
Citation: Moreira, M.; Rodrigues, F.;

Cândido, S.; Santos, G.; Páscoa, J.

Development of a Background-

Oriented Schlieren (BOS) System for

Thermal Characterization of Flow

Induced by Plasma Actuators.

Energies 2023, 16, 540. https://

doi.org/10.3390/en16010540

Academic Editor: Amir Shooshtari

Received: 7 December 2022

Revised: 16 December 2022

Accepted: 28 December 2022

Published: 3 January 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

energies

Article

Development of a Background-Oriented Schlieren (BOS)
System for Thermal Characterization of Flow Induced by
Plasma Actuators
Miguel Moreira, Frederico Rodrigues * , Sílvio Cândido , Guilherme Santos and José Páscoa

C-MAST (Centre for Mechanical and Aerospace Science and Technologies), Universidade da Beira Interior,
6201-001 Covilhã, Portugal
* Correspondence: fmfr@ubi.pt

Abstract: Cold climate regions have great potential for wind power generation. The available wind
energy in these regions is about 10% higher than in other regions due to higher wind speeds and
increased air density. However, these regions usually have favorable icing conditions that lead
to ice accumulation on the wind turbine blades, which in turn increases the weight of the blades
and disrupts local airflow, resulting in a reduction in wind turbine performance. Considering this
problem, plasma actuators have been proposed as devices for simultaneous flow control and deicing.
These devices transfer momentum to the local airflow, improving the aerodynamic performances
of the turbine blades while producing significant thermal effects that can be used to prevent ice
formation. Considering the potential application of plasma actuators for simultaneous flow control
and deicing, it is very important to investigate the thermal effects induced by these devices. However,
due to the significant electromagnetic interference generated by the operation of these devices,
there is a lack of experimental techniques that can be used to analyze them. In the current work,
a background-oriented Schlieren system was developed and is presented as a new experimental
technique for the thermal characterization of the plasma-induced flow. For the first time, the induced
flow temperatures are characterized for plasma actuators with different dielectric materials and
different dielectric thicknesses. The results demonstrate that, due to the plasma discharge, the
temperature of the plasma-induced flow increases with the increase of the applied voltage and may
achieve temperatures five times higher than the room temperature, which proves the potential of
plasma actuators for deicing applications. The results are presented and discussed with respect to
the potential application of plasma actuators for simultaneous flow control and deicing of wind
turbine blades.

Keywords: background oriented schlieren; plasma actuators; dielectric barrier discharge; deicing;
thermal characterization; wind turbines

1. Introduction

Cold regions at very high altitudes are generally very attractive for wind power
generation. These regions usually present larger wind speeds and higher air densities at
lower temperatures and conditions that result in about 10% more available wind energy
than in other regions [1–4]. Due to these optimal conditions, nowadays, about a quarter of
the world’s wind turbines are installed in cold climate regions [5,6]. However, these regions
are prone to ice formation that gradually accumulates on the wind turbine blades and
considerably reduces the wind turbine performance [7,8]. It is estimated that, depending
on the icing duration, icing accumulation on the wind turbine blades can be responsible for
50% of power loss per year [9]. In addition to the power losses, ice accretion also increases
the maintenance costs of wind turbines due to the creation of unbalanced loads, which
deteriorates the components and shortens their lifetime [10].
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In these circumstances, various types of ice protection systems have been studied and
developed over the years [4,9]. Dielectric barrier discharge (DBD) plasma actuators are
recent technologies proposed for ice protection systems [11–13]. These electronic devices
have been studied throughout the years as active flow control means [14–17]; however,
lately, several authors have demonstrated that they produce considerable thermal effects
that can be used for deicing or ice prevention purposes [18–21]. When the actuator is
supplied with a high voltage and high-frequency signal, the adjacent air is ionized and
the charged particles are accelerated downstream. As a result, the actuator imparts a body
force on the adjacent air, which is pulled toward the surface and accelerated downstream,
tangentially to the actuator surface [22,23]. Besides this aerodynamic plasma effect, plasma
actuators also generate significant thermal effects. In fact, only a very small fraction of
the power applied to the actuator is transferred to the adjacent air as kinetic energy while
the larger percentage is dissipated as heat. When a dielectric is under the action of an
alternating electric field, as is the case with DBD plasma actuators, part of the power is
dissipated as dielectric heating due to the phenomenon of dielectric hysteresis, which is
similar to hysteresis in ferromagnetic materials. In addition, during the plasma discharge,
a significant percentage of energy is also dissipated by elastic collisions of electrons, vi-
brational excitations, collisions between ions and neutral molecules, and thermal energy
transferred from electrons to neutral particles [24]. Due to these thermal phenomena,
plasma actuators locally release a large amount of heat, which increases the surface tem-
perature to levels considerably higher than the water freezing temperature, making ice
formation and/or accumulation impossible. In addition, researchers also demonstrated the
possibility of using them as ice capacitive sensors and, therefore, when integrated into ice
protection systems, these devices allow for performing active flow control, deicing, and ice
detection operations [25–27]. Within this framework, various authors focused on the study
of the thermal characteristics of plasma actuators and their application for deicing and ice
prevention accumulation. However, in a few studies, researchers reported difficulties in
studying these devices and a lack of experimental techniques for that purpose, due to the
magnitudes of high voltage required for their operation and subsequent generation of high
electromagnetic interference [24,28]. Considering this, the current work aims to present
and implement a background-oriented schlieren (BOS) technique as an alternative tool for
thermal characterization of the flow induced by plasma actuators.

Although Schlieren techniques started to be implemented in the seventeenth century,
the pioneering works employing the background-oriented schlieren method were only re-
ported at the beginning of the 2000s [29]. Dalziel et al. [30] presented novel techniques based
on the Schlieren method for accurate density field measurements and Raffel et al. [31] im-
plemented a technique, based on the same principles, for density field visualization of blade
tip vortex interactions from a helicopter in hover flight. Meanwhile, Richard et al. [32,33]
presented the principle and applications of a background-oriented schlieren method and
used it to investigate the details of the blade–vortex interactions of two different helicopters
in flight. In the meantime, Meier [34] introduced the technique as a computerized schlieren
measurement method based on the refractive index variations of a propagation medium.
As explained in the above-mentioned works, in its simplest form, the BOS method uses
only a randomly dotted background and a camera. The camera is used to capture high-
resolution images with and without refractive disturbances of the medium in between the
two. The images are then post-processed using specific software that reveals the small
distortions of the background due to refraction, which in turn allows estimating the density
gradients in terms of the magnitude and direction.

After these initial studies introduced the BOS technique, this method continued to be
used throughout the years by several different authors. Venkatakrishnan and Meier [35,36]
applied the BOS technique for density measurements of complex underexpanded jet flow
and axisymmetric supersonic flow over a cone cylinder. Goldhahn and Seume [37] acquired
the three-dimensional density information of a and investigated the sensitivity, accuracy,
and resolution of the implemented double-free air jet BOS method. They explained that the
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sensitivity depends mostly on the focal length of the lens, positioning of the phase shift
object, and the smallest detectable displacement in the background. On the other hand, the
resolution depends on the interrogation window used for the cross-correlation algorithm.
Later, Atcheson et al. [38] analyzed the impacts of different background patterns and
different optical flow algorithms for the displacement vector analysis and demonstrated
that the performances of BOS systems can be considerably improved through a combination
of optical flow algorithms and multiscale backgrounds. In turn, Hargather and Settles [39]
compared the BOS method with two quantitative schlieren methods, the lens-calibrated
standard schlieren and the rainbow schlieren, and concluded that the BOS technique
produces good results and requires a cheaper apparatus than the remaining methods.

Considering the potential of the BOS technique, throughout the years, this optical
method has been used for studies within different applications, including the analysis
of the shock wave propagation from explosions [40], underwater shock waves [41,42],
heat transfer processes [43–45], air leakage [46], and flame-induced flow [47,48], among
others [49–54]. Recently, the BOS measurement technique began to be used for density
field quantification of the DBD flow induced by plasma actuators. Biganzoli et al. [55], in
a short note published in 2015, introduced the possibility of adopting the BOS technique for
studying the capabilities of surface dielectric barrier discharges; however, this technique
was only applied on a detailed analysis of DBD plasma actuators a few years later in
the work carried out by Komuro et al. [56]. In this work, the authors investigated the
spatiotemporal changes in the absolute density promoted by a plasma actuator operating at
different voltage levels. However, they only obtained the density gradients and quantified
the plasma-induced temperature field. Later, Kaneko et al. [57,58] investigated the effects
of the depth of field, wall surface, and background image deformation on measurements
of the near-surface density field in DBD plasma actuators. They also investigated the
errors associated with the measurements of density variation fields generated by plasma
actuators and confirmed that the BOS technique allows for obtaining valid results. Once
again, in this work, the authors obtained the density gradients but not the temperature
field. Recently, Emori et al. [59] used the background-oriented schlieren method for density
field measurement of DBD plasma actuators operating in burst mode.

As we can see, although the background-oriented schlieren is a powerful technique
for fluid flow density measurements, studies implementing this method for DBD plasma
actuator analyses are scarce. Nevertheless, the BOS technique is a non-intrusive method that
does not cause any disturbance in the small-scale plasma-induced flow. On the other hand,
plasma actuators generate high electromagnetic interferences, which affect the operation of
several conventional measurement techniques, such as temperature measurements with
thermocouples. This is a problem that can be overtaken with the BOS technique, which
is an optical method and, thus, is not affected by the high electromagnetic interference
generated in the plasma discharge. In addition, by applying the methodology presented by
Guo et al. [60], the density fields obtained with the BOS technique can be used to reconstruct
the temperature field of the plasma-induced flow. Considering this, in the current study, the
BOS method was implemented for thermal analysis of the plasma-induced flow by DBD
plasma actuators and, for the first time, the temperature of the plasma-induced flow was
experimentally obtained. The BOS system was used to obtain the density field variations of
the plasma-induced flow and a short Matlab algorithm was used to numerically compute
the temperature field. Before implementing this methodology to the plasma-induced flow
analysis, the convective flow generated by two distinct flames was analyzed by this method
and validated with results obtained with thermocouple measurements. After the validation
of the BOS technique for flow temperature reconstruction, plasma actuators were fabricated
with different dielectric thicknesses and materials and were experimentally tested. The
different actuators were tested in terms of electrical parameters, induced flow velocity, and
by implementing the BOS technique (also in terms of induced flow temperature field). The
plasma-induced flow temperature fields constitute new results that have not been reported
before in the literature and which allow evaluating the thermal impacts of plasma actuators
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on the adjacent flow. The results are presented and discussed considering the application of
plasma actuators for simultaneous active flow control and deicing of wind turbine blades
operating in cold climates.

2. Experimental Setup and Methods

In the current work, the experimental setup contains all the elements needed to
implement the BOS technique and those needed to operate and characterize the different
dielectric barrier discharge plasma actuators. Figure 1 presents a schematic and a photo of
the experimental setup used.
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equipment used.

For implementing the background-oriented Schlieren technique, we used a CCD
camera model, C10600-10B ORCA-R2, with a 2/3” CCD sensor coupled to a lens model
Schneider TELE-XENAR 4,0/150 CM 120, which allows capturing images with a resolution
of 1344 × 1024 px. The background originated with a conventional computer screen of
24” that produces a synthetic image containing 900,000 particles randomly distributed.
The distances used between the various elements of our BOS system are the results of
a calibration process involving several laboratory tests, which aimed to set up the system
with the optimized distances for the visualization of the flow induced by the various phase
objects. The BOS system has a 3.7 m overall length and the distances are the following:
ZD = 2.15 m, which corresponds to the distance between the background and the phase
object, ZB = 3.55 m, which corresponds to the distance between the background and the
lens and Zi = 0.15 m, which corresponds to the lens length. In Figure 1, ∆y’ represents the
displacement of the background spots due to the density gradients in the measurement
plan, and ∆y is the displacement calculated in the obtained images by using a cross-
correlation analysis.

Initially, a pair of images with and without the influence of the phase object was
captured using the camera and then analyzed through a cross-correlation measurement
based on the PIV method. The interrogation window was 16 × 16 pixels with a 50% step
in order to increase the resolution and as suggested by Guo et al. [60]. After obtaining the
particle displacement fields through the cross-correlation analysis, the reconstruction of the
density field is then based on the solution of Poisson’s equation, described as follows:

∂2n
∂x2 +

∂2n
∂y2 =

(
ZDZi

ZB

1
n0

)[
∂∆x
∂x

∂∆y
∂y

]
(1)

where ∆x and ∆y represent the particle’s displacements in both directions, horizontal and
vertical, in relation to the variables x and y, n is the refractive index inside the phase object
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and n0 is the refractive index of the medium. Poisson’s equation is solved by Liebmann’s
numerical method and is used for the solution of the refractive index n. This solution is
obtained by imposing Neumann boundary conditions at the inlet and outlet sides and
Dirichlet boundary conditions on the two other sides. Then, using the Gladstone–Dale
relation, described by Equation (2), the density field ρ is obtained.

ρ =
n − 1

K
(2)

K is the coefficient of Gladstone–Dale, which has a value of approximately 2.27 × 10−4 m3/kg
for air and lights with wavelengths in the visible spectrum, as we can see in the litera-
ture [36,56,57,60]. Furthermore, if the condition of the ideal gas is considered, we can also
obtain the temperature field according to the following equation:

p = ρ × R × T (3)

In which p is the pressure, R is the constant of the perfect gases, which is approximately
287 J/kg·K, and T is the temperature. Since the ambient conditions are known, the following
relation can give us the temperature field of the phase object as follows:

T =
ρ0T0

ρ
(4)

In which ρ0 is the density of the environment and T0 is the ambient temperature.
In order to validate the background-oriented schlieren system, a type K thermocouple
connected to an Arduino Uno was used to measure the temperature of the convective flow
generated by different objects. This K thermocouple presents an uncertainty of ±2.2 ◦C
and can be used to measure temperatures in a range of −200 to 1260 ◦C.

Regarding the DBD plasma actuators fabricated and tested in the current work, they
were 10 cm in length and 5 cm in width, and the electrodes were made of 0.08 mm thick
copper tape (9 cm in length). Figure 2 presents a schematic and a photo of the fabricated
plasma actuators. The exposed electrode is 1 cm in width and the embedded electrode
is 2 cm in width to ensure that it does not limit the plasma discharge extension. The
electrodes are asymmetrically disposed of in such a way that they generate a plasma
discharge at a length of 8 cm. For analyzing the influence of the dielectric thickness on the
plasma-induced flow temperature, plasma actuators with thicknesses of 0.3 mm, 0.6 mm,
and 1.02 mm were fabricated by overlapping several layers of Kapton tape. Furthermore,
for understanding the influences of different dielectric materials on the plasma-induced
flow temperatures, plasma actuators were fabricated with 1 mm of thickness of PIB rubber,
Teflon, and PMMA materials, which are widely used materials as dielectric barrier discharge
layers. To estimate the power consumption of these actuators, the electric current method,
described in the literature [61,62], was used, in which a resistor with an impedance of
100 Ω and 1% tolerance was placed between the covered electrode and ground. The
actuators were operated by using an AC high voltage power source model “PVM 500”;
a digital oscilloscope model “PicoScope 5443 A” was used to acquire the electrical signals
of the system.
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3. Results

In this section, the experimental results are presented and discussed. Firstly, the
reconstructed temperature fields of two different convective flows are shown and compared
with our thermocouple measurements and state-of-the-art results. After the BOS system
validation, the electrical and mechanical characterization of the plasma actuators is exposed
for different dielectric thicknesses and materials. Finally, we present the temperature fields
obtained for the different actuators with our proposed BOS technique; we considered the
possible application of these devices for flow control and deicing in wind turbines.

3.1. Background-Oriented Schlieren Method Validation

The validation of our background-oriented schlieren setup was done by using two el-
ementary phase objects. The validation was performed using the same methodology as
Guo et al. [60] by applying the BOS method to reconstruct the temperature field of the
convective flow produced by a burning candle and comparing it with results measured by
a thermocouple. In addition, in order to have a second validation for different temperature
ranges, the validation was also performed for the convective flow resultant from the flame
of a blow torch. Figure 3 presents the temperature fields obtained with the BOS method for
the convective flow generated by the flame of a candle and a blow torch. The temperature
fields were obtained at a distance of 0.15 m from the bottom of the candle and 0.07 m from
the nozzle of the torch, to ensure that the light emitted from the flame produced by each
object did not affect the measurement. The results were obtained at a room temperature T0
of 298.15 K (25 ◦C).

As expected, in Figure 3, we observe that the larger temperature gradients were
found in the centerlines of the convective flows produced by the two different flames.
In addition, larger temperatures were found at the bottom of the measurement plan for
y/L0 = 0, since this region is closer to the flame, and gradually decreases along the vertical
direction. Although we cannot quantitatively compare our results with the results obtained
by Guo et al. [60] since there is ambiguity on the type of candles used, we verify that
our results demonstrate a similar temperature distribution and that the convective flow
temperature field presents the same order of magnitudes. Since the larger temperature
gradients are found in the centerlines of the convective flows, a type K thermocouple was
used to measure the convective flow temperature in this region for different points along the
vertical direction. The temperature measurements obtained with the thermocouple and the
corresponding temperature values obtained with the BOS technique, for the two different
convective flows, are presented in Table 1.
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Table 1. Comparison between the thermocouple temperature measurements and the reconstructed
temperature field obtained by the BOS technique.

Measuring Point (y/L0)

Point 1
(0.2)

Point 2
(0.4)

Point 3
(0.6)

Point 4
(0.8)

Point 5
(1)

C
an

dl
e Thermocouple

measurement (K) 446.14 434.01 422.23 411.19 405.17

BOS reconstructed
results (K) 446.96 434.17 422.13 411.58 405.36

To
rc

h

Thermocouple
measurement (K) 1234.31 1074.85 957.87 864.27 722.46

BOS reconstructed
results (K) 1323.45 1078.03 953.65 840.35 714.02

As we can see from Table 1, the results obtained with the thermocouple are consistent
with the results extracted from the BOS temperature field. The relative error between
the thermocouple measurement and the BOS method results for the different points was
estimated and the highest value found was about 7%. With this in mind, we can conclude
that the BOS technique is well-calibrated and allows us to obtain accurate temperature
field estimations with an average error lower than 7%. Although we are going to use
the BOS method to quantify the temperature field of the plasma-induced flow, this type
of validation could not be applied to the plasma flow, since the high electromagnetic
interference generated in the plasma region does not allow measuring the flow temperature
with thermocouples or other temperature sensor devices. However, with the results
obtained here for two different convective flows free of electromagnetic interference, we
can conclude that the BOS-implemented setup will allow us to accurately quantify the
plasma-induced flow temperatures.

3.2. Electrical and Mechanical Characterizations of Plasma Actuators

Before applying the BOS technique for the temperature characterization of the flow
induced by plasma actuators, the various plasma actuators with different thicknesses and
different dielectric materials were characterized in terms of electrical and fluid mechanical
parameters. First, the electric current method was applied for obtaining the voltage and
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current waveforms and, with that, the actuator power consumption, which is plotted for
different voltage levels in Figure 4. The current and voltage waveforms were acquired
over 12 AC voltage signals with a sampling rate of 125 MS/s and a vertical resolution of
14 bits. Considering the acquisition parameters and the accuracy of the oscilloscope and
the low uncertainty of the resistor, the uncertainty of the electrical power consumption
results presented in Figure 4 is lower than 2%.
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As we can see from Figure 4, the electrical power consumption increases with the
increase of the applied voltage and it can reach values from 1 to 20 W, depending on the
applied voltage, dielectric thickness, and dielectric material. Figure 4a demonstrates that
with the increase in thickness, the power consumed by the actuator for the same voltage
level decreases. This behavior is congruent with the results reported in the literature [24]
and is also related to the increase in the breakdown voltage due to the thickness increase.
In order words, when the dielectric thickness increases, the voltage level required to ignite
the plasma increases as well, and, thus, the actuator will only consume larger levels of
power for higher applied voltage magnitudes. From the results presented in Figure 4b, we
observe that the type of dielectric material also influences the power consumption behavior.
From the tested materials, we observed that PMMA consumes higher levels of power at
the same applied voltage, followed by Kapton, PIB rubber, and Teflon actuators.

To analyze the fluid mechanical characteristics of the different dielectric barrier dis-
charge plasma actuators, conventional Pitot tube measurements were performed. The
velocity measurements were performed at a distance of 1.5 cm from the exposed electrode
since, according to the literature; this is the region where the induced flow velocities are
larger [63,64]. The velocity was acquired within 10 s for each vertical point, at a sam-
pling rate of one sample per second, and in order to reduce the error; the final results
were obtained by averaging the acquired samples. Figure 5 shows the velocity profiles
experimentally obtained for actuators with different thicknesses and dielectric materials
with the corresponding errors calculated by the standard deviation of the mean. The
velocity profiles for actuators with different dielectric thicknesses of Kapton operating
at 7 kVpp and 24 kHz are shown in Figure 5a. This specific applied voltage was chosen
because it was the largest value supported by the 0.3 mm actuator of Kapton. For the
comparison between different dielectric materials, the velocity profiles are shown for an
applied voltage of 9 kVpp since this was the largest value supported by the actuator made
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of PMMA. The velocity profile-fitting curves were computed using the method described
in Nunes-Pereira et al. [65].
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From the velocity profiles, we verify that, at the same applied voltage, thinner actuators
induce larger flow velocities. However, during the experiments, we also noticed that thin
actuators were more prone to quick degradation; for example, the 0.3 mm actuator could
not operate at voltages higher than 7 kVpp without failing. For the actuators made of
different dielectric materials, we verified that by operating at the same voltage level, the
actuators made of PIB and Teflon were able to induce higher flow velocities, followed by the
actuators of PMMA and Kapton. Regardless of the type of dielectric material and thickness,
the plasma flow was induced in a region very close to the surface and the maximum
velocities were achieved up to 2 mm from the surface.

To further extend the fluid mechanical analysis, the mechanical power and efficiencies
of the different actuators were calculated as explained in [63,66]. The obtained results are
presented in Table 2. It is worth mentioning that although the values of mechanical power
and efficiency are significantly low, they are in line with the reported values found in the
literature [63,64].

From Table 2, we can verify that the actuators with lower thicknesses allowed for
achieving higher flow-induced velocities at the same applied voltages. However, we can
also verify that higher efficiencies were achieved when actuators operated at larger voltage
levels, and since the thinner actuators could not support these voltage levels without
suffering significant degradation, the mechanical efficiencies achieved with thin actuators
were smaller. Moreover, the maximum-induced flow velocities were achieved with Teflon
and PIB rubber actuators, which presented close maximum velocity values at different
applied voltages. The PMMA actuator also allowed inducing flow velocities with similar
magnitudes to PIB and Teflon actuators; however, it showed quick degradation for larger
voltage levels and, thus, we could only test it up to 9 kVpp without burning. In terms of
mechanical efficiency, we verified that the power consumed by the actuator had a great
impact on it. Due to that, and since the Teflon actuator presented lower power consumption
values, the Teflon actuator allowed obtaining considerably larger mechanical efficiencies
than the remaining actuators.
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Table 2. Comparison between the thermocouple temperature measurements and the reconstructed
temperature field obtained by the BOS technique.

Thickness
and Material

Applied
Voltage
(kVpp)

Electrical
Power (W)

Maximum
Velocity

(m/s)

Mechanical
Power (mW)

Mechanical
Efficiency

(%)

0.3 mm
Kapton

6 6.74 1.31 0.0964 0.0014
7 14.39 2.08 0.5740 0.0040

0.6 mm
Kapton

7 5.81 1.54 0.2306 0.0040
8 8.72 3.06 1.5939 0.0183
9 14.55 3.18 2.4246 0.0167

1.02 mm
Kapton

7 4.06 0.91 0.0375 0.0009
8 6.19 2.14 0.6167 0.0100
9 9.91 2.84 2.0523 0.0207
10 14.27 3.40 3.3605 0.0236
11 19.22 3.88 5.0552 0.0263

1 mm PIB

7 3.64 0.59 0.0146 0.0004
8 5.21 2.48 1.0212 0.0196
9 8.34 3.44 3.0143 0.0361
10 11.83 3.99 4.9626 0.0419
11 13.70 4.18 6.8024 0.0497

1 mm Teflon

7 2.92 1.06 0.0521 0.0018
8 4.32 2.28 0.7371 0.0171
9 6.62 3.39 3.3425 0.0505
10 8.25 3.83 5.7059 0.0692
11 10.28 4.36 8.0538 0.0783

1 mm PMMA
7 5.33 0.88 0.0551 0.0010
8 8.55 2.27 0.9556 0.0112
9 13.17 3.18 2.9431 0.0223

3.3. Flow-Induced Temperature Characterization

As explained, considering the potential of DBD plasma actuators for simultaneous
deicing and flow control on wind turbine blades, it is important to study the thermal effects
induced by these devices. For that purpose, the convective flow produced by the different
plasma actuators was experimentally analyzed with the BOS method, and the temperature
field of the plasma-induced flow was estimated. In Figure 6, we present the temperature
field contours obtained for actuators made of Kapton with different dielectric thicknesses,
operating at 7 kVpp and 24 kHz.

As we observed in the previous section, actuators with smaller thicknesses have
a lower breakdown voltage level and, thus, can ignite the plasma at lower applied volt-
ages. Due to that, they present larger power consumption compared to thicker actuators
operating at the same applied voltage. On the other hand, we know that from the power
consumed by the actuator, a large percentage of power is dissipated as heat, and only
a very small percentage is converted as kinetic energy. Thus, actuators with larger power
consumption should dissipate a larger amount of power as heat. This trend is clearly
observed in Figure 6, in which we verify that, for the same applied voltage and frequency,
the thinnest actuator induces considerably higher temperature levels. When the actuator
thickness is increased, the induced flow temperature reduces, as well as the impact of the
actuator on the adjacent air temperature field.
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In order to understand the influences of different dielectric materials on the plasma-
induced flow temperature, the actuators made of different dielectric materials were also
analyzed with the BOS method. The plasma-induced flow temperature results obtained
for actuators made of different dielectric materials operating at 9 kVpp and 24 kHz are
presented in Figure 7.
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From the analysis of Figure 7, once again we verify that the trend observed in the
power consumption is reflected in the plasma-induced temperature fields. Since the PMMA
actuator consumes larger power and allows for achieving higher temperatures than the
remaining actuators operating at the same applied voltage and frequency. On the opposite
side, we verify that the Teflon actuator, since it presents lower power consumption levels,
induces a convective flow with smaller temperature magnitudes. Considering this and the
fluid mechanical results, we may conclude that although PMMA material is associated with
lower mechanical efficiencies, it allows for inducing velocities closer to those obtained with
the remaining actuators and it induces considerably higher convective flow temperatures,
which can be beneficial for deicing and ice control applications.

For a better understanding of the thermal behavior of the plasma-induced flow, the
maximum temperatures achieved by the various actuators were obtained for different
applied voltage levels. These results are shown in Figure 8.



Energies 2023, 16, 540 13 of 17Energies 2023, 16, x FOR PEER REVIEW 13 of 17 
 

 

  
(a) (b) 

Figure 8. Plasma-induced flow–maximum temperatures achieved operating at different voltage lev-
els and a frequency of 24 kHz for the actuators made of (a) Kapton with different dielectric thick-
nesses; (b) different dielectric materials with a thickness of 1 mm. 

Considering the results obtained in the current study, we may conclude that for de-
icing purposes, the use of thinner dielectrics is beneficial since they allow for achieving 
higher convective flow temperatures than thicker actuators operating at the same voltage 
level. However, thinner actuators degrade faster and cannot operate at high voltage levels, 
presenting lower mechanical efficiencies. On the other hand, from the comparison of dif-
ferent dielectric materials, we verified that the PMMA actuator allows for achieving con-
siderably higher-induced flow temperatures than the remaining tested materials. Never-
theless, the PMMA, similar to the thinnest actuator, showed quicker degradation and had 
to operate at lower voltage levels than the actuators made of different dielectric materials. 
This behavior suggests that the temperature achieved in the actuator surface and induced 
flow have direct contributions to the actuator degradation and higher surface/flow tem-
peratures lead to quicker actuator degradation. 

4. Conclusions 
The current work demonstrated the feasibility of the BOS method for the thermal char-

acterization of plasma-induced flow. The BOS experimental setup was calibrated and vali-
dated with two different convective flows and it was demonstrated that the BOS method 
allows for accurately quantifying the temperature fields of convective flows. Considering 
the potential of plasma actuators for deicing and ice prevention applications and the im-
portance of studying the thermal effects produced by these devices, the BOS method was 
applied to analyze actuators with different dielectric thicknesses and materials. The present 
work demonstrated that since the BOS is an optical method, it is not affected by the electro-
magnetic interference generated by the plasma discharge region and, thus, is a suitable 
technique for plasma-induced flow thermal characterization. 

Plasma actuators with different dielectric thicknesses and materials were studied. From 
the electrical analysis, we concluded that the power consumption increases with the increase 
of the applied voltage and it can reach values from 1 to 20 Watts, depending on the applied 
voltage, dielectric thickness, and dielectric material. In addition, we observed that with the 
increase of the thickness, the power consumed by the actuator, operating at the same voltage 
level, decreased. The type of dielectric material also influenced the power consumption be-
havior. From the tested materials, we observed that the PMMA consumed higher levels of 
power, at the same applied voltage, followed by Kapton, PIB rubber, and Teflon actuators. 
From the velocity measurements, we verified that thinner actuators induced the largest 

Figure 8. Plasma-induced flow–maximum temperatures achieved operating at different voltage levels
and a frequency of 24 kHz for the actuators made of (a) Kapton with different dielectric thicknesses;
(b) different dielectric materials with a thickness of 1 mm.

From Figure 8, we observe that by disregarding the applied voltage level, thinner
actuators induce higher maximum flow temperatures and, at the same operating voltage,
the plasma-induced flow temperature decreases for larger dielectric thicknesses. These
results are completely concordant with the results reported by Rodrigues et al. [18,19] where
the authors measured the actuator surface temperature and concluded that the actuator
surface temperature decreases with the increase in the dielectric thickness. Since the plasma
heat is simultaneously dissipated to the dielectric layer and adjacent air, it is logical that
both the surface temperature and induced flow follow the same trend. Comparing the
different dielectric materials, we conclude that PMMA leads to the highest maximum
temperatures, followed by the Kapton actuator, PIB rubber actuator, and, lastly, the Teflon
actuator. Interestingly, this trend is also concordant with the surface temperature results
reported in the work by Abdollahzadeh et al. [27].

Considering the results obtained in the current study, we may conclude that for deicing
purposes, the use of thinner dielectrics is beneficial since they allow for achieving higher
convective flow temperatures than thicker actuators operating at the same voltage level.
However, thinner actuators degrade faster and cannot operate at high voltage levels, pre-
senting lower mechanical efficiencies. On the other hand, from the comparison of different
dielectric materials, we verified that the PMMA actuator allows for achieving considerably
higher-induced flow temperatures than the remaining tested materials. Nevertheless, the
PMMA, similar to the thinnest actuator, showed quicker degradation and had to operate at
lower voltage levels than the actuators made of different dielectric materials. This behavior
suggests that the temperature achieved in the actuator surface and induced flow have
direct contributions to the actuator degradation and higher surface/flow temperatures lead
to quicker actuator degradation.

4. Conclusions

The current work demonstrated the feasibility of the BOS method for the thermal
characterization of plasma-induced flow. The BOS experimental setup was calibrated and
validated with two different convective flows and it was demonstrated that the BOS method
allows for accurately quantifying the temperature fields of convective flows. Considering
the potential of plasma actuators for deicing and ice prevention applications and the
importance of studying the thermal effects produced by these devices, the BOS method



Energies 2023, 16, 540 14 of 17

was applied to analyze actuators with different dielectric thicknesses and materials. The
present work demonstrated that since the BOS is an optical method, it is not affected by
the electromagnetic interference generated by the plasma discharge region and, thus, is
a suitable technique for plasma-induced flow thermal characterization.

Plasma actuators with different dielectric thicknesses and materials were studied.
From the electrical analysis, we concluded that the power consumption increases with the
increase of the applied voltage and it can reach values from 1 to 20 Watts, depending on
the applied voltage, dielectric thickness, and dielectric material. In addition, we observed
that with the increase of the thickness, the power consumed by the actuator, operating
at the same voltage level, decreased. The type of dielectric material also influenced the
power consumption behavior. From the tested materials, we observed that the PMMA
consumed higher levels of power, at the same applied voltage, followed by Kapton, PIB
rubber, and Teflon actuators. From the velocity measurements, we verified that thinner
actuators induced the largest flow velocities, and the actuators made of PIB and Teflon were
able to induce higher flow velocities, followed by the actuator of the PMMA and Kapton.
Furthermore, we verified that higher efficiencies were achieved when actuators operated
at larger voltage levels, and since thinner actuators cannot support these voltage levels
without quick degradation, the mechanical efficiencies achieved with thin actuators were
smaller. Moreover, the largest mechanical efficiencies were obtained with the actuator made
of Teflon since it is a material that allows for inducing the highest velocity magnitudes with
less power consumption.

By applying the BOS method, the plasma-induced flow temperature field was quan-
tified. We verified that the thinner actuators generated and induced flow with higher
temperature magnitudes than thicker actuators. We also concluded that the power con-
sumption of the actuator was directly related to the flow temperatures produced. Therefore,
since the PMMA actuator consumes larger power, it allows for achieving higher tempera-
tures compared to the remaining actuators when operating at the same applied voltage and
frequency. On the opposite side, we verified that the Teflon actuator induced a convective
flow with quite smaller temperature magnitudes. Considering this, and also considering
the fluid mechanical results, we may conclude that although PMMA material is associated
with lower mechanical efficiencies, it allows for inducing velocities closer to the ones ob-
tained with the remaining actuators and it induces considerably higher convective flow
temperatures, which can be beneficial for deicing and ice control applications. Nevertheless,
similar to the thinnest actuator, the PMMA showed quicker degradation and had to operate
at lower voltage levels than the remaining actuators made of different dielectric materials.
This behavior suggests that the temperature achieved in the actuator surface and induced
flow have direct contributions to the actuator’s degradation and higher surface/flow
temperatures reduce the actuator’s lifetime.
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