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Abstract: Ice accretion is a common issue on aircraft flying in cold climate conditions. The ice accu-
mulation on aircraft surfaces disturbs the adjacent airflow field, increases the drag, and significantly
reduces the aircraft’s aerodynamic performance. It also increases the weight of the aircraft and causes
the failure of critical components in some situations, leading to premature aerodynamic stall and
loss of control and lift. With this in mind, several authors have begun to study the thermal effects of
plasma actuators for icing control and mitigation, considering both aeronautical and wind energy
applications. Although this is a recent topic, several studies have already been performed, and it is
clear this topic has attracted the attention of several research groups. Considering the importance
and potential of using dielectric barrier discharge (DBD) plasma actuators for ice mitigation, we aim
to present in this paper the first review on this topic, summarizing all the information reported in the
literature about three major subtopics: thermal effects induced by DBD plasma actuators, plasma
actuators’ ability in deicing and ice formation prevention, and ice detection capability of DBD plasma
actuators. An overview of the characteristics of these devices is performed and conclusions are drawn
regarding recent developments in the application of plasma actuators for icing mitigation purposes.

Keywords: plasma actuators; dielectric barrier discharge; deicing; ice sensing; flow control

1. Introduction

Ice accretion on various component surfaces causes undesirable loads that pose a
serious problem for aviation and wind turbines [1]. When aircraft fly in cold climates
and pass through clouds containing supercooled water droplets, severe ice formation and
subsequent icing on aircraft surfaces often occur [2,3]. This phenomenon of ice formation
can negatively affect the normal operation of various aircraft components, for example, the
aircraft wings. Ice accumulation on the leading edge of the aircraft wings disturbs the flow
and degrades aerodynamic performance by increasing drag and reducing lift, which can
seriously compromise flight safety [4,5]. It is estimated that 9% of aircraft safety accidents
are originated by ice accretion [6].

Depending on the icing formation mechanism and conditions, different types of ice
can form, usually defined as rime ice, glaze ice, or mixed ice. Rime ice occurs when droplets
freeze almost immediately after impinging on the surface. This phenomenon usually occurs
at low temperatures, low liquid water content, and low flow velocity [7]. On the other
hand, glaze ice forms when the cooled water droplets freeze gradually after impinging
on the surface. This phenomenon usually occurs at temperatures around 0 ◦C and with
high liquid water content. Mixed ice, in turn, consists of a mixture of rime and glaze ice
and occurs when both types of ice are formed [8,9]. Regardless of the type of ice, any ice
accretion phenomenon can pose a hazard to the aircraft, but the formation of rime ice is
usually less harmful to the aerodynamic performance of the wings [9]. The ice accretion
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on the surface, even in small amounts, increases the roughness of the surface and reduces
maneuverability to a dangerous level [10]. In addition, ice can also build up in the aircraft’s
speedometers and pressure sensors, making them difficult to operate [10]. Furthermore,
ice crystals can form at high altitudes and coexist with the supercooled water droplets. If
ice crystals are continuously ingested into the engine’s core compression system, they can
provide sufficiently cold conditions to refreeze and accumulate on the engine surfaces, a
phenomenon commonly referred to as “ice crystal icing”. This phenomenon can lead to
loss of thrust, compressor damage, and/or flameout [11,12].

As in the aviation industry, ice accretion is also a major problem in the wind power
industry [13]. Considering the limited wind power near the ground, the idea of operating
wind turbines at high altitudes has grown in recent years, because wind speed increases
significantly with altitude [14]. In the first thousand meters of altitude, the wind speed
usually increases by about 0.1 m/s per 100 m of altitude, which is a considerable increase in
wind energy, because the wind energy varies with the cube of wind speed [15]. In addition,
cold regions are very attractive for wind energy generation [16]. In these regions, the higher
air density at lower temperatures provides about 10% more available wind energy than
in other regions [17]. Therefore, cold climate regions at high altitudes provide optimal
conditions for wind energy generation, and, for this reason, about a quarter of the world’s
wind turbine capacity is now installed in cold climate regions [18,19]. However, these
regions also have favorable conditions for ice formation and accretion on wind turbines
blades. The performance of wind turbines is affected by several factors, such as the blade
design, the technical parameters of the turbine, the location, and the climate, in which
blade icing is a critical factor that reduces the performance of the wind turbine [20]. It
is estimated that the power loss of wind turbines due to icing can reach values up to
50% per year, depending also on the duration of icing [21]. In addition to the losses in
electricity generation, the unbalanced loads caused by ice formation lead to deterioration
of the components and shortening of their lifetime, which, in turn, significantly increases
the maintenance costs of wind turbines [22]. Moreover, considering the possible use of
small-scale vertical axis wind turbines in urban areas, ice accumulation increases the load
and noise and can lead to ice shedding and ice throwing events that can generate dangerous
projectiles [23].

Considering this background, and given the impact of ice accretion on the aviation and
wind energy industries, several works have been carried out over the years to investigate
and further develop different deicing systems [17,21]. One of the latest proposed deicing
technologies is based on the use of surface dielectric barrier discharge (DBD) plasma
actuators. These simple devices have been studied over the years for active flow control
and aerodynamic efficiency improvement [24–27]. However, only recently have researchers
started to investigate the possibility of using the thermal effects produced by these devices
for deicing and anti-icing purposes [28,29]. Since these devices present a behavior similar
to a capacitor, researchers have also investigated the possibility of using plasma actuators
as capacitive ice sensors [30]. By combining all these functionalities, DBD plasma actuators
can simultaneously detect ice formation and accumulation on the surface, perform deicing,
and improve aerodynamic efficiency. Considering this enormous potential of DBD plasma
actuators for anti-icing applications, the present work aims to review and critically exploit
the recent developments in plasma actuators for icing mitigation applications. First, the
traditional devices and techniques for deicing and ice sensing are discussed. Then, the
design and operation of surface dielectric barrier discharge plasma actuators are explained,
after which the ability of plasma actuators to induce thermal effects, perform deicing, and
operate as ice sensors will be exploited in different subsections. To finalize the current
work, several conclusions will be drawn about the potential of DBD plasma actuators
for simultaneous deicing, ice sensing, and active flow control in aeronautics and wind
turbine applications.



Actuators 2023, 12, 5 3 of 38

2. Traditional Techniques for Ice Protection Systems

Ice protection systems are designed to prevent ice accretion on wind turbine and
aircraft surfaces (particularly leading edges) such as wings, propellers, rotor blades, engine
intakes, and environmental control intakes. When the ice builds up to a significant thickness
on the surfaces, it alters the shape of the airfoils and flight control surfaces, reduces
wind turbine performance, and reduces the control or handling characteristics of the
aircraft [31,32]. Ice protection systems can be based on deicing operations (removal of snow,
ice, or frost from the surface), anti-icing operations (prevention of ice adhesion or delay of
its formation or reformation), or combined deicing and anti-icing operations. Ice protection
systems include the application of active and/or passive ice protection techniques. Active
ice protection systems include the use of mechanical methods, the application of heat, the
use of dry or liquid chemicals to lower the freezing point of water, or a combination of
these various techniques. Passive ice protection systems, on the other hand, use coatings or
modifications to surface structures to prevent or delay ice accretion on the surface. Figure 1
summarizes the different types of techniques used in ice protection systems that we will
assess in the following subsections.

Figure 1. Different anti-icing and deicing techniques generally used in ice protection systems.

2.1. Traditional Deicing and Anti-Icing Techniques Used in Ice Protection Systems

The pneumatic deicing boot is a common mechanical technique for ice protection
systems, generally used for in-flight deicing. This system consists of pneumatic boots gen-
erally installed on the leading edge of the wings and/or control surfaces, as ice accumulates
particularly frequently in these areas. The pneumatic boot is commonly made of rubber
layers with one or more air chambers between them so that they can be rapidly inflated
and deflated to expel ice that has accumulated on the surface [33,34]. This rapid movement
of the rubber breaks the adhesion of the ice, and it is removed and carried away by the
airflow around the aircraft surface. This type of system is suitable for low and medium
speed aircraft [17]. Ice protection systems based on pneumatic boots have the advantage of
requiring low engine bleeding air, but the pneumatic boots need to be replaced frequently
and also require frequent inspection and maintenance.
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Another type of deicing system is based on the use of electrically resistive elements
and is commonly referred to as an electro-thermal protection system [35–38]. A schematic
illustrating the operation of an electro-thermal ice protection system is shown in Figure 2.

Figure 2. Illustration of the operation of an electro-thermal ice protection system (ETIPS) (reproduced
from Huang et al. [39] with permission of Elsevier).

These elements generate heat when current is applied to them and are usually em-
bedded in a rubber layer that is implemented in the leading edges of the surfaces that
should be protected. These devices can operate continuously, providing a constant heat
flux and preventing ice accretion, or intermittently, by removing ice only when it accretes.
The second mode, in which the device operates as a deicer, involves much less power
consumption because the system melts only the ice in contact with the surface to break
the ice’s adhesion and shed it through the flow around the surface. Normally, when ice
accumulation is detected, these systems first operate as a deicing system to melt and remove
the ice that has already accumulated, and then operate as an anti-icing system to prevent
continuous ice accumulation.

Electro-mechanical ice removal devices form another group of ice protection systems.
Often referred to as EMEDS (Electro-Mechanical Expulsion Deicing Systems) [40–42], this
type of system contains actuators installed on the surface of the structure that produce a
mechanical force to expel the ice from the surface [43]. A schematic of this type of system is
shown in Figure 3.

The system generally consists of an electronic deicing control unit (DCU) that controls
the apparatus and operating times, an energy storage bank (ESB) that supplies high-
current electrical pulses to the system, and a leading-edge assembly (LEA) that contains
the actuators that are moved to induce a shock wave on the protected surface and expel
the ice. The system uses microsecond-scale high-current electrical pulses delivered to the
actuators to generate opposing electromagnetic fields. The electromagnetic fields cause the
actuators to rapidly change shape, which causes the leading-edge surface to vibrate at a
very high frequency, dislodging the accumulated ice. This system can also be combined
with an electrical heating element which prevents ice accretion while the actuators remove
the ice that has accumulated in the area downstream of the heated part. This hybrid system
is generally called a Thermo-Mechanical Expulsion Deicing System (TMEDS) [44].

A recent method, still under development, is based on the application of ultrasonic
vibrations to break and delaminate the ice accumulated on the surface that should be
protected [45–47]. In this type of system, ultrasonic waves with high energy are used to
generate a shear stress on the surface in contact with the ice layer, which can break and
remove the ice [48]. This shear stress is generated by the difference in wave propagation
speed between the ice and the surface due to the different physical properties of the two
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media. Compared to the electro-thermal deicing systems, the ultrasonic deicing systems
are not thermal and, therefore, require much less energy. Some works have reported the
potential of this type of ice protection systems. Palacios et al. [49] demonstrated that certain
ultrasonic modes generated by horizontal shear waves produce sufficient shear stress to
remove the accreted ice layer from a host structure, and Budinger et al. [50] reported on the
resonance modes and ultrasonic frequencies for low-power ultrasonic deicers.

Figure 3. Schematic of the Electro-Mechanical Expulsion Deicing Systems (reproduced from Huang et al. [39]
with permissions from Elsevier).

The deicing and ice removal operations can also be achieved using shape memory
alloys. Shape memory alloys are used in this type of system because these materials
can undergo a very large dimensional change induced by relatively small temperature
variations. Considering this possible effect, the shape-changing properties of these materials
are used in ice protection systems to promote ice removal [51–53].

Ice protection systems can also be based on very rapid electromagnetically induced
vibrations. These systems are usually referred to as electro-expulsive systems and use
an electric current passing through a parallel copper layer to create a repulsive magnetic
field that induces small jumps of high acceleration on the upper conductor. This motion
causes the ice to break into very small particles that are carried away by the adjacent
airflow. This type of system is attractive for small aircraft, but it is not easy to install it
on already existing wing structures [54,55]. On the other hand, there is also the electro
impulse deicing system, which uses high-voltage capacitors that can be rapidly discharged
by an electromagnetic coil, which in turn induces strong eddy currents in the metal surface
that should be protected [56–59]. As a result, strong opposing electromagnetic forces are
generated between the actuator coil and the metal surface, which is rapidly accelerated.
This motion leads to the disruption of the ice and consequent shedding by the adjacent air
stream [60]. The main disadvantage of this system is the electromagnetic interference and
structural fatigue caused by its operation.

Another electrically operated ice protection system uses heating tapes made of thin
graphite foil. This is a fast system that, when activated, instantaneously increases the
temperature of the tape and melts the ice accreted on its surface, which is then carried away
by the air flow. This system is very interesting because the thin graphite foil can be easily
applied to the surface of various aircraft or wind turbine components. However, it has
currently not been certified in aircraft flying under icing conditions [61,62].

The thermal air bleed anti-icing system is an additional ice protection system used
primarily in modern larger jet aircraft and fixed wing transport aircraft [63,64]. In these
systems, hot air is bled off the engine and transported by tubes in order to be exhausted
through small holes in the lower surface of the wing. This hot air increases the surface
temperature to a value above the freezing point of water in order to melt or evaporate the
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ice. In turbine-powered air vehicles, the hot air is usually extracted from the compressor
section of the engine [65]. In contrast, for turbocharged and piston-powered aircraft, the
bleed air is taken from the turbocharger. The work of Domingos et al. [66] is an example of
a study that analyzed the implementation of a bleed air ice protection system. A few works
have also reported the possible application of loop heat pipes (LHP) as an ice protection
system. These loop heat pipes are highly efficient two-phase heat transfer systems that
allow considerable amounts of heat to be transported over long distances. Studies have
demonstrated their anti-icing ability and shown that they can be efficiently used as ice
protection systems [67].

Another type of ice protection system is based on chemical deicing devices. In these
systems, chemical antifreeze is pumped through small orifices on the surface to be protected
to prevent ice accretion. Propylene glycol and ethylene glycol alcohol are examples of
chemicals that can be used for this purpose. These components allow a protective layer
to form on the surface of aircraft or wind turbine components that prevents the water
from freezing at temperatures lower than the freezing point of water, thus delaying the
possibility of ice formation and accumulation. However, the effectiveness of these systems
in preventing ice formation is limited by the properties of the chemical and the prevailing
weather conditions. In addition, under certain flow conditions, the rheology of the fluid
may change and the thickness of the chemical layer may become too thin. In addition, the
environmental impact of chemical deicing agents is still a major concern. Propylene glycol
and ethylene glycol, although supposedly biodegradable, can pollute water resources, and
they exert high levels of biochemical oxygen, which can adversely affect aquatic life. In
addition, the system and liquid container are usually heavy and, thus, increase the weight
of the aircraft [68–70].

All of the above-mentioned are systems that actively control ice formation and can
be activated or deactivated. Another class of ice protection systems is the passive systems,
which generally include techniques to modify the physicochemical properties of the surface
to make it more difficult for ice to adhere to the surface [71]. The hydrophobic or super-
hydrophobic coatings represent a passive ice protection system. These coatings have a
high degree of water resistance and a self-cleaning effect that can repel water, making it
difficult or impossible for ice to form [72]. Another type of passive ice protection system is
the use of surfaces with micro- and nanoscale rough structure. This type of surface usually
reduces the time that the water remains in contact with the surface to a period that is less
than the time it needs for the water droplet to come into contact with the frozen material to
freeze and adhere [73]. The implementation of icephobic coatings is also a topic that has
been investigated as a new type of ice protection system. Icephobic surfaces are different
from hydrophobic or superhydrophobic surfaces and do not require any special treatment
or chemicals, but instead use icephobic materials such as carbon nanotubes and slippery
liquid infused porous surfaces. Huang et al. [39] performed a study on icephobic coatings
and the possibility of using them in a hybrid coating and active ice mitigation system.
These icephobic and hydrophobic coatings can also be combined with electro-thermal
and auxiliary photo-thermal performances as passive ice protection systems [74,75]. The
schematic shown in Figure 4 illustrates this possible combination. Solar anti-icing/deicing
surfaces based on photothermal materials constitute a recent method for ice protection
systems. This type of surface has grabbed the attention of several researchers that recently
have focused their works on the development of photothermal materials which can be used
for solar anti-icing/frosting surfaces (SASs) [76,77]. These surfaces can absorb sunlight
efficiently and convert the absorbed solar light energy into thermal energy, which, in turn,
can be used for delaying or preventing ice formation [78]. Since solar energy is pollution
free and a renewable energy source available in most areas, the use of photothermal ma-
terials for solar icing mitigation surfaces is a sustainable and environmentally friendly
approach [79]. In addition, this method is associated with superior surface adaptability,
long-term durability, and low-cost, which makes it a promising and beneficial option for
a wide range of anti-icing applications [80]. Carbon-based, plasmonic-metal-based, and
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semiconductor-based methods are some of the most relevant approaches reported in the
literature for SASs. The most studied photothermal conversion materials include carbon
materials, conjugated polymers, two-dimensional nano-structural materials, and metallic
particles [78]. The main disadvantages of this technique include the fact that solar radiation
is inherently intermittent and, due to weather changes, it might become hard to receive
sunlight even during the daytime. In addition, most of the reported SASs cannot remove
the condensed water effectively, which significantly enhances reflectance and leads to
reduced photothermal efficiency and decreased temperature [78,79]. Considering this,
it is highly important to understand the phase transitions of water molecules and the
nucleation and growth process of crystals during the water solidification process, and solar
interfacial evaporation can be considered in order to promote the water evaporation from
the surface. For that purpose, solar interfacial evaporation methods can be used in order
to photothermally concentrate the solar radiation absorbed by the surface, increase the
surface temperature, and promote the vapor generation [81].

Figure 4. Combination of superhydrophobic coatings with electrothermal and photothermal proper-
ties (reproduced from Zhao et al. [74] with permissions from Elsevier).

As we have seen up to now, the existent ice protection systems still present some
issues. In addition, the existent ice protection techniques only present the functionality of
deicing and/or anti-icing. This means that, when the weather changes and there are no
favorable icing conditions, the ice protection system becomes useless and adds weight to
the wind turbine blade. Therefore, in the current work, we focus on the use of DBD plasma
actuators as ice protection devices. The main advantage of using DBD plasma actuators
instead of the existent deicing technologies consists of the fact that they allow deicing and
ice prevention accumulation to be performed when required, and when it is not necessary
to perform deicing, the plasma actuator can be operated in active flow control mode,
improving the wind turbine’s efficiency. In addition, we should emphasize that although
there are some existing deicing technologies, such as superhydrophobic coatings or solar
anti-icing/deicing surfaces, that do not lead to a significant weight increase, several other
technologies, such as pneumatic deicing boots, electro-mechanical ice removal devices, or
chemical deicing systems, are clearly associated with a considerable undesirable weight
increase. Another advantage of plasma actuators is that they are very light, and the
operation and control of plasma actuators can be achieved with circuit boards, including a
full bridge converter and a transformer cascade board, that do not represent a considerable
weight increase for the system.

2.2. Traditional Ice Sensors Used in Ice Protection Systems

Ice sensors can be integrated into anti/deicing systems to provide sufficient informa-
tion to effectively operate ice mitigation devices [82]. In most aircraft ice detection systems,
sensors cannot be placed directly on the airfoil surfaces that most need to be kept free. The
addition of a protruding sensor would compromise the aerodynamics of the aircraft. While
various attempts have been made to fabricate ice detectors, they have been limited by their
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accuracy, by their inability to distinguish between ice and water [83], and by their inability
to measure the thickness of the ice.

Current existing ice detection methods can be divided into direct and indirect methods
of ice detection [21]. Indirect methods use some weather conditions such as temperature,
humidity, and visibility in conjunction with empirical deterministic models to predict icing
events. These types of instruments are more expensive and not entirely reliable. Direct ice
detection methods, on the other hand, measure the change in a property such as mass, con-
ductivity, inductance, and dielectric constant to measure ice formation on the surface [84].
A direct ice detection method is based on ultrasonic damping [85]. The principle of this
method is based on measuring the change in the transmission of sound waves. Some
similar methods use piezoelectric sensors. This type of sensor detects the presence of ice by
analyzing the wave packet energy of the signal. Some other direct ice detection methods
use the principle of vibration to measure the presence of ice. These methods use a vibrating
probe or a vibrating diaphragm. When ice forms on the probe or diaphragm, the vibration
frequency of these devices changes [86]. Some ice sensing techniques are also based on
measuring the electrical charge change on the ice surface. When ice is present on a surface,
the capacitance of the surface changes, which can be measured as an indication of the
presence of ice [87,88]. An illustration of the implementation of capacitive ice sensors can
be seen in Figure 5.

Figure 5. Schematic diagram of the implementation of capacitive ice sensing (reproduced with
permission from Madi et al. [89]).

In another technique, temperature sensors are used in the stack. In this device, one
temperature sensor is kept at room temperature and another at icing. Both sensors are
heated, and the difference in the change in sensor temperature over time signals the
presence of ice. The other method of detecting ice is based on an optical measurement. The
principle of this technique is based on changing the optical properties of the surface, such
as the reflection of light and the change in emissivity. As we have seen in this subsection,
different techniques can be used for ice detection. However, these techniques still have some
drawbacks, which are summarized in Table 1. This explains the need for new optimized
technologies, such as DBD plasma sensors/actuators, for ice protection systems.

As we can see, the conventional ice protection systems require the additional imple-
mentation of ice sensors in order to detect the presence of ice and operate the deicing
device efficiently. Considering this, an additional advantage of plasma actuators against the
existent ice protection methods consists of the fact that plasma actuators can simultaneously
operate as an ice sensor and deicing system and, thus, with the same device, it is possible
to detect the presence of ice and then remove it.
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Table 1. Summary of the main disadvantages of the different ice sensing techniques.

Drawbacks of Various Conventional Ice Sensing Techniques

Ultrasonic damping Lack of practical application experience; feasibility
under practical conditions not proven.

Piezoelectric sensor Degradation of aerodynamic performance of blade
surface, associated with significant measurement error.

Resonance frequency measurement

Associated with large measurement error that does not
allow accurate determination of ice accumulation. In
addition, ice accumulation detection is affected by the
shape of the surface and the velocity of the object to
which it is applied.

Vibration diaphragm Lack of practical application.

Electrical change
Allows only monitoring of icing conditions in the
vicinity of the instrument. Monitoring instruments can
affect the aerodynamic performance of the rotor blades.

Temperature change Unable to detect ice formation on the surface of the
blades in a timely manner.

Optical measurement technology

Significant deviation between the calculation result and
the actual situation, the observation period is limited,
the ice accumulation may change the position and shape
of the projection aperture, and it is difficult to use during
the day. In addition, the installation of the light source
may affect the aerodynamic performance of the surface.

3. Dielectric Barrier Discharge Plasma Actuators for Ice Mitigation

Dielectric barrier discharge plasma actuators are very simple electronic devices that
have attracted great interest from the scientific community in recent years [90–92]. These
devices are capable of imparting a momentum to the adjacent flow that can be used to
manipulate the surrounding flow field. For this reason, they have been studied primarily
for active flow control. The conventional configuration shown in Figure 6 is based on two
electrodes placed asymmetrically and separated by a dielectric layer. One of the electrodes
is located on top of the dielectric layer, while the other is located at the bottom. As a
result, the first electrode is fully exposed to the adjacent atmosphere and is referred to
as the exposed electrode, while the second electrode is embedded in the dielectric layer
and is commonly referred to as the embedded, covered, or encapsulated electrode. The
embedded electrode is electrically isolated from the exposed electrode and the surrounding
atmosphere and is connected to ground. The exposed electrode, on the other hand, is
excited with a sinusoidal voltage signal with a frequency on the order of kilohertz [93–95].
The dielectric layer can be made of any dielectric material with good insulating properties
and high dielectric strength [96,97].
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When the actuator is supplied with a sufficiently high voltage amplitude, the adjacent
layer is ionized due to the fast electron movement between the exposed electrode and
the dielectric surface. These electrically charged particles are accelerated downstream in
the presence of the strong electric field and exert an impulse on the adjacent neutral air
molecules. As a result, an ionic wind is generated, tangential to the surface to which the
actuator is attached, which can be used to influence the adjacent air flow field [99,100].
In other words, the generation of the plasma discharge exerts a body force on the adja-
cent air, which is pulled toward the surface and accelerated downstream, tangentially
to the actuator surface. The performance of plasma actuators can be affected by various
factors and parameters. Various works have been performed in order to improve the
actuator’s performance by, for example, changing its configuration or the type of dielectric
material [101,102]. The most important parameters affecting the performance of the DBD
plasma actuator are summarized in Table 2.

Table 2. Summary of the main parameters that influence the DBD plasma actuators performance.

Parameters That Influence the Plasma Actuator Performance

Input signal characteristics
â Voltage amplitude (1–80 kVpp) [103,104]
â Frequency (1–60 kHz) [105,106]
â Waveform type (sinusoidal, quadratic, or triangular) [107]

Geometrical parameters

â Exposed electrode width (1–10 mm) [92,108]
â Embedded electrode width (8–20 mm) [109,110]
â Gap between the electrodes (0–3 mm) [109]
â Dielectric thickness (0.3–4 mm) [110,111]

Dielectric materials

â Kapton [112]
â Teflon [109]
â PMMA [110]
â PIB rubber [111]
â Macor [113]
â Cirlex [92]
â PVDF [114]

Actuator configuration â Single DBD Plasma actuator [115]
â Micro DBD Plasma actuator [108]
â Nano second pulsed plasma actuator [116]
â Multiple encapsulated electrode actuator [112]
â Sliding DBD plasma actuator [110]
â Stair-shaped DBD plasma actuator [117]
â Segmented electrode plasma actuator [118]
â Plasma heat knife actuator [119]
â Plasma synthetic jet actuator (linear or annular) [120,121]
â Curved plasma actuators (horseshoe or serpentine) [122,123]

One of the reasons these devices have become so popular in aviation is that they are
fully electronic and do not use moving mechanical parts, which usually add significant
weight to the aircraft. They are also instantaneous in response, very lightweight, robust,
easy to manufacture and implement, and consume little power [124–126]. In addition,
several numerical approaches are now available that allow investigation under conditions
that are difficult to reproduce experimentally [127–131]. Considering all these features,
plasma actuators have been studied over the years for a variety of applications in the
fields of active flow control and heat transfer. Table 3 provides an overview of the possible
applications of DBD plasma actuators.

Initially, DBD plasma actuators were investigated only for active flow control ap-
plications. However, over the years, several authors realized that these devices produce
significant thermal effects and began to investigate the thermal properties of these devices.
After realizing the potential of plasma actuators to produce thermal effects, several authors
began to focus their research on the use of DBD plasma devices for anti-icing or deicing
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purposes. In addition, since plasma actuators are capacitive devices, the authors discovered
the possibility of using them as ice detection sensors. In the following subsections, the
various works carried out considering these new functionalities of DBD plasma actuators
are evaluated.

Table 3. Summary of the possible applications of DBD plasma actuators.

DBD Plasma Actuators’ Applications

Active Flow Control Field

â Flow separation control [132–134]
â Wake control [135]
â Aircraft noise reduction [136,137]
â Modification of velocity fluctuations [138–140]
â Drag reduction [94]
â Lift coefficient enhancement [103,141]
â Flow boundary layer modification [142]
â Turbulence reduction [143,144]

Heat Transfer Field

â Film cooling efficiency enhancement [145,146]
â Surface cooling [147]
â Deicing and anti-icing [28,148,149]
â Ice sensing [30,111]

3.1. Thermal Effects Induced by Dielectric Barrier Discharge Plasma Actuators

Although most of the initial studies mainly considered the aerodynamic plasma effect
and neglected the heat dissipation phenomenon, we now know that a large percentage
of the power applied to the DBD plasma device is dissipated in the form of heat. In fact,
only a very small fraction of the power applied to the actuator is transferred to the adjacent
air as kinetic energy. As explained by Kriegseis et al. [150] and Roth et al. [151,152], and
illustrated in Figure 7, the total power delivered to the DBD plasma actuator is composed
of the reactive power, the power consumed in dielectric heating, the power expended
to maintain and promote the plasma discharge, and, finally, the fluid mechanic power
delivered to accelerate the adjacent air.

Figure 7. Power-flow diagram of a dielectric barrier discharge.

As we know, the reactive power is the complex power that represents the energy stored
and retrieved by the load. Thus, it consists of the power that is continuously absorbed by
the actuator and returned to the energy source. When dielectric materials are under the
action of direct current, the DC conduction current is negligible if they are good insulators.
However, this is not the case when a dielectric is under the action of an alternating electric
field, as is the case with DBD plasma actuators. When an appreciable AC current is in
phase with the electric field, part of the power is dissipated as dielectric heating due to
the phenomenon of dielectric hysteresis, which is similar to hysteresis in ferromagnetic
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materials [153,154]. Due to this effect, the dielectric layer of the plasma actuator can
consume a considerable amount of heat, usually referred to as dielectric power dissipation,
which can be estimated as follows:

Pl = U2 2π f A
d

εRε0 tan(δ). (1)

where Pl is the power loss in the dielectric materials, U is the voltage, f is the frequency,
A is the area, d is the distance of the electrodes, meaning that in a plasma actuator will be
given by the dielectric layer thickness, εR is the relative permittivity of the dielectric, ε0 is
the permittivity of vacuum, and tang(δ) is the dielectric loss factor.

During plasma discharge, electrons move from the exposed electrode to the di-electric
surface in the first half of the AC cycle and back in the next half. During this movement, the
electrodes collide with the neighboring particles and generate two plasma micro-discharges
per AC cycle [155,156]. Due to this repetitive motion, a significant percentage of energy is
also dissipated by elastic collisions of electrons, vibrational excitations, collisions between
ions and neutral molecules, and thermal energy transferred from electrons to neutral
particles [98,157]. This power consists of the power required to continuously maintain
the plasma discharge. Finally, some of the power is transferred to the adjacent air as
fluid mechanical power, which imparts momentum to the adjacent particles, accelerating
them downstream in a tangential direction toward the surface. In general, this power
is quantified by considering it as the equilibrium of the flow rate of the kinetic energy
density [158–160] and is expressed by:

Pm =
∫ ∞

0

1
2

ρv(Y)3ldY. (2)

where Pm is the mechanical power of the fluid, ρ is the air density, v(Y) is the velocity
profile, and l the length of the plasma discharge.

The works of Roth et al. [109,151] can be considered the first works to show the var-
ious sources of power loss, with emphasis on dielectric heating. Later, in the study of
Dong et al. [161], although the focus of the work was not on a thermal analysis of DBD
plasma actuators but on the study of the aerodynamic performance of these devices under
subsonic flow, the authors calculated the energy lost in the dielectric and experimen-
tally measured the vibrational and rotational temperatures of the plasma using spectro-
scopic emission measurements. In the same year, Jukes et al. [162] studied the jet flow
induced by dielectric barrier discharge plasma actuators and, additionally, applied ther-
mal imaging techniques to estimate the surface temperature of the dielectric material
due to plasma operation. By analyzing the results obtained and considering various as-
sumptions, an analytical formula for estimating the plasma gas temperature was derived.
However, in a later work by Joussot et al. [163], it was shown that the formula derived by
Jukes et al. [162] did not provide sufficiently accurate results for the plasma gas temperature.
Joussot et al. [163] performed thermal infrared measurements to determine the dielectric
surface temperature when the plasma was turned on and after the discharge was turned off.
Similar to the work of Jukes et al. [162], but with much greater emphasis on analyzing the
gas temperature distribution, Stanfield et al. [164] experimentally determined the rotational
and vibrational temperature distributions as a function of voltage. They concluded that the
rotational temperatures for N2 and N2

+ decrease in the induced flow direction and increase
with the increase in the applied voltage.

Later, various authors began to focus more on the use of infrared thermal cameras
to characterize the surface temperature of plasma actuators in order to analyze in depth
the thermal effects of DBD plasma actuators. Tirumala et al. [165] performed infrared
temperature measurements for plasma actuators with different dielectric thicknesses
and for different glow states provided by different input voltage waveforms. In turn,
Rodrigues et al. [166] experimentally investigated the influence of dielectric thickness and
type of dielectric material on the surface temperature field of plasma actuators operated
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at different voltages. In a follow-up work, Rodrigues et al. [167] additionally studied the
influence of an external flow on the surface temperature field of plasma actuators with
different dielectric thicknesses and different dielectric materials.

A typical surface temperature contour of a DBD plasma actuator is shown in Figure 8.
This figure shows the surface temperature field of a plasma actuator operated at quiescent
conditions and under the influence of an external flow. As can be seen in this figure, the
temperature of the top surface of the plasma actuator increases significantly due to the
plasma discharge. The highest temperatures are measured at the onset of plasma formation
near the exposed electrode. At quiescent conditions, the area of the exposed electrode has a
similarly high temperature as the area where the plasma starts, due to the good thermal
conductivity of the material of the exposed electrode. Under the influence of an external
flow, however, the temperature values decrease along the entire actuator surface, with the
area of the exposed electrode showing a significantly greater decrease.
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Figure 8. Typical surface temperature field of a dielectric barrier discharge plasma actuator with
a dielectric thickness made of Kapton, 1 mm thick, operating at 8 kVpp and 24 kHz: (a) quiescent
conditions (b) under external flow influence (reproduced from Rodrigues et al. [167] with permission
of Elsevier).

In addition, Figure 9 shows the spatial temperature variation along the top surface of
the plasma actuator for different input voltage levels. As we can see, the temperature along
the x-axis is higher and almost constant between x/l = 0 and x/l = 1, which corresponds to
the region of plasma formation. The temperature increases with increasing applied voltage,
and at higher voltages, the temperature profile starts to oscillate more, which means that
the plasma discharge becomes more and more filamentary. In the y-direction, the highest
temperatures are found near the exposed electrode edge and decrease in the y-direction.

Later, Abbasi et al. [168] studied the thermal properties of plasma actuators in a
turbulent boundary layer using infrared thermography and presented transient thermal
results. They also investigated the effect of duty cycle on the thermal properties of plasma
actuators and concluded that they exhibit strong oscillatory temperature variations at
low frequencies in the range of 5–10 Hz, while at higher frequencies, a similar effect to
continuous operation occurs. Recently, Kaneko et al. [169] also studied the thermal effects
of plasma actuators using infrared thermal imaging to understand the effects of the shape
of the exposed electrode. They demonstrated that the topology of the discharge differs
between plate and wire electrodes, and, therefore, the surface temperature fields also
show differences. The surface temperature measurements and thermal property analysis
performed in the above studies have shown that plasma actuators cause a significant
increase in the surface temperature of the dielectric. The temperatures determined in these
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studies are significantly higher than the solidification temperature of water, demonstrating
the potential of plasma actuators to prevent ice formation and accumulation on the surface
on which they are used.

Figure 9. Spatial temperature variation along the x-axis and y-axis for a plasma actuator made of
Kapton, 1 mm thick, operating at different voltage levels and 24 kHz: (a) variation along the x-axis
and (b) variation along the y-axis (reproduced from Rodrigues et al. [166]).

Due to the nature of the plasma discharge, which results from the use of high voltage
and the generation of a high electric field, several conventional measurement techniques,
such as thermocouples, cannot be used directly because of the strong electromagnetic
interference. In view of this, Rodrigues et al. [98] proposed a new calorimetric technique
to quantify the thermal power generated by DBD plasma devices. In this technique, a
thermally isolated duct with a fan at the inlet is used to generate a constant axial airflow.
The plasma actuator is placed in the airflow calorimeter and the temperature is measured
without plasma discharge and after a certain operating time with plasma discharge. Us-
ing the basic calorimetric law and applying it to this particular case, the thermal power
generated by the dielectric barrier discharge can be estimated by the following equation:

Pt = ρΦCp∆T. (3)

where Pt is the thermal power generated by the plasma device, ρ is the air density, Φ is the
air flow rate, Cp is the specific heat of the air at constant pressure, and ∆T the temperature
variation in the air due to the plasma discharge operation. This experimental technique was
used in the works of Rodrigues et al. [98,114] to estimate the thermal power generated by
DBD plasma actuators made of different dielectric materials and different dielectric layer
thicknesses. In addition, they also estimated the dielectric power loss using the analytical
formula previously published in Roth et al. [151]. Figure 10 shows the ratio of active power,
thermal power, and dielectric power loss for actuators made of 0.3 mm Kapton and 1.02 mm
Kapton operated at different voltages.
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Figure 10. Comparison between active power, total thermal power generated, and power dissipated
as dielectric heating in plasma actuators operating at different voltage levels and 24 kHz: (a) actuator
made of Kapton with 0.3 mm thickness and (b) actuator made of Kapton with 1.02 mm thickness
(reproduced from Rodrigues et al. [98]).

Figure 10 shows that plasma actuators dissipate a large percentage of power as thermal
energy, regardless of dielectric thickness. Rodrigues et al. [114] studied the thermal power
generated by actuators with different dielectric materials and concluded that depending
on the dielectric material, 60% to 95% of the power applied to the actuator is released
as thermal energy. This proves once again the potential of plasma actuators to prevent
ice formation or promote local ice melt. Most studies dealing with the thermal effects
of dielectric barrier discharge have been performed experimentally, but some numerical
studies can also be found in the literature. Aberoumand et al. [170] numerically investigated
the effects of various DBD plasma actuator arrangements on the temperature field in a
channel flow, and Benmoussa et al. [171] numerically investigated the phenomenon of gas
heating in dielectric barrier discharges due to the Joule heat effect for Ne–Xe gas mixtures.
Recently, Zhang et al. [172] conducted a detailed review of recent developments in the
thermal properties of dielectric barrier discharge surface plasmas and demonstrated the
potential of these devices to produce significant thermal effects that can be used for deicing
and ice prevention applications.

3.2. Plasma Actuators for Deicing and Ice Formation Prevention

Prevention of ice formation or deicing is an extremely important process in various
industries. In particular, in the global aviation sector, ice formation on the surface of aircraft
causes various types of alarms, ranging from environmental damage, as it affects aerody-
namics and leads to an increase in fuel consumption and pollutant emissions, to catastrophic
accident situations, as it can cause mechanical and electrical malfunctions [173,174]. Simi-
larly, in the wind energy market, ice accumulation on the rotor blades leads to large loads on
the wind tower, causing significant losses in power generation, dangerous ice throw around
the turbine, and even structural failure [175]. Considering that a significant percentage of
the energy supplied to DBD plasma actuators is converted into heat dissipated from their
surface, as described in the previous section [98,114], these devices have been proposed as
a viable alternative to prevent ice formation and/or deicing of aerodynamic components
in various applications. Recent literature has reported on various configurations of DBD
plasma actuators used in different systems and tested under different conditions.

The study by Cai et al. [29] is one of the first experimental reports on the use of
DBD plasma actuators for deicing and anti-icing. The authors installed handmade plasma
actuators on a cylinder model surface subjected to supercooled flow in a wind tunnel. The
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DBD plasma actuators consisted of a 0.33 mm thick Kapton dielectric layer (six 0.056 mm
thick stacked) and two 0.03 mm thick asymmetric copper electrodes with 3.3 and 10 mm
wide exposed and encapsulated electrodes, respectively. The actuators were coupled to
a Teflon cylinder (45 mm diameter and 220 mm length), without spacing, in a multiple
actuator configuration covering ≈80 mm of the cylinder length, as shown in Figure 11.

Figure 11. Multi-actuator configuration (adapted from Cai et al. [29] on with the permission of Springer).

The deicing and anti-icing tests were performed in a closed-circuit icing wind tunnel,
where the airflow velocity (U) could range from 5 to 18 m/s and the air temperature (T)
from −25 to 30 ◦C. The anti-icing tests, conducted at a wind speed of 15 m/s and with the
actuator supplied at 15 kVpp and 13.4 kHz, showed that after 16 min of actuation, no ice
accretion occurred on the cylinder surface covered by the DBD, while clear ice formed in
the uncovered zone (Figure 12a–c). Deicing tests, conducted after the wind tunnel was
operated for 15 min with the spray of supercooled droplets, showed complete removal of
the 5 mm thick ice layer after 150 s of plasma actuation at 15 kVpp and 13.4 kHz and at
constant airflow velocity and temperature (Figure 12d–f).

Figure 12. Anti-icing (a–c) and deicing (d–f) DBD plasma multi-actuator model at V = 15 m/s and
T = −10 ◦C after: (a) t = 0 s, (b) t = 210 s, (c) t = 930 s, (d) t = 0 s, (e) t = 120 s, (f) t = 180 s (adapted
from Cai et al. [29] with the permission of Springer).

Liu et al. [149] investigated the use of thermal effects induced by a DBD plasma
actuator for aircraft icing mitigation compared to conventional electrical heating. Both
systems were installed in parallel in a NACA 0012 airfoil with a chord length of 150 mm
(Figure 13a), made of hard-plastic material through 3D printing rapid prototyping, and
tested in an icing research tunnel with a wind speed capability of 60 m/s and airflow
temperature as low as −25 ◦C, equipped with atomizing spray nozzles capable of injecting
water droplets with mean volume diameter (MVD) ≈20 µm, allowing the liquid water
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content (LWC) in the tunnel to be adjusted. The DBD plasma actuator consisted of four
encapsulated copper electrodes (350 mm length × 10.0 mm width) and five exposed copper
electrodes (96 mm length × 3.0 mm width) with a thickness of 70 mm and zero overlap
gap, separated by three layers of Kapton 130 µm thick. The four encapsulated electrodes
were evenly distributed over ≈27% of the chord length of the airfoil and were spaced 3 mm
apart each (Figure 13b).

Figure 13. (a) Top view and (b) side view of NACA 0012 airfoil model with the DBD plasma actuator
and electrical film heater side-by-side on the surface: (a) top view and (b) cross section view (adapted
from Liu et al. [149] with the permission of Elsevier).

The first exposed electrode near the leading edge had a smaller width of 5.0 mm to
generate more plasma in this area. The conventional electrical film heater consisted of
an etched foil element with a thickness of 0.013 mm encapsulated between two layers of
0.05 mm thick Kapton film and 0.025 mm thick FEP adhesive tape over a total area of
50.8 × 101.6 mm. Prior the start of the tests, the icing tunnel was operated at −5 ◦C for
60 min to ensure a thermal steady state. The tests were performed at U = 40 m/s, T = −5 ◦C,
and LWC = 1.0 g/cm3. The power density of the two devices was kept constant and equal
to 15.6 kW/m2. The thermal profiles of both systems in operation were obtained through
an infrared thermal imaging camera. In the first test phase, the DBD and the electric film
heater were turned on for 60 s. After 10 s, the temperature of the DBD electrodes increased
by about 10 ◦C, while the temperature of the dielectric layer (in the spaces between the
electrodes) remained below 0 ◦C (Figure 14a). After 60 s of operation, thermal equilibrium
was reached for both devices (Figure 14b). From 60 s (instant t0 in Figure 14c,d), the
water spray system was connected, and it was found that after 25 s, the impingement
of the supercooled water droplets on the airfoil caused a significant temperature drop in
the electric film heater, while the temperature of the DBD plasma actuator dropped only
slightly (Figure 14c). After 200 s, the temperature of both devices practically did not change,
indicating that thermal equilibrium was reached (Figure 14d), which in turn means that the
energy supplied to the devices was sufficient to prevent ice accumulation on the airfoil.

In the context of this study, another report by Liu et al. [176] compared the actuation
of DBD plasma actuators with conventional electrical heating using the same experimental
setup and conditions as reported in [149]. The reported results are consistent with the
previous information. Only after 200 s of operation did ice begin to form at a nearby
plasma discharge site. In view of these results, the authors considered that the DBD
plasma actuator-based method had a more promising performance compared with the
conventional electrical heating method, because the temperature drop on the DBD surface
was much lower. This difference was explained by the fact that the water droplets were
heated not only by heat conduction but also by heat convection as they moved through the
hot air above the DBD (Figure 15).
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Figure 14. Time evolution of the temperature distributions over the DBD plasma actuator and the elec-
trical film heater airfoil surfaces sides after: (a) t = 10 s, (b) t = 60 s, (c) t = t0 + 25 s, and (d) t = t0 + 200 s
(adapted from Liu et al. [149] with the permission of Elsevier).

Figure 15. Heating mechanism of an impinging droplet on a DBD plasma actuator surface (adapted
from Liu et al. [149] with the permission of Elsevier).

This half–half configuration (similar to [149]) was previously used by Zhou et al. [28] in
a study designed to demonstrate the effectiveness of DBD plasma actuators as deicing and
anti-icing devices. DBD plasma actuators, based on three layers of Kapton with a thickness
of 130 µm and multiple exposed and encapsulated copper electrodes with a thickness
of 70 µm, were symmetrically placed in the middle of a NACA 0012 airfoil (half on and
half off). The system was exposed to typical glaze ice conditions (U = 40 m/s, T = −5 ◦C;
LWC = 1.5 g/m3) and rime ice conditions (U = 40 m/s, T = −15 ◦C; LWC = 1.0 g/m3).
In the half where the DBD plasma actuators were turned off, ice formed shortly after the
start of the experiments, while in the half where the DBD were turned on, ice formed
only in the region downstream of the covered area. This is a common problem in thermal
based anti-icing and deicing systems, for which some authors propose a hybrid solution
combining DBD with hydrophobic/icephobic coatings, which will be discussed later.

Chen et al. [177] evaluated the anti-icing performance of a nanosecond surface dielec-
tric barrier discharge (NS-DBD) and investigated the effect of pulse frequency and voltage
amplitude on actuation performance. The NS-DBD plasma actuator is a device driven by
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repetitive high voltage pulses with fast rise times on the order of nanoseconds [178]. The
NS-DBD consisted of exposed (2 mm wide) and buried (10 mm wide) electrodes with thick-
ness of 0.027 mm separated by three layers of Kapton tape as a dielectric layer (0.24 mm
thick) (Figure 16a). The device was installed on an aluminum airfoil model NACA 0012
with a chord length of 280 mm and a spanwise length of 145 mm, as shown in Figure 16b.
The airfoil was covered with a film 2.5 mm thick PTFE (polytetrafluoro-ethylene) to prevent
heat transfer between NS-DBD and the airfoil structure.

Figure 16. (a) Schematic of NACA 0012 airfoil with NS-DBD plasma actuator attached. (b) Side
view of the airfoil with the NS-DBD (adapted from Chen et al. [177] under the Creative Commons
Attribution License).

Experiments were performed in an icing research tunnel under conditions of U = 65 m/s,
T = −10 ◦C, LWC = 0.5 g/cm3, and MVD = 25 µm. The wind tunnel was turned on 1 h before
the experiments to reach a steady state, then, the NS-DBD plasma actuator was turned
on for ≈100 s (t = 0 s) to reach thermal equilibrium, and finally, the water sprayer was
activated. To understand the effects of the discharge conditions, experiments with higher
voltage amplitude and lower pulse frequency (HV-LF) and discharges with lower voltage
amplitude with higher pulse frequency (LV-HF) were performed. Dynamic evaluation of
anti-icing, with continuous impact of supercooled water droplets, showed that for the same
input voltage, the LV-HF discharge performed better than the HV-LF discharge, as shown
in Figure 17.

In the LV-HF discharge (Figure 17a), it was found that the supercooled droplets that
hit the airfoil on the surface of the NS-DBD melted and flowed backward and, in turn, ice
was formed in the areas of the airfoil that were not covered by the plasma actuator. In the
discharge HV-LF (Figure 17b), ice accretion was detected even in the NS-DBD zone, first
between the electrodes and at the end along the entire leading edge. The authors suggested
the existence of a threshold frequency corresponding to the voltage amplitude of actuation
signal and the incoming flow condition, which determined the anti-icing performance.

Following NS-DBD, Kolkbair et al. [179] reported the investigation of a hybrid system
for deicing and anti-icing based on the combination of a NS-DBD plasma actuator and
a superhydrophobic surface (SHS) coating on the airfoil surface. The exposed (≈95 mm
wide) and grounded electrodes of the NS-DBD plasma actuator were made of copper
tape ≈ 70 µm thick separated by a PVC (polyvinyl chloride) dielectric layer ≈ 0.3 mm
thick. The device was coupled to a 3D-printed NACA 0012 airfoil with a chord length
of 150 mm, in a configuration similar to that presented in [177], and, finally, was painted
with enamel. To test the SHS, some prototypes were sprayed with the superhydrophobic
coating Hydrobead on the top of enamel, according to the procedure described in [180]. The
hydrophobized surfaces showed a significant increase in the static contact angle from ≈65◦

to ≈157◦ for the Enamel and Hydrobead surfaces. The experiments were conducted in an ic-
ing research tunnel (the same as in [149]), and the temperature map during ice accretion was
obtained using an infrared thermal imaging system. Tests were conducted at U = 40 m/s,
T = −5 ◦C, and LWC = 0.8 g/cm3, and it was found that ice formed on the leading edge of
the airfoil when the actuator was off, despite the hydrophobic treatment. In turn, when
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the NS-DBD was turned on at V = 14 kV, f = 2 kHz, and P = 175 W/m, the supercooled
water droplets formed ice at the leading edge only after 60 s, but the backward-flowing
water froze on the airfoil surface and formed rivulets from ≈30 s of experimental time. For
the actuation conditions of V = 14 kV, f = 4 kHz, and P = 350 W/m, an ice-free leading
edge was observed, but ice rivulets appeared on the back surface after ≈30 s. Finally, at a
plasma actuation of V = 14 kV, f = 6 kHz, and P = 525 W/m, there was no ice formation at
either the leading edge or at the trailing edge of the airfoil. It should be emphasized that
for untreated airfoil surfaces, ice accretion was observed at the leading edge and at the
trailing edge for all input conditions tested. The authors concluded that the combination of
NS-DBD plasma actuation and SHS coating effectively prevents ice accretion on the entire
structure of the airfoil.

Figure 17. Dynamic anti-icing process of NS-DBD plasma actuator: (a) LV-HF discharge and
(b) HV-LF discharge (adapted from Chen et al. [177] under the Creative Commons Attribution License).

Actuator surface wettability was also addressed in the study by Zheng et al. [181],
where the effect of a hydrophobic coating on the dielectric layer of a SDBD plasma actu-
ators was studied. Two types of dielectric layers were prepared, one of ordinary quartz
(1 ± 0.01 mm thick) and another of SiC treated quartz glass, both with exposed electrodes
(5 × 50 mm) and buried electrodes (15 × 40 mm) in copper foil (0.03 mm thick) arranged in
an asymmetric configuration. The measured contact angle of the SiC-treated surface was
119.5◦, about five times higher than that of the ordinary quartz glass surface. The static
deicing experiments at 10 kV and 6 kHz showed that the SiC-coated actuator melted an
area of 7.1 cm2 of ice after 60 s of experiment time, while the quartz glass actuator melted
9.2 cm2, with the estimated power consumption of the SiC-coated actuator being 7.35 W,
while the uncoated quartz glass actuator consumed 14.7 W. Therefore, the efficiency of the
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SiC-coated actuator after 60 s was 0.996 cm2/W, which was 54.31% higher than that of the
uncoated actuator (0.626 cm2/W).

Returning to the scope of the NS-DBD, Liu et al. [182] also evaluated the anti-icing and
deicing performance of these devices for in-flight ice mitigation of aircraft. The experiments
were conducted in the same icing research tunnel used in [149], and the plasma actuators
were fabricated with five layers of PVC as the dielectric layer (≈100 µm thick per layer),
one exposed electrode, and nine encapsulated electrodes, all with the same thickness and
length of about 70 µm and 125 mm, respectively. The device was coupled to a NACA
0012 airfoil model (150 mm chord length) fabricated by 3D printing from hard plastic in a
half–half configuration of the NS-DBD plasma actuator with plasma on versus plasma off,
as shown in Figure 18.

Figure 18. Schematic of the airfoil model used for anti-icing and deicing studies (adapted from
Liu et al. (2019) based on [11] with the permission of IOP Publishing).

Ice accretion tests were performed under different temperature (−15 to −5 ◦C) and
frequency (2 to 6 kHz) conditions, keeping U = 40 m/s and LWC = 1.0 g/cm3 constant.
As in the previous study, the authors found that increasing the operating frequency of the
NS-DBD plasma actuator significantly improved the anti-icing and deicing performance.
As shown in Figure 19a, the supercooled water droplets impinging on the wing surface
quickly formed an ice layer around the leading edge at 2 kHz, while almost no ice formed
around the leading edge of the wing airfoil at 6 kHz (Figure 19b), largely due to the higher
thermal energy generation at higher operating frequency. Regarding the temperature
effect, the authors found that the plasma actuation showed better anti-icing and deicing
performance at warmer air temperatures of T = −5 ◦C for the same frequency input signal.

In another study by Liu el al. [183], the use of a DBD plasma actuator operating in
duty cycle mode was tested for aircraft ice mitigation and compared with a DBD operating
in continuous mode. The authors used a NACA 0012 airfoil, fabricated by 3D printing
from hard plastic, as the wing profile, with DBD plasma actuators installed in a half–
half configuration, similar to Figure 19 from [182], with each half used for the respective
type of actuation. The DBD consisted of four encapsulated electrodes and five exposed
electrodes (70 µm thick) separated by three layers of Kapton film (130 µm thick). The
exposed electrodes were evenly distributed on both halves of the wing profile with 3 mm
spacing. The airfoil was tested in an icing research tunnel at U = 40 m/s, LWC = 1.0 g/cm3,
and T = −5 ◦C, and it was turned on 60 min (t0) before testing to ensure steady-state
conditions. The results showed that using duty cycle mode with a modulation frequency of
1 Hz exhibited better anti-icing performance at the same power input. Figure 20 shows that
the DBD operated in duty cycle mode was ice-free by the end of the 140 s of test, while the
conventional actuator had an ice film in the plasma zone after about 20 s of testing. The
authors also demonstrated that increasing the duty cycle modulation frequency increased
the heat dissipation of the DBD, thus improving its anti-icing and deicing capabilities.
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Figure 19. Time-evolution of the dynamic ice accretion experiments over the airfoil surface with the
NS-DBD plasma actuator being operated at (a) 2 kHz and (b) 6 kHz (adapted from Liu et al. [182]
with the permission of IOP Publishing).

Figure 20. Ice accretion over the airfoil in duty-cycled plasma actuation (left side) versus conventional
continuous plasma actuation (right side) (adapted from Liu et al. [183] with the permission of Elsevier).

An interesting anti-icing approach, based on the so-called “heat knife”, was proposed
by Wei et al. [119]. The authors developed a device based on a series of surface dielectric
barrier discharge (SDBD) plasma actuators in a specific configuration, which they called
the “stream-wise plasma heat knife” (see Figure 21).
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According to the authors, in this configuration, when the device was powered by a
high-voltage source, the generated plasma rapidly gave off heat around the discharge,
allowing a fast thermal response that quickly heated the water droplets impinging on the
“stream-wise plasma heat knife”. The device was installed in the NACA 0012 airfoil model
(280 mm chordwise length and 300 mm spanwise length), wrapped with a 2-mm thick
polyimide film for thermal and electrical insulation, and tested in an icing research tunnel
at LWC = 0.5 g/cm3, MVD = 25 µm, U = 65 m/s, and two temperatures of −5 and −15 ◦C.
The “stream-wise plasma heat knife”, which consisted of a dielectric layer of 0.15-mm-thick
Kapton tape separating the exposed (2-mm-wide) and encapsulated (10-mm-wide) elec-
trodes made of 0.06-mm-thick copper foil, was operated with a nanosecond pulsed power
with a peak voltage of 7.7 kV and frequency of 6 kHz. The typical snapshots of the time
evolution of the dynamic ice accretion experiments (Figure 22) showed that at T = −5 ◦C,
there was no ice formation in the plasma region after 180 s. At T = −15 ◦C, a small ice
layer appeared between two exposed electrodes after 90 s, but it did not grow further or
disappear over time. Under both conditions, ice accumulated in the plasma-free region.

Figure 22. Time evolution of the dynamic anti-icing process at (a) T = −5 ◦C and (b) T = −15 ◦C
(adapted from Wei et al. [119] with the permission of Elsevier).
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In an identical report, Wei et al. [184] studied the removal of 3 mm thick ice accumu-
lated on the surface of a nanosecond pulsed surface dielectric barrier discharge (nSDBD).
The apparatus and experimental setup were similar to that used in [119], and tests were per-
formed under typical glaze icing conditions: LWC = 0.5 g/cm3, MVD = 25 µm, U = 65 m/s,
and T = −5 ◦C. The nSDBD was connected after 90 s of ice formation on its surface (≈3 mm
thick), and it was found that melting of the ice started immediately after the plasma
discharge started, and the whole process took about 4 s. Moreover, ice accretion in the
plasma region did not repeat during the rest of the experiment. The authors concluded that
the thermal effects together with the aerodynamic force contributed to the good deicing
performance of the nSDBD plasma actuator.

Fang et al. [185] also discussed the concept of the “heat knife” and proposed the
plasma streamwise heat knife approach for anti-icing purposes. Two types of configurations
were experimented with the same number of streamwise exposed electrodes (3 mm wide)
spaced 10 mm apart and all connected by a spanwise electrode strip (5 mm wide). In
configuration 1, the connecting strip separated the streamwise electrodes symmetrically,
while in configuration 2, the connecting strip was placed at the end of the streamwise
electrodes, as shown in Figure 23.

Figure 23. Two different configurations of streamwise plasma heat knife mounted at the leading edge
of the airfoil from Su et al. [186] (with permission under a Creative Commons license).

The electrodes were made of a 0.06-mm-thick copper foil and a 0.18-mm-thick dielectric
layer of Kapton tape. The devices were attached to the leading edge of a NACA 0012
organic glass airfoil (Figure 23) and tested in an icing wind tunnel with constant ice
conditions of U = 20 m/s, T = −15 ◦C, LWC = 1 g/m3, and MVD = 40 µm and electrical
conditions of 9 kVpp and 6 kHz. Configuration 2 showed better anti-icing performance than
configuration 1, because it was ice-free on most of the surface covered by the actuator, unlike
configuration 1, where an ice ridge formed on the spanwise electrode. Based on these results,
Su et al. [186] proposed a three-level electrode configuration by reformulating configuration
2 to improve heating under severe icing conditions. Anti-icing tests were conducted
in an icing wind tunnel (U = 65 m/s, T = −15 ◦C, LWC = 0.5 g/cm3, MVD = 25 µm)
with a power consumption of 70 W. It was found that the reconfigured three-level heat
knife achieved better anti-icing results than the original configuration at the leading edge
of the airfoil, but a significant ice ridge was formed at the trailing edge.

Meng et al. [187] compared the anti-icing efficacy of three types of SDBD plasma
actuators, each designed for a different type of actuation: type-1 to generate induced flow
in the same direction as the incoming flow, type-2 to generate induced flow in the opposite
direction of the in-coming flow, and type-3 to generate induced jets in the vertical direction.
All actuators consisted of 0.07 mm thick copper electrodes separated by three 0.13 mm
thick Kapton layers. The arrangement and size of the electrodes varied depending on the
configuration: four exposed electrodes (5 mm wide) and four buried electrodes (5 mm
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wide) for type-1 and type-2, and five exposed electrodes (3 mm wide) and four buried
electrodes (5 mm wide for the first and 10 mm wide for the others) for type-3, as shown
in the cross-sectional images of the airfoils shown in Figure 24. The SDBD actuators were
coupled to a model of a NACA 0012 airfoil (0.15 m chord length and 0.4 m span length) in
a half–half configuration, similar to that used in [182], with two separated plasma on and
plasma off zones. The device was tested in an icing wind tunnel under the conditions of
U = 40 m/s, LWC = 1.0 g/cm3, and T = −5 ◦C. The configuration that induced perpendicular
flows (type-3) achieved the best anti-icing performance by ensuring no ice accumulated
on the entire underside of the airfoil, while the configurations with induced flows in the
same (type-1) and opposite (type-2) directions were 57% and 81% of the airfoil chord length
ice-free (Figure 24).

Figure 24. Ice accretion on the airfoil surface after 112 s (adapted from Meng et al. [187] with the
permission of AIP Publishing).

Kolbakir et al. [188] also studied and compared the performance of different configu-
rations of anti-icing DBD plasma actuators, arranged in different orientations and varying
the number and width of exposed electrodes. The actuators were constructed with a PVC
film of ≈400 µm thickness on the dielectric layer and a copper tape of ≈70 µm thickness on
the electrodes. The exposed electrodes were all the same length (72 mm) and the width
varied from 4.00 to 60.0 mm depending on the test case. The DBD were tested in an icing
research tunnel (U = 40 m/s, T = −5 ◦C, LWC = 1.5 g/m3) coupled to a NACA 0012 airfoil
model (150 mm chord length and 400 mm span length) in streamwise and spanwise layouts.
The streamwise layout resulted in higher plasma-induced surface heating and, thus, better
anti-icing performance than the spanwise layout. Streamwise actuators prevented ice
accretion not only at the leading edge, but also on the trailing edge of the airfoil, as the
surface heating delayed the runback ice formation.

Lindner et al. [189] investigated the effect of electrode type and electrode configuration
on the anti-icing performance of SDBD actuators. The authors developed SDBD plasma
actuators using microelectromechanical systems (MEMS) technology and compared the
performance with SDBD fabricated by printed circuit board (PCB) technology. The anti-
icing and deicing experiments were conducted in an icing wind tunnel at U = 27 to 50 m/s,
T = −18 to −20 ◦C, LWC = 3 g/m3, and MVD = 20 µm. Different materials were used for
the dielectric layer of the SDBD actuators: FR4 TG135 (500 µm thick) in PCB and zirconia
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(150 µm thick) and borofloat glass (500 µm thick) in MEMS. It was concluded that a smaller
thickness of MEMS SDBD electrodes (0.3 µm) compared to the 35 µm thickness of PCB
SDBD favored the anti-icing performance, as shown in Figure 25. Moreover, the anti-icing
effect is independent of the ionic wind generated, so the thickness of the substrate can be
reduced. Titanium was also identified as the most suitable material for electrode fabrication.
The authors suggested that the density of the electrodes and the thickness of the dielectric
layer play a crucial role in the effectiveness of the device.

Figure 25. Anti-icing experiments of the three studied materials. Images below depict a magnification
of the area marked in green (adapted from Lindner et al. [189] with permission under the Creative
Commons Attribution License).

The ice shape modulation method on the leading-edge airfoil was studied by
Jia et al. [190] using nSDBD. The actuators were constructed with a dielectric Kapton
layer (0.18 mm thick), and exposed (3 mm wide) and encapsulated (5 mm wide) copper
foils (0.027 mm thick) electrodes were installed on a NACA 0012 plexiglass airfoil (800 mm
spanwise length and 200 mm chord length) and tested in an icing wind tunnel under glaze
ice conditions (LWC = 1.5 g/m3, MVD = 25 µm, T = −5 ◦C, U = 65 m/s) and under frost
ice conditions (LWC = 0.5 g/m3, MVD = 25 µm, T = −15 ◦C, U = 65 m/s). Using nSDBD
ice shape modulation, the continuous ice at the leading edge of the airfoil was periodically
modulated into segmented ice pieces. Under glaze ice conditions, the ice on both sides
of the deicing zone began to coalesce after 360 s, while under frost ice conditions, this
occurred after 270 s. The authors concluded that the ice shape modulation method can
reduce energy consumption by more than 50% compared to full deicing.

Abdollahzadeh et al. [111] developed a parametric optimization of DBD plasma
actuators for ice sensing and deicing performance. The DBD were built with a 0.3 mm thick
Kapton layer, a 20 mm wide embedded copper electrode, a 5 mm wide exposed copper
electrode, and a 0 mm gap between the electrodes. For deicing tests, the DBD surface
was covered with an 8 mm thick ice layer, and the actuator was operated at 4 kVpp and
24 kHz (Figure 26a). After 1550 s, the ice layer detached from the DBD surface, and a large
hole was formed. The authors considered that the melting process was complete at this
point (Figure 26b). Soft ice (6 cm × 10 cm × 1.7 cm, Figure 26c) was also tested in deicing
experiments, and it was observed that the frost layer was completely melted after about
780 s (Figure 26d).

Gao et al. [191] presented an innovative plasma synthetic jet actuator (PSJA) concept
for ice mitigation, as an alternative to the usual SDBD-based deicing and anti-icing systems.
Deicing experiments were conducted at a room temperature of 10 ± 2 ◦C, and the system
was found to be effective in removing free columnar ice layers of 200 mm diameter and 3, 8,
and 10 mm thickness in the different failure modes of radial and circumferential crushing,
radial and circumferential cracking, and radial cracking. For improving the deicing effi-
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ciency of plasma actuators over an airfoil, Hu et al. [192] performed an optimization study
for the implementation of plasma actuators on a realistic configuration of the NACA0012
airfoil model and emphasized that the biggest advantage of the AC-SDBD plasma actuator
is that it can be simultaneously used for flow control and ice mitigation using the same
device, meaning that the actuators can be used for icing control in icing conditions and
flow control in the non-icing environment. Recently, Tanaka et al. [193] performed an
experimental study about snowfall flow control using a high-durability designed plasma
electrode, and Lilley et al. [194] studied the effects of water adhesion from droplets directly
sprayed onto a plasma actuator and its plasma glow recovery.

Figure 26. Time evolution of the deicing process of ice (a,b) and soft ice (c,d) layers (adapted from
Abdollahzadeh et al. [111] with permission under Creative Commons license).

Various forms of deicing and anti-icing actuation based on dielectric barrier discharge
were presented and discussed. The prevention of ice accretion is becoming a leading
application for DBD plasma actuators; however, the fact that these devices are multi-
functional and have a prominent application in active flow control to suppress boundary
layer separation and/or delay airfoil stall, which improves aerodynamic performance,
should not be underestimated. At the same time, they can be used as effective deicing
and/or anti-icing devices to prevent ice accumulation on the airfoil surface and ensure
safer and more efficient operation [188].

3.3. Ice Sensing by Dielectric Barrier Discharge Plasma Actuators

In addition to the possible use of plasma actuators as active flow control and deicing
devices, Abdollahzadeh et al. [195] recently disclosed the possibility of using these devices
as ice sensors. In this work, the authors explain that since plasma actuators behave similarly
to a capacitor, they can also be operated as capacitive ice sensors and detect the presence of
water, air, or ice on their top surface. The properties of water are different in different states
of matter, i.e., the dielectric constant of ice is different from that of liquid water. When we
apply an alternating current to the plasma actuator, an electric field is generated on the
top of the dielectric layer, in the region between the exposed electrode and the covered
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electrode. This electric field is affected by the medium on top of the dielectric layer; since
air, water, and ice are media with different properties and different dielectric permittivity,
the presence of water or ice on the surface of the actuator changes the electric field and,
consequently, the different electric parameters of the actuator, such as charge or capacitance.
Therefore, by monitoring the electrical properties of the DBD plasma actuator, it is possible
to detect the presence of air, ice, or water on the top surface of the plasma device and, in
this respect, to operate the device as an ice sensor. Abdollahzadeh et al. [30] experimentally
investigated the operation of a DBD plasma actuator as a simultaneous deicing and ice
sensing device and demonstrated that their electrical properties change significantly when
the medium adjacent to the actuator surface is changed. Figure 27 shows the change in the
electrical properties of a single DBD plasma actuator due to the change in the properties of
the adjacent medium.

Figure 27. Variation in the plasma actuator electrical properties in the presence of different adjacent
medium: (a) Variation in the DBD sensor/actuator charge in the presence of 4 mm, 8 mm, and 15 mm
thick ice layer and a 4 mm thick water film. (b) Temporal variation in the DBD sensor/actuator
capacitance and charge in the presence of an ice layer (reproduced from Abdollahzadeh et al. [30]
with permissions of Elsevier).

Figure 27a shows that the charge variation along the voltage cycle changes significantly
due to the presence of air, ice, or water on the top of the actuator. In the presence of air, the
voltage–charge curve is narrower, and the maximum and minimum charges have lower
absolute values. The absolute charge values increase in the presence of a layer of ice and
become even larger in the presence of a thin film of water. In Figure 27b, we see that
DBD plasma actuators can also be used as ice sensors to monitor the melting process of a
thin ice layer over time. Figure 27b shows that in the first phase, both the charge and the
capacitance increase, which means that the ice is melted and the fraction of liquid water
increases with time. In phase 2, a sudden decrease in the values of charge and capacitance
is observed, which means that the water between the ice and the actuator has been drained
and the amount of ice/water on the actuator’s surface has been significantly reduced. In
phase 3, a slower decrease in capacitance and charge values is still observed, which means
that smaller pieces of ice are still removed. Abdollahzadeh et al. [30] demonstrated not only
the potential of plasma actuators for ice sensing, but also that by using networks of multiple
plasma actuators, it is possible to detect the position of the ice, since each actuator provides
an individual signal. Later, in the study of Rodrigues et al. [118], this possibility was
optimized by developing a new plasma actuator configuration characterized by a plasma
actuator with multiple encapsulated electrodes that allows for detection of the position of
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the ice, or where there is a major ice accumulation. This configuration is shown in Figure 28
along with the monitoring voltage signals when the ice is placed on the left segment.

Figure 28. Segmented encapsulated electrode configuration for ice location detection: (a) Schematic
of the actuator configuration with three segmented electrodes. (b) Variation of the monitoring voltage
at each segmented electrode with the ice cube on the left side (reproduced from Rodrigues et al. [118]).

Figure 28b shows that when an ice cube is placed over one segment of the actuator
while the other segments are kept ice-free, the monitoring voltage of that segment increases
significantly, indicating that it is covered with ice. Since the monitoring signal of each
segment is independent of the other segments, each segment operates as an independent
sensor, and by knowing its position, it is possible to detect the specific position where
ice accumulates. Recently, Abdollahzadeh et al. [111] performed a parametric study to
understand the effect of dielectric material, dielectric thickness, exposed electrode width,
embedded electrode width, and gap on the performance of the plasma actuator as an
ice sensor. Rodrigues et al. [196] and Xie et al. [197] have conducted further studies to
investigate the suitability of DBD plasma actuators for multipurpose applications and
demonstrated that these devices are capable of performing ice sensing, deicing, and flow
control simultaneously.

4. Conclusions

Ice accretion on aircraft and wind turbine surfaces is a major problem for both the
aviation and wind power industries. For aircraft flying in cold conditions, the ice buildup
phenomenon can be harmful for the normal operation of several aircraft components,
including, for example, the aircraft wings. Ice accumulation on the leading edge of aircraft
wings disturbs the flow and degrades aerodynamic performance by increasing drag and
decreasing lift, which may seriously threaten flight safety. In a similar way, ice accretion
is also a major problem for the wind power industry. Cold regions are very attractive
for wind power generation, since these regions are usually associated with higher air
density and higher wind speeds. However, these regions are also associated with favorable
conditions for ice formation that affect and reduce wind turbine performance. In addition
to the reduction in performance, the unbalanced loads caused by ice accumulation lead to
deterioration of the components and a shortening of service life, which, in turn, considerably
increases the maintenance costs of wind turbines. With this in mind, several works have
been carried out over the years to study and further develop different ice protection systems.
Ice protection systems include passive and active deicing and anti-icing techniques as well
as ice sensing methods.
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Active ice protection systems include the use of mechanical methods, the applica-
tion of heat, the use of dry or liquid chemicals to lower the freezing point of water, or
a combination of these different techniques. These methods include techniques such as
pneumatic deicing boots, electrically resistive elements, electro-mechanical expulsion sys-
tems, thermo-mechanical expulsion devices, ultrasonic vibration methods, shape memory
alloys, electromagnetically-induced vibration systems, thermal air bleed anti-icing systems,
or chemical deicing devices. Passive ice protection systems, on the other hand, involve
coatings or modifications to the surface structures to prevent or delay the ice accretion on
the surface. These types of systems include hydrophobic or superhydrophobic coatings,
micro- and nanoscale rough structures, and the combination of icephobic and hydrophobic
coatings with electrothermal and auxiliary photothermal effects. Ice protection systems
also involve the use of ice detection techniques which can be categorized in direct and
indirect methods of ice detections. Indirect methods utilize some weather conditions such
as temperature, humidity, and visibility combined with empirical deterministic models to
predict icing events, while direct ice detection methods measure a change in a property
such as mass, conductivity, inductance, and dielectric constants to estimate ice formation
on the surface.

Recently, plasma actuators have been introduced as attractive devices for ice protection
systems. These devices are capable of imparting momentum to the adjacent flow, which can
be used to manipulate the local flow field. In addition, they have an instantaneous response
time, are very lightweight, robust, easy to fabricate and implement, and consume low
power levels. As demonstrated in the literature, these devices produce significant thermal
effects which can be used for anti-icing or deicing purposes. The total power delivered
to the DBD plasma actuator is composed of the reactive power, the power dissipated in
dielectric heating, power spend to maintain and promote the plasma discharge, and, finally,
the fluid mechanic power that is delivered to the adjacent air accelerating it. Different
authors studied the actuator surface temperature field induced by the plasma discharge
and concluded that the surface temperature increases significantly, especially at the onset
of the plasma formation. At quiescent conditions, the exposed electrode region has a
similar high temperature to the region where the plasma is generated due to the good
thermal conductivity of the exposed electrode material. However, under the influence of
an external flow, the temperature magnitudes decrease along the actuator surface, with
the exposed electrode region showing a much larger decrease. In addition, researchers
quantified the thermal power generated and concluded that plasma actuators dissipate a
large percentage of power as thermal energy, regardless of the dielectric thickness. This
thermal power released by the actuator is approximately 60 to 95% of the power supplied
to the device, depending on the dielectric material. These results prove the potential of
plasma actuators to avoid ice formation or promote local ice melting. Considering that a
significant percentage of the power supplied to DBD plasma actuators is converted to heat
dissipated from their surface, these devices have been proposed as a viable alternative to
prevent ice formation and/or deicing in aerodynamic components in various applications.
Various configurations of DBD plasma actuators have been reported in recent literature,
applied to different systems, and tested under diverse conditions. Plasma actuators have
been studied as deicing devices, and their ability to prevent ice accumulation on different
objects, such as airfoils or cylinders, has been demonstrated. The performance of using
plasma actuators as ice prevention systems was also compared to conventional electric
heaters commonly used in ice protection systems. The studies showed that the DBD
plasma actuator-based method presented a more promising performance compared to
the conventional electrical heating method, because the temperature drop on the DBD
surface was much lower. This difference was explained by the fact that the water droplets
were heated not only by thermal conduction but also by thermal convection as they travel
through the hot air above the DBD. In addition, various authors have also demonstrated
the potential of using nanosecond plasma actuators for deicing and removal of ice from
the surface. In line with these studies, it has also been shown that these devices can be
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combined with superhydrophobic surface coatings to improve the efficiency of the ice
protection system. In addition, to improve the deicing efficiency of these devices, a new
configuration called a “stream-wise plasma heat knife” has been proposed. Various works
were developed considering this new configuration to improve its performance. Other
works also addressed the study of different layouts, actuators positioning, and different
types of electrodes and dielectric materials. In all the works, authors agreed on the ability
of plasma actuators to efficiently perform deicing and ice prevention operations.

In addition to the potential use of plasma actuators as active flow control and deicing
systems, these devices have recently been proposed as ice sensors. Since plasma actuators
exhibit a behavior similar to a capacitor, they can also be operated as an ice capacitive sensor
and detect the presence of water, air, or ice on their surface. When an alternating current is
applied to the plasma actuator, an electric field is generated on the top of the dielectric layer
in the region between the exposed electrode and covered electrode. This electric field is
affected by the medium on top of the dielectric layer. Thus, the presence of water or ice on
the actuator’s surface will alter the electric field in comparison to the electric field produced
in air and, consequently, will also modify the different electrical parameters of the actuator,
such as the charge or the capacitance. Therefore, by monitoring the electrical characteristics
of the DBD plasma actuator, it is possible to detect the presence of air, ice, or water on the
top surface of the plasma device and operate the device as an ice sensor. Considering all
the works and findings explored in this paper, we may conclude that plasma actuators
are ideal devices for ice protection systems, because the same device is able to perform
anti-/deicing operations and detect ice accumulation. This eliminates the need for two
different techniques for deicing and detecting ice accumulation. Furthermore, they still
have the advantage of controlling flow and improving the aerodynamic performance, even
when no deicing or ice prevention measures need to be implemented.
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