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Chapter

An Experimental Investigation 
on the Thermodynamic 
Characteristics of DBD Plasma 
Actuations for Aircraft Icing 
Mitigation
Cem Kolbakir, Haiyang Hu, Yang Liu and Hui Hu

Abstract

We report the research progress made in our research efforts to utilize the 
thermal effects induced by DBD plasma actuation to suppress dynamic ice accretion 
over the surface of an airfoil/wing model for aircraft icing mitigation. While the 
fundamental mechanism of thermal energy generation in DBD plasma discharges 
were introduced briefly, the significant differences in the working mechanisms of 
the plasma-based surface heating approach from those of conventional resistive 
electric heating methods were highlighted for aircraft anti−/de-icing applications. 
By leveraging the unique Icing Research Tunnel available at Iowa State University 
(i.e., ISU-IRT), a comprehensive experimental campaign was conducted to quantify 
the thermodynamic characteristics of a DBD plasma actuator exposed to frozen cold 
incoming airflow coupled with significant convective heat transfer. By embedding a 
DBD plasma actuator and a conventional electrical film heater on the surface of the 
same airfoil/wing model, a comprehensive experimental campaign was conducted 
to provide a side-by-side comparison between the DBD plasma-based approach and 
conventional resistive electrical heating method in preventing ice accretion over the 
airfoil surface. The experimental results clearly reveal that, with the same power 
consumption level, the DBD plasma actuator was found to have a noticeably better 
performance to suppress ice accretion over the airfoil surface, in comparison to the 
conventional electrical film heater. A duty-cycle modulation concept was adopted 
to further enhance the plasma-induced thermal effects for improved anti−/de-icing 
performance. The findings derived from the present study could be used to explore/
optimize design paradigm for the development of novel plasma-based anti−/de-
icing strategies tailored specifically for aircraft icing mitigation.

Keywords: DBD plasma actuation, Thermodynamics of DBD plasma discharges, 
Aircraft icing mitigation and protection

1. Introduction

Aircraft icing is widely recognized as one of the most serious weather hazards 
to flight safety [1–3]. Ice accumulation has been found to induce large-scale flow 
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separation over airframe surfaces, thereby, degrading the aerodynamic perfor-
mance of an airplane significantly [4]. Ice accretion over airframe surfaces can 
make the aircraft to roll or pitch uncontrollably, and even causes crashes [5]. While 
considerable research progresses have been made in recent years to provide a better 
understanding about aircraft icing phenomena, preventing the loss of control due 
to ice accretion over airframe surfaces still remains an important unsolved problem 
at the top of National Transportation Safety Board (NTSB)‘s most wanted list of 
aviation safety improvements as highlighted at https://www.ntsb.gov/safety/mwl/
Pages/mwl5-2017-18.aspx.

It should be noted that, while anti-icing refers to the prevention of ice buildup 
on an airframe surface, de-icing denotes the scenario where ice has already 
formed on an airframe surface, which is removed subsequently. While a number 
of anti−/de-icing systems have been developed and implemented for aircraft icing 
mitigation in recent years, all aircraft anti−/de-icing systems can generally be 
classified into two categories: active and passive methods. While active methods 
rely on energy input from an external system for the anti−/de-icing operation, 
passive methods take advantage of the physical properties of the airframe sur-
faces (e.g., surface wettability) to prevent/delay ice formation and accretion. 
Current active anti−/de-icing strategies for aircraft icing mitigation suffer from 
various drawbacks. For example, spraying aqueous solutions of propylene and 
ethylene glycol (minimum of 50% concentration) along with other chemical 
additives are widely used for ground anti−/de-icing at airports before aircraft 
takeoff. Propylene and ethylene glycol, although readily biodegradable, exert 
an extremely high biochemical oxygen demand on aquatic systems that result in 
killing fish and other aquatic creatures due to the depletion of dissolved oxygen 
[6]. There has been an increasing concern of the environmental impacts from the 
aircraft de-icing fluid swept away with storm and melt water runoff at airports to 
ground water and nearby waterways [7]. Pneumatic de-icing systems with rubber 
boots have been used to break off ice chunks accreted at airfoil/wing leading edge 
for aircraft in-flight icing protection, but they are usually quite heavy and some-
time unreliable [8]. Ultrasonic and mechanical de-icing solutions are not easily 
integrated into existing aircraft and pose foreign object damage (FOD) hazards 
to aero-engines [8]. While electric resistant heating l or hot air bleeding systems 
have been used to melt out ice by heating airframe surfaces, they are usually very 
inefficient and have demanding power requirements and can also cause damage to 
composite materials from overheating. Furthermore, the melt water may simply 
run back and re-freeze at a downstream location to cause uncontrolled ice accre-
tion [8]. Passive anti-icing approaches with hydro−/ice-phobic surface coatings 
have also been suggested as viable strategies for aircraft icing mitigation [9–11]. 
However, none of the passive approaches are found to be able to eliminate/prevent 
ice accretion over airframe surfaces completely, especially in the critical regions 
(e.g., near the airfoil leading edges) [12, 13]. Thus, it is highly desirable and 
important to develop novel and effective anti−/de-icing strategies to ensure safer 
and more efficient operation of aircraft under atmospheric icing conditions.

Dielectric barrier discharge (DBD) plasma actuators, which are fully electronic 
devices without any moving parts, have been studied extensively in the aerospace 
engineering community [14–16]. A DBD plasma actuator usually features two 
electrodes attached asymmetrically on the opposite side of a dielectric barrier 
layer. When a high voltage (i.e., either in alternating current (AC) or nanosecond 
pulses), is applied to the electrodes, the air over the encapsulated electrode will be 
ionized to generate a streak of plasma discharges. For AC-DBD plasma discharge, 
powered by an AC electric field, ionized air molecules is formed in the discharge 
region above the covered electrode inducing a fluid velocity adding momentum to 
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the boundary layer [17–20]. For the cases with the applied high voltages in nano-
second pulses (i.e., ns-DBD plasma actuation), it would induce an ultrafast gas 
heating mechanism, leading to the generation of a shockwave [17–20]. The use of 
DBD plasma actuators has gained significant interest in the aerospace engineering 
community as a promising flow control tool to suppress airfoil stall [21–23] and 
eliminate separation of laminar boundary layer flows [24, 25] for improved aerody-
namic performances. It should be noted that, even though DBD plasma actuators 
have been widely used for various flow control applications [26, 27], the electro-
mechanical efficiency of DBD-plasma- based approach (e.g., the ratio of the energy 
used to induce ionic wall jet flows for flow control to the total energy consumed by 
the actuator) was found to be usually very low (i.e., no more than 0.20%) [28], and 
majority of the energy consumed by the plasma actuators would be dissipated via 
gas heating and dielectric heating [29].

As revealed clearly by Stanfield et al. [30] and Dong et al. [31], the rotational 
temperature of the gas above the grounded electrode of a DBD actuator during the 
plasma actuation can be increased up to 200°C, while the vibrational temperatures 
were observed to be an order of magnitude higher than the rotational temperature. 
It was also found that the primary mechanism for the heating of the dielectric layer 
is through heat transfer from the plasma, i.e., through direct injection, convection, 
and radiation. To further characterize the thermal effects of DBD plasma discharges, 
Tirumala et al. [32] used an infrared thermography technique to measure the surface 
temperature over a DBD plasma actuator, and found that the predominant mecha-
nism of dielectric heating is due to the heat transfer from the plasma to the gas, 
which then heats up the dielectric surface through forced convection. The increase 
of the surface temperature was found to have linear relationship with both the 
applied voltage and the input frequency. By adopting the significant thermal effects 
of DBD plasma actuators, Cai et al. [33] conducted an explore study to demonstrate 
the feasibility of using plasma-induced thermal effects for anti−/de-icing operations 
by embedding an AC-DBD plasma actuator on an ice accreting cylinder model. The 
thermal effects of AC-DBD plasma actuation were found to be effective for both 
anti-icing and de-icing operations.

For the flow control applications on aircraft, DBD plasma actuators are usually 
designed to be mounted in the aerodynamically delicate regions where the aerody-
namic characteristics would alter greatly as incoming flow changes (e.g., leading 
edges of wings and inlet lips of aeroengines) [14, 34]. It should be noted that, 
such aerodynamically delicate regions are usually also the preferential sites for ice 
formation and accretion [33]. Since DBD plasma actuation has been found to induce 
significant surface heating effects along with the ionic wind generation [30, 31], 
DBD plasma actuators can also be used promising candidates for aircraft icing miti-
gation. By leveraging icing research tunnels to generate icing conditions to simulate 
the dynamic ice accretion process over airfoil/wing surfaces, a series of experimen-
tal studies were conducted recently to demonstrate the feasibility of utilizing the 
plasma-induced thermal effects to suppress dynamic ice accretion process over the 
surfaces of airfoil/wing models for aircraft icing mitigation [29, 35–39].

In the present study, we report the research progress made in our research efforts 
to utilize the plasma-induced thermal effects to suppress dynamic ice accretion 
process over the surfaces of airfoil/wing models for aircraft icing mitigation. In the 
context that follows, while the fundamental mechanism of thermal energy genera-
tion in DBD plasma actuation is introduced briefly, the significant differences in the 
working mechanism of the plasma-based surface heating approach from those of 
conventional resistive electric heating methods for aircraft anti−/de-icing applica-
tions are highlighted. By leveraging the unique Icing Research Tunnel available at 
Iowa State University (i.e., ISU-IRT), a comprehensive experimental campaign is 
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conducted to quantify the thermodynamic characteristics of an DBD plasma actuator 
embed over the surface an airfoil/wing model exposed to frozen cold incoming air-
flow with significant convective heat transfer in the context of aircraft anti−/de-icing. 
By embedding both a DBD plasma actuator and a conventional electrical film heater 
onto the surface of the same airfoil/wing model, an experimental investigation is also 
conducted to provide a side-by-side comparison between the DBD plasma actuator 
and the electrical film heater in preventing ice formation and accretion over the airfoil 
surface under a typical icing condition. While a high-speed camera is used to capture 
the transient details of the dynamic ice accretion and water transport processes 
over the airfoil surface, an infrared thermal imaging system is utilized to map the 
surface temperature evolutions during the dynamic ice accretion process or anti−/
de-icing process with the AC-DBD plasma and the electrical film heater turned on. 
The temporally-synchronized-and-resolved IR thermal imaging results are correlated 
with the acquired ice accretion images to elucidate the underlying physics for a better 
understanding of the fundamentals of the DBD plasma-based approach for aircraft 
icing mitigation.

2. Mechanism of surface heating due to DBD plasma actuation

As that shown schematically in Figure 1, when a high voltage (i.e., either in 
alternating current (AC) or nanosecond pulses) is applied to the electrodes of an 
DBD plasma actuator, the air over the encapsulated electrode would be ionized to 
generate a streak of plasma charges. It has been reported that DBD plasma actuation 
would have significant thermal effects [24, 30–32, 40]. While substantial thermal 
energy is generated along with the formation of ionic airflow for AC-DBD plasma 
actuation [40], ns-DBD plasma discharge was found to induce an ultra-fast gas 
heating (FGH), which can dramatically affect the kinetics of chemical reactions, 
leading to the development of shockwaves in the near-surface gas layer [41–43].

It is well known that, when the high-voltages are applied to the electrodes, a 
high-intensity electric field would be generated between the exposed electrode 
and the grounded electrode separated by the dielectric layer. Driven by the electric 
field, the free electrons and ions in the air are responsible for energy transmission 
from the external power source to gas heating [32, 42]. As suggested by Popov [44] 
and Aleksandrov et al. [20], the dynamic gas heating during the plasma discharge 
is mainly caused by the complex collisions, reactions, and interactions between 
electrons, ions, and the excited molecules in the electrical field, as summarized in 
Figure 2.

The free electrons get energy from the electric field through acceleration, and 
then collide with neutrals and ions in the air. If an elastic collision occurs, there is an 
immediate, but only a rather small portion of total energy release, while in inelastic 
collisions, ionized particles and excited molecules can be produced, which are the 
main sources of energy heating the gas. Collision between ions and neutrals and 

Figure 1. 
Schematic of a typical DBD plasma actuator.
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electrons is another source that should be taken into consideration [45]. Figure 3 
summarizes the primary reactions contributing to the gas heating in DBD plasma 
actuation. When the free electrons impact the molecules in the air (e.g., N2 and O2), 
these molecules would be excited from the ground states to the electronic states. 
Then, dissociation of the excited molecules would occur, which can generate a sig-
nificant amount of thermal energy [44]. When electrons impact with the molecular 
ions in the electrical field, recombination would also occur [20], in which process, 
the energy would be released between the electronic and translational degrees of 
freedom of the produced atoms [44]. During the dissociation processes of the elec-
tronically excited molecules, while the energy released in the collisions is expended 
on the rotational excitation of molecules and gas heating, the rotational energy is 
relaxed into the translational degrees of freedom during the multiple collisions, 

Figure 2. 
Heating mechanisms of DBD plasma actuation.

Figure 3. 
Primary reactions for gas heating in DBD plasma actuation.
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which is termed as quenching of the excited molecules. The kinetic energy pro-
duced in the quenching processes is rapidly converted into gas heating [44]. It 
should be noted that, a large number of excited oxygen atoms are produced in the 
dissociation-recombination-quenching reactions. These excited atoms can also be 
quenched by the molecules in the air, i.e., N2 and O2. It was suggested about 70% of 
the excitation energy of the excited atoms O(1D) is expended on gas heating [44]. 
Along with the above dissociation and quenching reactions, the excited oxygen 
atoms O(3P) would also lead to the reaction of VT relaxation, which is considered to 
be a significant reaction contributing to the gas heating [44].

3.  Differences in the working mechanisms of the plasma-based approach 
from conventional resistive electric heating methods for aircraft 
inflight icing mitigation

Since the impingement of supercooled water droplets onto an airframe surface 
is the precursor for the ice accretion over the airframe surface, a better understand-
ing about the heat transfer mechanisms during the impinging process of the water 
droplets onto the surface of a plasma actuator against that of a conventional electri-
cal film heater is very helpful to elucidate the underlying physics to reveal the sig-
nificant differences in the working mechanisms of DBD plasma-based approaches 
from those of conventional resistive electric heating methods for aircraft icing 
mitigation.

Figure 4 shows the schematics to reveal the great differences in the heating mech-
anisms as a water droplet impinging onto airfoil surfaces protected by using two dif-
ferent anti−/de-icing systems (i.e., conventional electrical heating method vs. DBD 
plasma-based approach). For the case with a conventional electrical film heater, the 
thermal energy is generated on the heater surface through resistive electric heating 
as supplied from the electrical power source. While a portion of the thermal energy 
may be dissipated to the airflow above the heater surface due to the development 
of thermal boundary layer via convective heat transfer, which could warm up the 
impinging water droplet before it is in contact with the heater surface, the dominat-
ing mechanism for heating the water droplet would be through heat conduction after 
the dynamic impinging process (i.e., droplet impacting, splashing, and receding), as 

Figure 4. 
Comparison of different heating mechanisms as water droplet impinging onto the surface of an electrical film 
heater against that of a DBD plasma-based actuator.
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shown schematically in Figure 4(a). Due to the significant temperature differences 
between the impinging supercooled water droplet and the heater surface, the thermal 
energy would be transferred from the heater surface to the water droplet, which can 
keep the droplet warm up (i.e., above the freezing point) or even being evaporated 
after the water droplet impacted onto the surface of the electric film heater.

However, as shown schematically in Figure 4(b), the situation would become 
much different for the case as the water droplet impinging onto the airfoil surface 
protected by a DBD plasma actuator. As described in Tirumala et al. [32], the 
primary heating mechanism for plasma discharges is through heat transfer from the 
plasma to the ambient gas, which then heats up the dielectric surface through direct 
injection, convection and radiation. This is a reverse thermal path in comparison 
with that of the scenario of the conventional electrical heating method. Therefore, 
as the water droplet impinging onto the airfoil surface protected by the DBD plasma 
actuator, the water droplets would not only be heated up through heat conduction 
after impacted onto the hot dielectric surface, more importantly, but also be effec-
tively heated up through forced convective heat transfer as the droplet traveling 
through the hot air in the plasma region even before becoming in contacting with 
the surface of the plasma actuator, as shown clearly in Figure 4(b).

As described in Li et al. [46], the transient temperature of an in-flight droplet 
can be calculated by using equation of

 ( ) ( ) ( ) ( )exp 6 / /exp 6 /i e e f p f pT T T T t h c D t h c Dρ ρ    = − +       (1)

where T is the transient temperature of the in-flight droplet, h is the convection 
coefficient of air around the surface of the in-flight droplet, Ti is the initial tem-
perature of the droplet, Te is the air temperature surrounding the droplet, ρ is the 
density of the droplet, cp is the specific heat of the droplet; tf is the time of flight of 
the droplet in the convective air flow, and D is the diameter of the flying droplet. It 
is obvious that, with the same flight time, a higher temperature of the surrounding 
air would imply a higher transient temperature of the inflight water droplet. Since 
DBD plasma actuation would induce a significant gas heating above the surface of 
the plasma actuator, the temperature of the water droplet before impacting on the 
surface of the plasma actuator would become much higher than that of the case 
above the electrical film heater.

4.  Evaluation of anti−/de-icing performance of the DBD plasma-based 
approach against conventional resistive electric heating methods for 
aircraft icing mitigation

As described above, even though both the DBD plasma-based approach and con-
ventional electrical heating method utilize thermal energy to prevent the impinging 
supercooled water droplets from being frozen to cause ice accretion on the airframe 
surfaces, the fundamental working mechanisms of the two strategies are quite 
different for aircraft icing mitigation. It should also be noted that, the conventional 
electrical heating heaters usually have almost 100% energy efficiency in the sense 
that all the input electric energy would be converted to thermal energy, while the 
heating efficiency of DBD plasma actuation was found to vary from 50–90% under 
different operating conditions [47]. It is highly desirable to evaluate the overall 
effectiveness of the two different methods for aircraft anti−/de-icing applications. 
By embedding both a DBD plasma actuator and a conventional electrical film heater 
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onto the surface of the same airfoil/wing model, a comprehensive experimental 
campaign was conducted to provide a side-by-side comparison between the DBD 
plasma actuator and the conventional electrical film heater in preventing the ice 
formation and accretion over the airfoil surface.

4.1 Test model and experimental setup

The experimental study was performed in the Icing Research Tunnel available 
at Aerospace Engineering Department of Iowa State University (i.e., ISU-IRT). As 
shown schematically in Figure 5, ISU-IRT is a research-grade, multi-functional icing 
research tunnel with a test section of 2.0 m in length × 0.4 m in width × 0.4 m in 
height and four transparent side walls. It has the capacity of generating a maximum 
wind speed of 60 m/s in the test section and an airflow temperature down to −25°C. 
An array of eight pneumatic atomizer/spray nozzles are installed at the entrance of 
the contraction section of ISU-IRT to inject micro-sized water droplets (10 ~ 100 μm 
in size) into the airflow. By manipulating the pressure and flow rate supplied to the 
atomizer/spray nozzles, the liquid water content (LWC) in ISU-IRT is adjustable (i.e., 
LWC ranging from 0.1 g/m3 to 5.0 g/m3). In summary, ISU-IRT can be used to simu-
late various atmospheric icing phenomena over a range of icing conditions (i.e., from 
dry rime to wet glaze ice conditions). In the present study, a typical glaze icing condi-
tion was generated in ISU-IRT with the freestream airflow velocity of U∞ = 40 m/s, 
temperature of T∞ = −5°C and liquid water content level (LWC) of LWC = 1.0 g/m3.

Figure 5 also gives the schematic of the airfoil/wing model used in the present 
study, which has a NACA0012 airfoil profile in the cross section and a chord length 
of 150 mm (i.e., C = 150 mm). A resistive electrical film heater (i.e., Kapton® 
Polyimide Film insulated heater), which was selected due to its outstanding opera-
tional performance among the electrical film heaters available on the market, was 

Figure 5. 
Schematic of ISU-IRT and the airfoil/wing model used for the experimental study.
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embedded over one side of the airfoil surface. The electric film heater consists of an 
etched foil element of 0.013 mm thickness that is encapsulated between two layers 
of 0.05 mm Polyimide Film and 0.025 mm FEP adhesive tape. The coverage area of 
the film heater is 50.8 mm × 101.6 mm. A DC power source was used to power the 
electrical film heater for the anti−/de-icing operation during the experiments.

A DBD plasma actuator was embedded over the other half surface of the airfoil/
wing model for a side-by-side comparison of the anti−/de-icing methods. The DBD 
plasma actuator consist of four encapsulated electrodes and five exposed electrodes, 
with the same electrode thickness of about 70 μm. Three layers of Kapton film (i.e., 
130 μm for each layer) were integrated to serve as the dielectric barrier to separate 
the encapsulated electrodes from the exposed electrodes. Ranging from the airfoil 
leading-edge to about 27% chord length downstream, four encapsulated electrodes 
were distributed evenly over the airfoil model with a separation distance of 3.0 mm. 
The length of the encapsulated electrodes was about 350 mm, and the width was 
10.0 mm (except the one at the leading edge which was 5.0 mm). As reported by 
Waldman and Hu [48], since most of the ice would accrete around the leading edge 
of the airfoil/wing model, the width of the first encapsulated electrode was reduced 
to 5.0 mm in order to generate more plasma discharges near the airfoil leading-edge 
for a successful anti−/de-icing operation in the region, while the encapsulated 
electrodes were attached symmetrically around the leading edge of airfoil model. 
The exposed electrodes (i.e., 96 mm in length and 3.0 mm in width) were placed 
right above the encapsuled electrodes with zero overlap between the exposed and 
encapsulated electrodes. The DBD plasma actuator were wired to a high-voltage AC 
power supply (Nanjing Suman Co., CTP-2000 K), which is capable of providing a 
maximum 30 kV peak-to-peak sinusoidal voltage with a center frequency of 10 kHz. 
During the experiments, while the AC current applied to the plasma actuator was 
measured by using a high response current probe (Pearson Electronics, Inc., Pearson 
2877), the high-amplitude voltage was measured by using a high voltage probe (i.e., 
P6015A from Tektronix). The electric voltage supplied to the electrodes was manip-
ulated with a variable voltage transformer at a constant frequency of 10 kHz. In 
order to quantitatively compare the anti−/de-icing performance of the DBD plasma 
actuator against the electrical film heater under the pre-selected icing conditions, 
the applied power (i.e., in the term of the applied power density, Pd) to the DBD 
plasma actuator was adjusted to be same as that applied to the electrical film heater.

During the experiments, in addition to use a high-speed, high-resolution camera 
(PCO Tech, Dimax) with a 60 mm lens (Nikon, 60 mm Nikkor f/2.8) to record the 
dynamic ice accreting or anti−/de-icing process over the airfoil surface, an infrared 
(IR) thermal imaging system (FLIR A615) was also used to map the surface tem-
perature of the ice accreting airfoil surface via an infrared window (i.e., FLIR IR 
Window-IRW-4C with optic material of Calcium Fluoride) flush mounted on the 
top wall of the ISU-IRT test section. An in-situ calibration was performed to validate 
the IR thermal imaging results against the measured surface temperature data 
with a high-accuracy RTD probe. The measurement uncertainty for the IR thermal 
imaging system was found to be within ±0.5°C. The high-speed video camera and 
the IR thermal imaging system were connected to a digital delay generator (Berkeley 
Nucleonics, model 575) that synchronized the timing between the two systems.

4.2  Thermodynamic characteristic of DBD plasma actuations under frozen cold 
conditions with significant heat convection pertinent to aircraft anti−/de-icing

As described above, while a number of investigations have been conducted to 
characterize the thermal effects of DBD plasma discharges [30–32, 40], almost all 
the previous studies were conducted in quiescent air at room temperature without 
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considering frozen cold conditions and significant convective heat transfer pertinent 
to aircraft icing phenomena. With the experimental set up described above, a compre-
hensive investigation was conducted to characterize the thermodynamic characteris-
tics of DBD plasma actuations as a function of relevant controlling parameters (e.g., 
applied voltage, frequency, and power input, etc...) under frozen-cold test conditions 
coupled with significant convective heat transfer pertinent to aircraft anti−/de-icing.

Figure 6 shows one example of the experimental results to reveal the time evolu-
tion of the measured temperature distribution over the airfoil surface protected by 
the DBD plasma actuator a dry test condition (i.e., without turning on the water spray 
system of the ISU-IRT). For the experiment results, while the incoming airflow was 
set at of U∞ = 40 m/s and T∞ = −5.0°C, the AC-DBD plasma actuators were supplied 
by AC voltage of Vp-p = 12.5 kV and f = 10 kHz, with the corresponding applied 
power density of Pd = 7.8. kW/m2. It is clearly seen that, after the plasma actuator was 
switched on, the temperatures over the airfoil surface were found to increase rapidly, 
with the local surface temperatures at the edges of the exposed electrodes being raised 
from −5°C to more than 25°C in less than 5 seconds. As shown clearly in Figure 6(a), 
the surface heating was first initiated at the edges of the exposed electrodes with evi-
dent local temperature peaks (i.e., as indicated by the white strips in the temperature 
map over the airfoil surface). As the time goes by, more and more thermal energy was 
generated during the plasma discharges, as seen from the measurement results shown 
in Figure 6(b)–(d). It should be noted that the maximum temperatures were always 
found to be located at the edges of the exposed electrodes, which agrees with the 
findings reported in the previous studies [40]. Meanwhile, the temperature over  
the exposed electrodes (i.e., copper tap) appeared to be much higher than that over 
the dielectric layer (i.e., Kapton film). The temperature differences between the 
electrode surfaces and the surface of the dielectric layer were believed to be caused 
by the significant difference in the thermal conductivity between the copper tape 
and the Kapton film (i.e., 385.0 W/m·K for copper tape vs. 1.57 W/m·K for Kapton 
film). The measured surface temperature was found to be relatively low near the 
airfoil leading edge in general, and increased gradually at further downstream loca-
tions, which was correlated well with the chordwise development of the convective 
heat transfer over the airfoil surface (i.e., the heat convection would be maximum at 
the airfoil leading edge, and decrease gradually in the downstream [49]).

Based on the measured temperature distributions given in Figure 6, the span-
wise-averaged temperature profiles along the airfoil chord can be extracted, and 
the extracted results are given in Figure 7. It can be seen clearly that the spanwise-
averaged temperature profiles at the different time instances have a very similar 
distribution pattern, i.e., the surface temperatures were always found to reach the 
local peak values at the edges of the exposed electrodes, and then decrease gradually 

Figure 6. 
Measured temperature distribution over the airfoil surface with the DBD plasma actuator operating under a 
dry test condition of U∞ = 40 m/s and T∞ = −5°C.
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with the increasing distance away from the edges of the exposed electrodes. For 
example, at the time instance of t = 0.4 s, while the surface temperatures over the 
dielectric layer were found to have almost no change (i.e., still being frozen cold at 
Tsurface = −5°C), the local temperature peaks at the electrode edges were found to 
increase rapidly and become higher than +5.0°C. Along with the rapid temperature 
rise at the edges of the exposed electrodes, the temperatures over the surfaces of 
copper-based electrodes were also found to become much higher in comparison 
to those over the dielectric layer. It was suggested that the predominant heating 
mechanism in plasma discharges is due to the heat transfer from the plasma to the 
gas, which then heats up the surface of the plasma actuator through forced convec-
tion [32]. With the plasma actuator embedded over the airfoil surface was exposed 
in the frozen cold airflow coupled with significant convective heat transfer, the 
hot air originally heated by plasma discharges would not only be in contact with 
the dielectric layer, but also convect over the copper-based exposed electrodes. It 
caused the temperature rise over the surfaces of the exposed electrodes. Due to the 
much higher thermal conductivity of the copper-based exposed electrodes, the 
electrode surfaces were found to have a much faster thermal response (i.e., rapid 
temperature increases) in comparison to that of the Kapton-based dielectric layer, 
as shown quantitatively from the measured temperature profiles given in Figure 6. 
As the time goes on, the temperatures over the airfoil surface were found to increase 
rapidly, with the maximum temperature raised to more than 35°C at 6.4 seconds 
after turning on the DBD plasma actuator. It can also be seen clearly that, the sur-
face temperature around the third exposed electrode was found to be always higher 
than those at other locations, which is believed to be a result of the development 
of the thermal boundary layer over the airfoil surface, i.e., due to the effects of the 
significant convective hear transfer over the airfoil surface [50].

4.3  Comparison of the anti−/de-icing performance of the DBD plasma-based 
approach against the convention electrical surface heating methods

With the experimental setup given in Figure 5, a comprehensive experimen-
tal campaign was conducted to provide a side-by-side comparison of the DBD 

Figure 7. 
Spanwise-averaged temperature profiles along the airfoil chord with the DBD plasma actuators operating 
under a dry test condition of U∞ = 40 m/s and T∞ = −5°C.
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plasma-based approach against conventional electrical heating methods in prevent-
ing the ice formation and accretion over the airfoil surface. In performing the ice 
accretion experiments, ISU-IRT was operated at a prescribed frozen-cold tempera-
ture level (e.g., T∞ = −5°C for the present study) for at least 30 minutes in order to 
ensure ISU-IRT reaching a thermal steady state. Then, the DBD plasma actuator 
and the electrical film heater embedded over the airfoil/wing surface were switched 
on simultaneously for about 60 seconds to achieve a thermal equilibrium state 
before turning on the water spray system of ISU-IRT. After the water spray system 
was switched on at t = t0, the super-cooled water droplets carried by the incoming 
airflow would impinge onto the surface of the airfoil/wing model to start the ice 
accretion process. During the experiments, the high-speed imaging system and IR 
thermal imaging system were synchronized to record the dynamic ice accretion or 
anti−/de-icing process and map the corresponding surface temperature distribu-
tions over the ice accreting airfoil/wing model simultaneously.

Figure 8 shows the typical snapshots of the dynamic ice accretion process 
over the airfoil surface with the same electric power supplied to the DBD plasma 
actuator and the electrical film heater (i.e., Pd = 7.8 kW/m2) for the anti−/de-icing 
operation. The box in red dashed lines in the acquired images indicates the mea-
surement window of the IR thermal imaging system. Since very similar features 
were observed for all the test cases, only the measurement results obtained under 
the test conditions of U∞ = 40 m/s, T∞ = −5°C and LWC = 1.0 g/m3 were shown and 
analyzed here for conciseness. As shown clearly in Figure 8(a), right after starting 
the ice accretion experiments (i.e., t = 10.0 s), since both the DBD plasma actuator 
and the electrical film heater had already been switched on for a while to make the 
surface temperatures of the airfoil/wing model being well above the freezing point 
of water, the supercooled water droplets were found to be heated up rapidly, upon 
impacting onto the heated airfoil surface. Therefore, the front surface of the airfoil 
model protected by the plasma actuator and the electrical film heater (i.e., from the 
leading edge to ~30% chord length) was found to be totally ice free, with evident 
water runback flow observed over the airfoil surface. Driven by the boundary layer 
airflow over the airfoil surface, the unfrozen water was found to run back in the 
form of film/rivulet flows. The runback water over the airfoil surface on the electri-
cal film heater side was found to be refrozen into ice eventually to form rivulet-
shaped ice structures at the downstream region of X/C ≈ 60%. In comparison, 

Figure 8. 
Acquired images to reveal the dynamic ice accretion process over the airfoil surface with the electric power 
supplied to the plasma actuator and the film heater being Pd = 7.8 kW/m2.
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much less runback water was observed over the airfoil surface on the DBD plasma 
actutor side with much fewer ice structures formed at the downstream locations.

The experimental observation suggests that, with the same electric powere 
inputs, the DBD plasam actuator seems to have a better anti−/de-icing performance 
in comparison to the conventioneal electric film heater. This can be explained by 
the facts that, since the airflow over the region covered by the DBD plasma actuator 
would be sufficiently heated due to the gas heating effects in the plasma acuatu-
ation, a portion of the airbrone water droplets would be warming up rapidly and 
even evaporated as they flying through the plasam region before impacting onto 
with airfloil surface, resulting in the less water mass collected over the airfoil sur-
face proptected by the DBD plasma actutor. However, with the supercooled water 
droplets impinging onto the airfoil surface protected by conventional electrical film 
heater, the thermal energy was mainly transferred from the heating elements to 
the airfoil surface via heat conduction. Since the input power for this cases was not 
sufficient to instantly evaporate the impacted water droplets (i.e., Pd = 7.8 kW/m2), 
the impacted water droplets were found to coalesce quickly on the airfoil surface 
to form rivulets/film flows to transport the impacted water mass to further down-
stream locations, as driven by the airflow over the airfoil surface. Due to the intense 
convective heat transfer between the surface water and the frozen cold incoming 
airflow over the airfoil surface, the runback water was found to be refrozen into 
ice eventually, result in the formation of rivulet-shaped ice strcutures at further 
downstream locations.

As the time goes on, more and more super-cooled water droplets would 
impinge onto the airfoil surface. As a result, more water mass was found to be 
collected over the airfoil surface to cause the formation of more rivulet-shaped 
runback ice accreted at the downstream locations of the airfoil surface. As shown 
in Figure 8(b) and (c), while electric power supplied to the two systems were set 
to be the same value of Pd = 7.8 kW/m2, the ice structures accreted over the airfoil 
surface on the plasma actuator side were always found to be less than those on the 
electric film heater side.

In order to achieve a better anti−/de-icing performance, the electric power sup-
plied to the plasma actuator and the electrical film heater were increased by a factor 
of two (i.e., Pd = 15.6 kW/m2) to generate more thermal energy for the anti−/de-icing. 
The typical snapshots of the dynamic water runback/ice accretion process with 
elevated power input are shown in Figure 9. It can be clearly seen that, with the higher 
power input of Pd = 15.6 kW/m2, the airfoil surface was found to become completely 
free of ice on both sides of the airfoil surface. It can also be seen that, similar to that 
observed for the case with relatively lower power input described above, the DBD 
plasma side of the airfoil surface appeared to have much less water runback in com-
parison to that on the electric film heater side. The rapid evaporation of the airborne 
water droplets as flying through the plasma region described above is believed to be 
the reason to cause the much less water mass collected on the plasma actuator side of 
the airfoil surface.

The corresponding IR thermal imaging results can reveal more details on the 
different working mechanisms of the two system for the anti−/de-icing operation. 
While Figure 10 shows the time evolution of the measured temperature distribu-
tions over the airfoil surface before and after starting the ice accretion process, 
Figure 11 gives the corresponding surface temperatures at different chordwise 
locations (i.e., locations of A, B, C and D at X/C = 2.0%, 10% 18% and 45% chord 
respectively, as indicated in Figure 10) as a function of the time on the two sides 
of the airfoil surface (i.e., plasma actuator side vs. electric film heater side). It can 
be seen clearly that, after the DBD plasma actuator was switched on for 10 sec-
onds (i.e., at t = 10s), the temperatures over the exposed electrodes of the plasma 
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actuator were found to increase to about 10°C, while the temperatures over the 
dielectric surface (i.e., in the spacings between the electrodes) were still quite low 
(i.e., below the freezing point of water), which has been discussed in the previous 
section. Since the electrical film heater was also switched on simultaneously, a 

Figure 9. 
Acquired images to reveal the dynamic ice accretion process over the airfoil surface with the electric power 
supplied to the plasma actuator and the film heater being Pd = 15.6 kW/m2.

Figure 10. 
Time evolution of the measured temperature distributions over the airfoil surface before and after starting the 
ice accretion process.
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strip-patterned temperature distribution was found over the airfoil surface on elec-
tric film heater side at t = 10 seconds. Such a strip-like temperature distribution was 
due to the configuration of the etched foil resistance element encapsulated between 
the Polyimide films in the electric film heater.

As the time goes by, more and more thermal energy would be generated 
on both the plasma actuator side and the electric film heater side of the airfoil 
surface. At about 50 second after turning on the plasma actuator and the electric 
film heater, a thermal equilibrium state was found to achieve on both sides of the 
airfoil surface, as indicated by the flattening surface temperature profiles shown in 
Figure 11(a) and (b). It can be seen clearly that, the surface temperatures over the 
electrical film heater were much higher than those over the DBD plasma actuator 
as they reached the thermal equilibrium state. The temperatures at the down-
stream location “C” (i.e., X/D = 18%) were found to be the maximum on both sides 
with the measured values becoming 20°C and 90°C on the plasma actuator side 
and the electric film heater side, respectively. As described above, while the ther-
mal energy generated by the electrical film heater is mainly at the heater surface 
through resistive heating, the primary heating mechanism in DBD plasma actua-
tion is through gas heating and then heating up the dielectric/electrodes surfaces 
through direct injection, convection and radiation [32]. Therefore, with the same 
power input, the measured surface temperatures on the electric film heater surface 
were found to be much higher than those over the DBD plasma actuator. It was also 
found that, after the thermal equilibrium state was achieved, the temperature was 
higher at the locations further away from the airfoil leading edge (i.e., X/C ≈ 18%) 
as clearly shown in Figures 10 and 11. Existence of such a temperature gradient 
over the airfoil surface was believed to be caused by the development of the ther-
mal boundary layer over the airfoil surface, i.e., due to the significant convective 
heat transfer over the airfoil surface with the maximum heat convection locating at 
the airfoil leading edge and decreasing gradually in the downstream region.

As indicated by the dashed line in Figure 11, the water spray system of ISU was 
switched on at t = 60 s to start the ice accretion process, i.e., at 60 seconds after 
turning on the plasma actuator and the electrical film heater. This time instant was 
also defined as t0, as given in Figure 10(b). It was found that, after the super-cooled 
water droplets impinged onto the airfoil surface, for the time instance at t = t0 + 25 s, 
while the surface temperature on the electric film heater was found to decrease 
significantly, the temperature on the surface of the plasma actuator only dropped 

Figure 11. 
Measured surface temperatures at different chordwise locations on the airfoil surface before and after starting 
the ice accretion process.
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slightly as shown in Figure 10. As the time goes on, more and more impinged water 
would be collected on the airfoil surface. Since the power input to the plasma actua-
tor and the electric film heater were sufficiently high to prevent ice accretion over 
the airfoil surfaces (i.e., Pd = 15.6 kW/m2), the mass transport and energy transfer 
on both sides of the airfoil surface were found to reach an equilibrium state, as 
indicated by the almost unchanged temperature distributions. More quantitatively, 
after the water droplets impinged on the airfoil surface, while the temperature drop 
on the airfoil surface protected by the plasma actuator was about 33% (i.e., the 
temperature dropped from 12.0°C to 8.0°C at the location A and B, and dropped 
from 18.0°C to 12.0°C at the location C), the corresponding temperature decrease 
son the airfoil surface protected by the electrical film heater were found to be around 
70% (i.e., the temperature decreased from 25.0°C to 6.0°C at the location A, from 
60.0°C to 20.0°C at the location B, and from 90.0°C to 25.0°C at the location C). 
Such significant differences in the surface temperature changes before and after the 
impingement of the super-cooled water droplets can be explained by the different 
heating mechanisms discussed in the previous section. For the electrical film heater 
case, since the thermal energy was mainly generated at the heater surface, and then 
transferred into the impinged supercooled water droplets, the measured surface 
temperature, therefore, appeared to drop significantly due to the great temperature 
differences between the heater surface and the impinged water droplets. However, 
for the case with the water droplets impinging onto the surface of the DBD plasma 
actuator, the water droplets had already been effectively warmed up through the 
forced heat convection as they were flying through the hot air above the plasma actu-
ator. Since the temperatures of the water droplets would be increased substantially 
before impacting onto the dielectric/electrodes surface, it results in the much smaller 
surface temperature drops upon the impacting of the water droplets onto the airfoil 
surface protected by the plasma actuator, as revealed quantitatively in Figure 11(b).

4.4  Further improve the anti−/de-icing performance of the DBD plasma-based 
approach with a duty-cycle modulation technique

As described above, with the same power input, the DBD plasma-based 
approach was demonstrated to be more effective in preventing ice accretion over 
the airfoil surface, in comparison with the conventional electrical heating method. 
The anti−/de-icing performance of the DBD plasma-based approach can be fur-
ther improved through optimization of the design paradigms of the plasma actua-
tion in the terms of plasma actuation modes (i.e., AC-DBD vs. ns-DBD plasma 
actuation) [38], the layout design of the plasma actuator over the airfoil surface 
[36], the applied voltage and frequency, etc. [51]. As an example of the attempts 
to optimize the DBD plasma actuation for improved anti−/de-icing performance, 
a duty-cycled modulation concept was utilized by leveraging the unique feature of 
fast response time for the DBD plasma actuation (i.e., on the order of 10 ~ 100 ms) 
in terms of momentum transfer [28] and thermal effects [47] induced by plasma 
discharges. Figure 12 shows a schematic of the duty-cycle modulation from a 
continuous DBD plasma actuation to a duty-cycled DBD plasma actuation. Various 
frequencies of the duty-cycled DBD plasma actuation were examined to evaluate 
the effects of the duty cycle frequency on the thermal characteristics of the DBD 
plasma actuation [39].

Figure 13 shows the comparison of the acquired ice accretion images and the 
corresponding IR thermal imaging results with the DBD plasma actuators being 
operated at different duty-cycled frequencies. The experimental study was con-
ducted under the same icing test condition of the test conditions of U∞ = 40 m/s, 
T∞ = −5°C and LWC = 1.0 g/m3. While the maximum instantaneous power inputs 
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supplied to the plasma actuator were different for the cases with different duty-
cycle modulation frequencies, the total power consumptions over a given period of 
time were kept at the same level for all the compared cases. It is clearly seen that, the 
cases with duty-cycled plasma actuations show much better anti−/de-icing perfor-
mance (i.e., with the plasma region being completely free of ice), in comparison to 
that of the continuous plasma actuation (i.e., the baseline case shown at the most 
left side of Figure 13). As the duty cycle frequency increases, much less rivulets-
shaped ice features were found to form over the airfoil surface. Since the surface 
temperatures for the cases with the duty cycled DBD plasma actuations are much 
higher than that of the baseline case with continuous plasma actuation, the increase 
in the duty cycle frequency was found to further enhance the thermal effects of 
the DBD plasma actuation, resulting in higher temperatures over the airfoil sur-
face, as revealed quantitatively from the acquired IR thermal imaging results. The 

Figure 12. 
A schematic of the modulation from a continuous plasma actuation to a duty-cycled plasma actuation for 
improved anti−/de-icing performance.

Figure 13. 
Comparison of duty-cycled DBD plasma actuations modulated with different duty-cycle frequencies.
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enhanced thermal effects of the duty-cycled DBD plasma actuation at higher duty 
cycle frequencies was demonstrated to be able to further improve the anti−/de-icing 
performance of the DBD-plasma-based approach for aircraft icing mitigation.

5. Conclusion

In the present study, we report the research progress made in our efforts to utilize 
the thermal effects induced by DBD plasma actuation to suppress dynamic ice accre-
tion process over the surface of an airfoil/wing model for aircraft icing mitigation. 
While the fundamental mechanisms for thermal energy generation in DBD plasma 
actuation were introduced briefly, the significant differences in the working mecha-
nism of the DBD-plasma-based surface heating approach from those of conventional 
resistive electric heating methods were highlighted for aircraft anti−/de-icing 
applications. By leveraging the unique Icing Research Tunnel available at Iowa State 
University (i.e., ISU-IRT), a comprehensive experimental campaign was conducted 
to quantify the thermodynamic characteristics of an DBD plasma actuator embedded 
over the surface of an airfoil model exposed to frozen cold incoming airflow coupled 
with significant convective heat transfer in the context of aircraft anti−/de-icing. By 
integrating a DBD plasma actuator and a conventional electrical film heater onto the 
same airfoil/wing model, an experimental investigation was conducted to provide a 
side-by-side comparison between the DBD plasma-based approach and conventional 
resistive electrical heating method in preventing ice formation and accretion over the 
airfoil surface under a typical aircraft icing condition. While a high-speed camera 
was used to capture the transient details of the dynamic ice accretion and water 
transport processes over the airfoil surface, an infrared (IR) thermal imaging system 
was utilized to map the corresponding temperature over the airfoil surface protected 
by the DBD plasma actuator and the electrical film heater during the anti−/de-icing 
operation. Based on the side-by-side comparison of the measurement results (i.e., 
snapshots of the visualization images and quantitative surface temperature distribu-
tions) on the plasma side of the airfoil surface against those of the electric film heater 
side under the same icing test condition, the effectiveness of using the thermal 
effects induced by DBD plasma actuation and the conventional electrical heating in 
preventing ice formation and accretion over the airfoil surface was evaluated and 
analyzed in details.

It was found that, with the same input power density, the surface temperature 
on the electric film heater was much higher than that over the surface of the DBD 
plasma actuator before the water droplets impingement, which was essentially due 
to the different heating mechanisms of the two methods. For the conventional elec-
trical film heater, the thermal energy was mainly generated at the heater surface. 
For the case of the DBD plasma actuation, the heating path is through heat transfer 
from the plasma discharges to the ambient gas at first, and then heating up the sur-
faces of the dielectric layer and electrodes through direct injection, convection, and 
radiation. Upon the impingement of the super-cooled water droplets onto the airfoil 
surface, while the surface temperature over the electrical film heater was found to 
descend significantly due to the instant heat transfer from the electric film heater 
surface to the impinged water mass, the decrease in the measured surface tem-
perature over the airfoil surface on the plasma actuator side appeared to be much 
less since the airborne water droplets were pre-heated greatly as flying through the 
hot air above the DBD plasma actuator before being in contacting with the heated 
airfoil surface. As a result, the DBD plasma-based method showed a more promis-
ing performance in preventing ice formation and accretion over the airfoil surface, 
in comparison with that of the conventional electrical heating method.
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An explorative study was also conducted to further improve the anti−/de-icing 
performance of the DBD plasma-based method by adopting a duty-cycle modula-
tion concept. It was found that the implementation of duty-cycled modulation to 
the DBD plasma actuation can significantly enhance the thermal effects induced by 
the DBD plasma actuation. It was demonstrated clearly that, under the same icing 
condition and the same total power input, the duty-cycled plasma actuation has a 
better anti−/de-icing performance in comparison to the continuous plasma actua-
tion. The findings derived from the present study could be used to explore/optimize 
design paradigm for the development of novel DBD-plasma-based anti−/de-icing 
strategies tailored specifically for aircraft icing mitigation.
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