Counter-streamwise direction.

y | Spanwise directions.

z | Wall normal direction.

Figure 4: DBD actuator and its characteristic
dimensions.
Y=X-M-XT. (4)

In the first term needs to be a

constant (1 for simplicity), so that the model can
adjust the zero intercept, and determine the coefficients
for the single factors, making its length equal to
the number of input parameters plus one. The
derivation of the model requires the errors between
the measurements and predictions to be normally
distributed. Therefore, it is common to transform
the output variable through an increasing monotonic
function (power law or natural logarithm typically)
so that this assumption is obeyed. The DOE model
is calculated for the transformed response in this
case. The employed transformations are detailed in
the discussion of the results. The main disadvantage
of the models is their limitation to simple mathematical
functions. They also average the behavior of the DBDs
across all the runs, even if the different actuators can
generate distinct types of plasma discharges that could
obey different mathematical scaling laws. This point
is discussed in the analysis of the models.

In the construction of the model, all the
parameters and their interactions are not included.
The analysis of a DOE relies on the observed changes
in the mean value of the output parameter due to a
change in value of a design variable. For instance in
the present study, the effect of w; on the thrust T
is the difference in the average of the thrust over all
the tests for which w; = 5 mm and the average of
the thrust over all the tests for which w; = 0.5 mm.
From the 96 tests, half are assigned to either one of the
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two levels of each design variable. Mathematically, the
effect E of wy, can be expressed as,
B > (Ta (wy =5mm)) > (T (w1 =0.5mm)) (5)
48 48 '
The statistically significant effects are selected by com-
paring their distribution to the normal distribution.
The normally distributed effects are attributed to ran-
dom errors and the residuals that are not included in
the model. In order to confirm the insignificance of the
neglected effects, they are transformed into standard-
ized effects. A standardized effect is Student’s t-value
of the risk that the observed effect is due to random
error. For 96 observations, a standardized effect SFE is
defined as,

_ E|
/M Sres (1/48 + 1/48)

where |E| is the absolute value of the effect and
M Sres the mean square of the residual effects chosen
previously. A critical t-value can be calculated based
on the desired confidence level and number of data
points. In the present study, a confidence level of 95%
was selected with 96 tests, leading to a two tailed t-
value of 1.98. A statistically significant effect has a
standardized effect greater than this critical t-value.

SE (6)

3. Significant effects on the thrust generation

The analysis of the thrust generation is performed
on the square root of the thrust, in order to satisfy
the normal distribution of the residuals discussed in
the previous section. The analysis identified nineteen
statistically significant effects. These nineteen model
terms are responsible for 97.4% of the total variance
captured in the data. 91% of the variance of the
results is due to only nine parameters and interactions.
The standardized effects are presented in descending

g-V
V.-f
ac
h1
g-f, M Positive
B Negative
w
1
0 10 20 30 40

Standardized Effect

Figure 5: Pareto chart of the standardized effects on
the thrust generation colored by sign of the effects.
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order in the Pareto chart in for these nine
most significant effects. All the displayed standardized
effects are greater than a critical t-value of 1.98. The
bars are colored by sign of the original effects (i.e. a
positive increase in a parameter increases the thrust
and vice versa). For each original effect, the means
are obtained over 48 data sets for the effects of the
single factors, and 24 for the interactions, each having
a confidence interval of £6 uN/m of electrode span.
The Student’s t-value for 48 and 24 observations with
a confidence level of 95% are 2.01 and 2.06 respectively.
As a result, the confidence intervals of the mean
of the thrust described in the next paragraphs are
+1.8 uN/m for the single factors and £2.5 uN/m for
the interactions. The statistically significant effects on
thrust are discussed below in order of significance.

3.1. Voltage

The voltage (V) plays a major positive effect of
0.268 mN/m/kV,, on the thrust generation. This
result is not surprising, since increasing the voltage
increases the electric field across the electrodes, and
hence the ion drift velocity. As it can be found in the
work of Kriegseis et al. [30], the ion drift velocity vq
can be expressed as the electric field £ multiplied by
an ion mobility coefficient «:

vg =kE . (7)

It can be approximated that the electric field is the
ratio of the potential difference between the electrodes
over the distance separating them [30]. By using the
Pythagorean theorem to the present case, the electrode
are set apart by the distance /g% +t2. Hence,
results in:

v

K N (8)
However, is only a rough approximation
as it does not take into account the difference in
permittivity between the gaseous species and the
dielectric. An increase in the voltage also increases
the number of charged particles in the plasma.

Vq =

3.2. Separation of the electrodes

In|{Equation 8| the inter-electrode gap (g) and dielectric

thickness (¢) are the next significant parameters,
with respective losses of 0.210 and 0.263 mN/m/mm.
The loss of thrust with a thicker dielectric agrees
with the literature [13, [I4, [15]. Both effects have
a comparable amplitude, but there is a measurable
difference between the effect of electrode gap and the
effect of dielectric thickness. One explanation for
this could be the higher permittivity of the dielectric
compared to air, leading to a larger drop in the
electric field if the dielectric layer thickness increases,

7

compared to the case where the inter-electrode gap
increases.

3.3. Frequency

The fourth significant factor is the AC frequency (fac)
with a positive effect of 0.407 mN/m/kHz on the thrust
generation. Qualitatively, the increase agrees with
previous published work [I3], 15, 19]. It indicates that
the momentum transfer is increased by a higher AC
frequency, due to a greater collision frequency between
the charged particles and the neutral gas species.

8.4. Interactions of the gap with the voltage and
frequency

The interactions between either the gap or the
dielectric thickness and either the voltage or frequency,
ie. gxV, gx fac, t xV and t x fac proved that
the improvement with a small electrode separation is
greater when the voltage and frequency are at their
largest values. This was most significant in the case
of the interaction between the inter-electrode gap and
either one of the electrical parameters (¢ x V and
g X fac). Indeed, these two interactions were found to
be significant in the Pareto chart in (ranked

5th ang gth respectively). For a short gap of 1 mm, the
gain in thrust reached 0.45 mN/m/kV,, compared to
a lower increase of 0.16 mN/m/kVy, for a 5 mm gap.
Similarly, the thrust has a gain of 0.79 mN/m/kHz
for a 1 mm gap compared to only 0.15 mN/m/kHz
for a 5 mm gap. The increased significance of the
interactions with the inter-electrode gap compared to
the dielectric thickness are assumed to come from the
lower permittivity of the plasma/air in comparison
to the dielectric.  According to Gauss’s law, the
divergence of the electric field is inversely proportional
to the permittivity, resulting in a smaller increase in
the electric field with a higher permittivity. These
results also agree with the observations of Thomas
et al [I5]. In their study, at a constant voltage
and frequency, the thrust was found to decrease with
increased dielectric thickness.

3.5. Interaction between the voltage and frequency

In the sixth most significant effect on the
thrust generation is the interaction between the voltage

and frequency (V X fac). On average, the thrust
increased by 0.16 mN/m/kHz at 10 kV,,, but gained
1.21 mN/m/kHz at 16 kV,,. The more numerous
charged particles produced by the high voltage transfer
more momentum to the neutral gas, due to the greater
collision frequency and velocity of the charged particles
at high AC frequency.
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3.6. Geometry of the exposed electrode

The geometry of the exposed electrode was also found
to be influential while the encapsulated electrode did
not particularly affect the thrust generation. The
height (h;) and width (w;) of the exposed electrode
(ranked seventh and ninth in the Pareto chart
have negative effects, indicating a thin and narrow
air electrode generates more thrust. On average, the
narrow electrode was observed to generate 0.29 mN/m
more thrust than a wide air electrode. A thin exposed
electrode has a similar gain of 0.31 mN/m on average
compared to a thick electrode. This agrees with the
work of different authors [16] 17, [18]. The lower
permittivity of the dielectric was also found to generate
a slightly higher thrust (around 0.24 mN/m greater
than with the higher permittivity).

3.7. Additional loss of momentum transfer

In addition, a loss of momentum was observed during
the experiments. At high voltage and frequency, a
narrow exposed electrode was observed to generate
plasma on both edges of the electrode, due to the
increased electric field. This phenomenon occurred
particularly for a thin dielectric and a short inter-
electrode gap. This behavior is shown in [Figure 6| with
two PTFE actuators having the following common
parameters: hy = ho = 35 um, g = 1 mm, ¢t = 0.8
mm, &, = 2.33, V = 16 kV,, and f,c = 2 kHz, but
with either wide (top picture, DBD-1, w; = 5 mm
and we = 50 mm) or narrow (bottom picture, DBD-2,
wy = 0.5 mm and wy = 10 mm) electrodes. Additional
total pressure measurements were performed that
provided additional evidence for the existence of a
counter streamwise jet at the front edge of the exposed
electrode. The interaction between the width of the
exposed electrode and the dielectric thickness (w; X t)
was found to agree with this observation. However, it is
aliased with the interaction g x V' discussed previously.
Besides, the interactions between the width of the air
electrode and the voltage, frequency or gap were found
to be null. Consequently, the interaction w; X t is
inconclusive.

The study of the thrust generation reveals several
interactions between the design parameters that have
significant effects and cannot be ignored. In order
to better judge the suitability of a particular design
of DBD, it is also important to judge its power
consumption, not just the thrust.

4. Significant effects on the power
consumption

The analysis of the power is performed on the natural
logarithm of the power consumption, so that the

Rear edge

d

Rear edge
discharge

Front edge
discharge —

(b)

Streamwise direction.
Counter-streamwise direction.
«un Dielectric outline.

Air electrode outline.

Figure 6: Long exposure pictures of two similar DBDs,
(a) DBD-1, wy = 5.0 mm (wide exposed electrode), ([b)
DBD-2, w; = 0.5 mm (narrow exposed electrode).

residuals of the model are normally distributed as
discussed previously. Eighteen statistically significant
factors and interactions were identified. The model
terms contribute to 99.9% of the variance of the
results.  Of the variance of the model, 99.4% is
due to only five effects. The standardized effects of
these five parameters and interactions are presented
in in descending order. The colours
indicate whether these effects are positive (higher
power consumption at high values of the parameter)
or negative (lower power consumption at high values
of the parameter). All the standardized effects on
the figure are greater than the critical t-value of
1.98. Similar to the analysis of the thrust, the mean
of the power is obtained over 48 measurements for
the single parameters and 24 for the interactions.
The single measurements have a confidence interval
of £0.2 W/m of electrode span. The t-values for
the two sample sizes with a 95% confidence level
are respectively 2.01 for 48 observations and 2.06 for
24 observations. Thus, the confidence intervals for
the means of the power discussed in the following
paragraphs are £0.03 W/m for the single factor and
+0.04 W/m for the interactions.
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Figure 7: Pareto chart of the standardized effects on
the power consumption colored by sign of the effect.

4.1. FElectric parameters

The first two important parameters in the Pareto chart
are the frequency (fac) and voltage (V). Both
have positive effects on the power consumption with
gains of 3.13 W/m/kV,, and 25.3 W/m/kHz. Since
the electrical variables were also found to strongly
impact the thrust generation, only the analysis of the
thrust to power ratio (presented next) can indicate
whether each of these factors play a more significant
role in the generated thrust or consumed power.
Even if the magnitudes of the change in the power
consumption cannot be compared, the increase in the
power with the electrical variables is consistent with
other works [I7, [19] 21]. It is also demonstrated that
the interaction between the voltage and frequency was
found to be the seventh most significant parameter.
The increase in power consumption increases from
15.6 W/m/kHz at 10 kV,, to 41.6 W/m/kHz at
16 kV,,. This interaction agrees qualitatively with
relationships proposed by Kriegseis et al [21I], who
observed that the power depends on the product of
the voltage to the power of 3.5, and frequency to the
power of 1.5

4.2. Separation of the electrodes

As previously observed in the thrust generation, the
inter-electrode gap (g) and dielectric thickness ()
have similar effects. Both parameters have a negative
impact on the power consumption, with losses of
0.850 W/m/mm of gap and 1.17 W/m/mm of dielectric
thickness. Since an increase in the separation of
the electrodes was previously identified as causing a
reduction in the thrust generation by weakening the
plasma, it is unsurprising that the power consumption
decreases if the electrodes are further apart. The
greater loss rate of the dielectric thickness compared
to the inter-electrode gap concur with the observations
realized for the thrust generation. It suggests that the
loss of power is linked to the weakening of the discharge
that leads to a reduction in thrust generation.

4.3. Interaction between the gap and dielectric
thickness

The fifth effect in is the interaction between
the gap and dielectric thickness (g xt). The interaction
shows that the consumed power, for a large inter-
electrode gap, does not vary much with the thickness of
the dielectric, but for a short gap, the power increases
by 8.6 W/m when the dielectric is thinner. This
interaction is a result of the stronger plasma discharge
with a shorter separation of the electrodes, leading
to a greater power consumption due to the enhanced
exchange of charged particles in the plasma.

The power consumption cannot be considered
alone for the optimization of the DBD actuators.
Several of the significant parameters that impact
the power were also observed to improve the thrust
generation previously. Consequently, the force over
power ratio (or force efficiency) needs to be analyzed
to judge the relative importance of the parameters on
the thrust and power.

5. Significant effects on the force efficiency

The analysis of the force efficiency is performed on
the square root of the efficiency, in order to satisfy
the normal distribution of the residuals. The analysis
of the force efficiency showed fifteen statistically
significant factors and interactions. These model
terms are responsible for 91.7% of the variance of
the results. However, 90.9% of the variance due to
the model can be assigned to nine parameters and
interactions. The significant effects are presented in
the Pareto chart displayed in in descending
order. The colors show the sign of the effects, with
a blue color for an increase in force efficiency with an
increase in that particular parameter, and red color
for a reduction in efficiency with an increase in that
parameter. The maximum thrust measured during
the test campaign is 0.577 mN + 0.6 pN, and the
minimum consumed power is 0.29 W £ 0.02 W. It is
important to note that these two values were recorded
for two different data points. With the standard
propagation of error, the standard error of the force
efficiency is 2.5% of the values with an upper bound of
4.34 uN/W. As with the thrust and power, the means
of the force efficiency are obtained over 48 observations
for the single parameters, and 24 observations for the
interactions, with respective t-values of 2.01 and 2.06
at 95% confidence. Consequently, the means discussed
in the following paragraphs are given with confidence
intervals of 0.22%o for the single factors and 0.31%o for
the interactions.
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Figure 8: Pareto chart of the standardized effects on
the force efficiency colored by sign of the effects.

5.1. FElectric parameters

Similar to the thrust generation and power consump-
tion, the electrical parameters and separation of the
electrodes form the first four significant effects in the
Pareto chart in |[Figure 8 However, the effects of the
voltage (V) and frequency (fac) have opposite signs
with a gain of 7.68 uN/W/kV,, for voltage and a loss
of 23.0 uN/W /kHz for frequency. These two param-
eters were observed previously to both increase the
thrust and power. Hence, the positive effect of the volt-
age demonstrates that this factor mostly influences the
thrust generation. On the contrary, the negative effect
of frequency proves it mostly impacts the power con-
sumption. Qualitatively, this effect agrees with the ex-
periments of Thomas et al [15], who measured a higher
increase in the power consumption compared to the in-
crease in the thrust generation due to an increase in
frequency.

5.2. Separation of the electrodes
The next most significant effect in is the

separation of the electrodes. As for the thrust
and power, the effects of the inter-electrode gap
(9) and dielectric thickness (¢) are comparable, with
losses of 7.33 uN/W/mm of inter-electrode gap and
9.96 puN/W/mm of dielectric thickness. Because
the two parameters were found to reduce both the
thrust and power, the overall drop in the efficiency
demonstrates that a larger separation of the electrodes
results in a greater drop in thrust generation. The
higher loss rate captured for the dielectric thickness
suggests the electric field is further reduced by the
dielectric of significant permittivity compared to the
air.
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5.83. Geometry of the exposed electrode

The fifth and seventh effects in are the width
(wq) and height (h) of the air electrode. The effects of
the width and thickness are negative, with respective
losses of 3.80 uN/W/mm and 0.354 pN/W/pm.
Hence, a narrow and thin air electrode improves
the force efficiency of the actuator. This trend is
in agreement with other observations [16] [18], and
demonstrates the higher gain in momentum induced
by the plasma discharge caused by a thin and narrow
electrode over its consumption of electric power.

5.4. Interactions between the separation of the
electrodes and permittivity of the dielectric

The interactions between the thickness and permittiv-
ity of the dielectric (¢ x &,) and between the inter-
electrode gap and dielectric permittivity (g x &,.) are
ranked sixth and ninth in respectively. The
interactions are not significant enough to modify the
trend previously described (i.e. a shorter distance be-
tween the electrodes is overall more efficient). However,
the effects are of opposite signs. At either short gap or
thick dielectric, the permittivity was not determined
to impact the efficiency. On the other hand, for a long
gap and thin dielectric, a low permittivity results in
respective increases of 23 and 25 uN/W. Because the
permittivity was not found to significantly affect the
thrust generation or the power consumption, the phe-
nomenon behind this dependency is unsure. Neverthe-
less, these effects do not change the conclusions previ-
ously presented concerning the inter electrode gap and
the dielectric thickness. However, it should be noted
that the DOE performed in this study predicts a small
increase in the force efficiency when reducing the per-
mittivity.

5.5. Interaction between the voltage and frequency

The last significant effect was the interaction between
the voltage and frequency (V X fac). This interaction
was already reported to have a positive effect on the
thrust generation. It was also observed to have a less
significant positive effect on the power consumption.
However, the interaction is negative for the force
efficiency. As it was discussed previously, the frequency
has a higher effect on the power than it has on the
thrust. Conversely, the voltage has a higher effect on
the thrust. At 10 kV;, decreasing the frequency from
2.0 to 0.5 kHz improved the efficiency by 22 uN/W,
while the same decrease in frequency resulted in a gain
of 61 uN/W at 16 kV,,. Therefore, both increasing
the voltage and decreasing the frequency reinforces the
individual effects of both of the electrical parameters,
and allows a DBD to reach a greater force efficiency.
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Several other effects were found to impact the
force efficiency, but are only responsible for a small
contribution of the variability of the results.

The DOE analysis enables the different design
parameters to be ranked in order to determine their
significance for the improvement of the flow-control
performance of a DBD. The analysis also allows several
models to be derived to predict the thrust, power
and efficiency of a particular design. Nevertheless,
the models rely on linear regression and have a
limited ability to capture non-linearity through the
interactions and transformations of the responses. In
order to verify the scaling of the thrust generation
and power consumption with voltage and frequency,
two actuators were tested for different voltages and
frequencies.

6. Observed scaling laws.

6.1. Description of the two actuators.

The scaling laws of the thrust and power as a function
of voltage and frequency were assessed for the two
actuators shown in The first design (referred
to as DBD-1) was employed in the DOE study at
2.0 kHz and 16 kV,,. It has a wide and thin exposed
electrode (5 mm x 35 pm) and an encapsulated
electrode (50 mm x 35 um), separated by a short
gap (1 mm), and flush-mounted on a a thin PTFE
layer (0.8 mm, permittivity 2.33). The second actuator
(DBD-2) has a similar geometry, but with narrow
exposed and encapsulated electrodes (0.5 mm and
10 mm). It was not included in the original DOE
study. Both actuators were experimentally tested
every 0.5 kHz between 0.5 and 2.0 kHz, and every 1 kV
between 10 and 16 kV .

6.2. Scaling of the thrust generation.

The thrust generated by the two actuators were not
found to share similar behaviours. For DBD-1, the
best power scaling is dependent on the frequency to the
power of 0.8 and the voltage to the power of 5.5. This
scaling has an adjusted coefficient of determination of
99.6%. On the other hand, the thrust produced by
DBD-2 was observed to scale as the frequency to the
power of 0.4 and voltage to the power of 2.1, with an
adjusted R? coefficient of 96.7%. As it can be seen in
DBDs 1 and 2 create very different discharges.
The plasma ignites on both edges of the exposed
electrode of DBD-2, while it only occurs on the rear
edge of the electrode for DBD-1. The long exposure
pictures of are not able to capture the details
in the discharges such as streamers. Consequently, the
homogeneity of the discharges cannot be compared,
and the differences in the scaling laws are partly due to
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the different discharge types. As described by Thomas
et al [15], the thrust is a power law of the voltage,
but the power law depends on the closeness to the
saturation of the actuator. For instance, the authors
observed that the thrust initially depends on voltage
to the power of 3.5 but then scales as voltage to the
power of 2.3 as the saturation thrust is approached.
In the present study, a clear transition of the scaling
thrust scaling law with voltage was not unveiled. It is
unlikely a common scaling law of thrust with voltage
could be determined for all the DBDs employed in
the present work because of the different types of
discharges that were observed (see . These
different discharge types exhibit different behaviors,
especially when considering the possibility of plasma
discharge happening on both edges on some of these
DBDs.

10 KV,
0.5kHz
4.43

Figure 9: Long exposure pictures of the observed
plasma discharges, with (a) filamentary discharge, (b)
mixture of filamentary and glow discharge, and (c)
glow discharge.

6.3. Scaling of the power consumption.

The scaling of the power can be compared to the
work of other authors. In the present study, the
power consumption was determined to scale with the
frequency to the power of 1.5 and voltage to the power
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of 2.5. For this scaling law, the adjusted coefficients
of determination are 99.8% for the two actuators. The
power consumption of DBD-1 (P;) and DBD-2 (P) in
W /m were found to follow the following scaling laws,

Pl (003432 ] a5 s, [ 1339
{ P ] - { 0.03383 ] <ot XV g 460 | )

where f,. is in units of kHz and V' is in units of kV .
The main differences between the two scaling laws is
the zero intercept that almost doubles between DBD-1
and DBD-2. The power scaling with the frequency
agrees with the conclusion of Kriegseis et al [21] with
the consumed power scaling as the frequency to the
power of 1.5. On the other hand, the power scaling
with the voltage is in agreement with the work of other
authors [I3] 24] with the consumed power depending
on the voltage to a power of n, where 2 < n < 3.

As was shown in the DOE analysis in Section
, the consumed power decreases with an increase of
voltage or frequency. The main differences between
the two actuators are the widths of the air and
encapsulated electrodes. The two scaling laws mainly
differ by the zero intercept, with an increase of 1.13
W/m of the zero intercept with a decrease of the
widths of both electrodes. When considering the
ranges employed in the present study for the voltage
and frequency, this increase represents between 1 and
20% of the power consumed by DBD-1 and DBD-2.
Consequently, the effects of the voltage and frequency
dominate the power consumption, but a narrower
electrode can lead to an increase in power consumption.
The dual plasma discharge shown in certainly
contributes to this increased power consumption.

7. Guidance for DBD design and operation.

The ranking of the parameters from the Design of
Experiment approach can be used to draw general
guidelines in order to obtain the best fluid mechanic
performance of a DBD, that are its generation of thrust
and its force efficiency.

7.1. Design of a DBD.

Before designing an actuator, it is desirable to already
determine a nominal operating and maximum voltage,
since the input voltage strongly influences the thrust
generated and the power consumed by a DBD. A higher
operating voltage typically results in greater thrust
generation but is often limited by the available power
source in a practical implementation and dielectric
materials available.

The conclusions of the present systematic study
of the parameters and their interactions are that at
the nominal voltage, a DBD with a thin dielectric
layer of low permittivity, short inter-electrode gap,
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and narrow and thin air-electrode should be used
in order to achieve the greatest achievable thrust.
However, the dielectric thickness and permittivity must
be chosen so that the electric breakdown of the material
is not reached at the maximum operating voltage.
Concerning the width of the encapsulated electrode,
the values employed in the present study did not show
an influence. However, it is known that a narrow
encapsulated electrode can constrain the plasma extent
and reduce the maximum achievable thrust of a DBD
[13L 15 [I7]. Several other parameters such as the shape
of the exposed electrode and the shape of the waveform
were not considered in this present work.

An additional important effect that is not
discussed is the saturation of the thrust found by
Thomas et al [I5]. In the current study, the saturation
was not determined to impact the results. However at
higher voltages it may be important. If the operating
conditions differ significantly from the present study,
then the saturation frequency should be determined at
the nominal and maximum operating voltages using
optical measurements [15].

7.2. Operation of a DBD.

Once the design of the actuator has been chosen, the
actuator can be employed in two different manners. If
the goal of the application is to obtain the maximum
thrust, the frequency of the input sine-wave should
be increased starting from a low value. However, the
frequency should always be less than the saturation
frequency of the actuator at the chosen operating
voltage. If the frequency exceeds the saturation
frequency at a given voltage, then the thrust will be
at its maximum value but with a decreased efficiency.
If the DBD is used over a range of voltages and
if the frequency is not modulated, the higher limit
of the frequency should be less than or equal to
the saturation frequency at the maximum operating
voltage. In addition, the maximum deliverable power
by the electric power supply should also be considered
due to distortion.

On the other hand, if the force efficiency of the
actuator is important for the particular application,
the operating frequency can be kept at a much lower
value than the saturation frequency. Nevertheless, as
discussed in [section I} modulating the input signal can
be beneficial for flow control applications [7, [10] [T2].
Hence, it can be preferable to design a DBD and its
power supply to achieve a high thrust generation and
then benefit from the modulation of the signal in order
to reduce the power consumption and increase the
control authority of the DBD.
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8. Conclusion

The purpose of the current study was to systematically
rank and quantify the parameters, including the
interactions between parameters, that affect the fluid
mechanic performance of a DBD actuator using a
Design of Experiment approach. The performance was
determined by measuring the thrust generation, power
consumption and force efficiency.

The thrust generation increases with voltage,
and a short separation of the electrodes with a thin
dielectric and short inter-electrode gap. A high AC
frequency was also observed to increase the thrust.
Although a high frequency was observed to increase
the thrust on average, it can be detrimental for the
efficiency of the DBD. The geometry of the exposed
electrode was found to be significant, and a narrow
and thin electrode led to an increase in the thrust
generated. However, a narrow exposed electrode was
observed to generate plasma on both its edges, leading
to two wall jets travelling in opposite directions.

The power consumption was found to be predomi-
nantly influenced by the frequency and voltage, with an
increased consumption at high frequency and/or volt-
age. Secondly, a short inter-electrode gap and thin di-
electric layer between the electrodes led to an increase
in the power consumption.

The force efficiency (the ratio of thrust to power
consumed) was a useful measure to determine which
of the parameters were more crucial for the thrust
generation or power consumption. A higher voltage
increased the efficiency, but a low frequency resulted
in a greater efficiency due to the different effects of
the two variables on thrust and power consumed.
The separation of the electrode was the third effect,
with a gain in efficiency with a short gap and thin
dielectric. The geometry of the air electrode was the
next parameter in the ranking, with an increase in
efficiency for a thin and narrow electrode. This showed
the loss of power through the dual discharges for a
narrow electrode is out-weighed by the gain in thrust
it creates. Finally, the interactions of the permittivity
of the dielectric layer with its thickness and with the
inter-electrode gap showed that the force efficiency
of a DBD can be slightly increased by lowering the
dielectric permittivity. In addition to the individual
effects of the voltage and frequency, the interaction of
the two parameters show that a combined reduction of
the frequency and increase of the voltage strengthen
the individual effects and leads to a greater increase in
force efficiency.

The ranking of the effects that is provided by the
DOE allows guidelines for the design and operation of
a DBD to be determined with the caveat that with
design parameters must have values similar to those
employed in the present work. First, the design of a
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DBD should be based on an operating voltage, since
this parameter drives the generation of thrust and force
efficiency of a DBD. The present study concludes that
a DBD that is the most effective in converting electrical
power into an injection of momentum into the flow
has a thin dielectric of low permittivity, a short, or
no, inter electrode gap, and a narrow and thin air
exposed electrode. When operating the actuator, the
maximum thrust generation can be obtained by setting
the frequency to a low setting and increasing it until the
distortion of the power supply signal or the saturation
of the thrust is encountered. If the DBD is required
to have a high force efficiency, the frequency can be
reduced.
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