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ABSTRACT

An experimental study was conducted to examine the effects of dielectric-barrier-discharge plasma (DBD)
actuator layout on the plasma-induced thermal characteristics and evaluate their effectiveness for aircraft
icing mitigation. The experimental investigation was performed in the Icing Research Tunnel of lowa State
University (i.e., ISU-IRT) with an airfoil/wing model embedded with an array of DBD plasma actuators
around the airfoil leading edge. The plasma actuators were arranged in different layouts (e.g., orientation,
number, and width of exposed electrodes) to evaluate their effects on the anti-icing performance under
a typical glaze icing condition pertinent to aircraft inflight icing phenomena. While the dynamics ice
accretion or anti-icing process over the airfoil surface before and after turning on the plasma actuators
was recorded by using a high-resolution imaging system, a high-speed infrared thermal imaging system
was used to quantitatively map the temperature distributions over the airfoil surface. The experimental
results clearly reveal that, with the same power consumption level, the plasma actuators in streamwise
layout would result in higher plasma-induced surface heating and faster runback of the unfrozen water
over the airfoil surface, thereby, having a noticeably better anti-icing performance, in comparison to those
in spanwise layout. The plasma actuators in streamwise layout were found to not only be able to prevent
ice accretion near the airfoil leading edge, but also allow the plasma-induced surface heating to convect
further downstream to delay/prevent the runback ice formation near the airfoil trailing edge. A proper
combination of the plasma actuation strength and the plasma discharge coverage over the airfoil surface
was found to result in the optimum performance for aircraft anti-icing applications.

© 2020 Elsevier Masson SAS. All rights reserved.

1. Introduction

moval methods, e.g., use of freezing point depressants to suppress
ice formation [5], were found to become less effective at colder

Aircraft icing is a well-known weather hazard to flight safety
and performance. With aircraft flying under cold weather condi-
tions, supercooled water droplets in the clouds would impinge,
freeze and form ice shapes on airframe surfaces [1]. Ice accretion
on the airframe surfaces would cause large-scale flow separations
and degrade the aerodynamic performance of aircraft significantly.
As a result, aircraft would experience much greater drag and less
lift, and stall at a much smaller angle of attack, which could even
lead to aircraft crashes [2-4]. While a number of anti-/de-icing
methods have been developed for aircraft inflight icing mitiga-
tion, current aircraft icing protection strategies suffer from various
drawbacks, including being too complex, too heavy or draw too
much power to be effective. For example, chemical-based ice re-
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temperatures with the ice adhesion strength to airframe surface in-
creases [6]. While mechanical-based de-icing methods, such as us-
ing pneumatic or electro-mechanical boots [6,7], have been used to
break off ice chunks accreted on wing surfaces, they may pose for-
eign object damage (FOD) hazards to aero-engines. While thermal-
based strategies are widely used to melt ice accreted over airframe
surfaces, they usually require substantial power input to keep the
airframe surfaces ice free [8-12]. Passive anti-icing methods using
hydro-/ice-phobic coatings/materials have also been suggested to
reduce ice accretion on airframe surfaces [13-15]. Much efforts are
still needed to improve the poor endurance of hydro-/ice-phobic
coatings/materials (e.g., mechanical durability and rain erosions
due to the high-speed impacting of super-cooled water droplets)
under harsh icing conditions [16,17]. It is highly desirable and es-
sential to develop innovative strategies for aircraft icing mitigation
and protection for safer and more efficient aircraft operation under
atmospheric icing conditions.

Dielectric Barrier Discharge (DBD) plasma actuators are fully
electronic devices without any moving parts. They have been used
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Fig. 1. Schematic of a typical DBD plasma actuator.

extensively in the aerospace engineering community as an effective
tool for flow control applications [18-21]. As shown schematically
in Fig. 1, a DBD plasma actuator usually features two electrodes
attached asymmetrically on the opposite side of a dielectric bar-
rier layer. When a high voltage, either in alternating current (AC)
or nanosecond pulses (NS-pulsed), is applied to the electrodes, the
air over the encapsulated electrode becomes ionized and generates
a streak of plasma. In the presence of a high-intensity electric field,
the ionized air would lead to a body force to produce a gas flow
along the dielectric surface (i.e., wall jet generation). While the
plasma-induced wall jets are widely used to suppress boundary
layer flow separation and/or delay airfoil stall, Benard & Moreau
[22] found that the electro-mechanical efficiency of a DBD plasma
actuator (e.g., the ratio of the energy used to induce ionic wall jet
flows to the total energy consumed by the actuator) is usually very
low (i.e., no more than 0.20%), and majority of the energy con-
sumed by the plasma actuator would be dissipated via gas heating
and dielectric heating. Rodrigues et al. [23] conducted a compre-
hensive study to investigate the heat generation mechanisms of
a DBD plasma actuator. They found that, while dielectric heating
is significant near the breakdown voltage, gas heating would be-
come dominate when the applied voltage is above the breakdown
voltage. More specifically, as sinusoidal-shaped AC voltages ranging
from 2 kV to 10 kV at the same frequency of 24 kHz are applied
to a plasma actuator with Kapton as the dielectric material, 70%
to 85% of the total power consumption of the DBD plasma actu-
ator would be used for gas heating, whereas roughly 10% of the
power consumption would convert into dielectric heating. As a re-
sult, while the ambient air over the encapsulated electrodes of
plasma actuators would be heated up rapidly during the plasma
actuation, the airfoil surface where the plasma actuators were em-
bedded onto would also be heated up subsequently. A number
of studies further examined the feasibility of utilizing the ther-
mal effects induced by DBD plasma actuations for aircraft icing
mitigation [24-29]. In comparison to conventional electric-heating
methods, DBD-plasma-based approach was found to have a more
efficient heating mechanism; faster response time; lower operation
power consumption; and more stable operation.

The most-commonly-used layout to employ DBD plasma actua-
tors for the flow separation control or/and airfoil stall suppression
applications is to embed the electrodes of the plasma actuators
near the airfoil leading edges and arrange them along the span-
wise direction of the airfoil/wing models. Such a spanwise layout
for the DBD plasma actuators was found to be the very effective
for flow control applications [30,31]. While the spanwise layout
has also been found to be promising in suppressing ice accretion
over airfoil surfaces [24,32], a streamwise layout for DBD plasma
actuators, i.e., having the exposed electrodes of DBD plasma actua-
tors oriented along the chordwise direction of airfoil/wing models,
was also suggested and demonstrated to have a very good per-
formance for aircraft anti-icing applications [29,33,34]. In spite of
the noticeable advances made in recent years to demonstrate the
feasibility of leveraging plasma-induced thermal effects for aircraft
anti-icing applications, much more studies are still needed to ex-
plore/optimize design paradigms for the development of a new
class of plasma-based icing protection strategies to ensure safer
and more efficient operation of aircraft in cold weathers.
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In the present study, a comprehensive experimental campaign
was conducted to evaluate the effects of different layouts of DBD
plasma actuators embedded over the surface of an airfoil/wing
model on the plasma-induced thermal characteristics and exam-
ines their performance for aircraft icing mitigation. The experi-
mental study was performed in the Icing Research Tunnel of lowa
State University (i.e., ISU-IRT). An array of DBD plasma actuators
was flush mounted around the leading edge of a NACAQ012 air-
foil/wing model in different layouts (i.e., spanwise vs. streamwise
layout with varied numbers and width of the exposed electrodes).
During the experiments, while the airfoil/wing model was exposed
to a typical glaze icing condition, the power inputs supplied to the
DBD plasma actuators in different layouts were kept at the same
value for the anti-icing operation. In addition to utilizing a high-
resolution imaging system to record the dynamic ice accretion or
anti-icing process over the surface of the test model, a high-speed
Infrared (IR) thermal imaging system was also used to quantita-
tively map the temperature distributions over the airfoil surface
before and after turning on the DBD plasma actuators. The ac-
quired ice accretion images were correlated with the quantitative
IR thermal imaging results to elucidate the underlying physics to
better understand the effects of the plasma actuator layout on the
plasma-induced thermal characteristics and their performances to
suppress ice accretion over airfoil surface.

2. Experimental setup and the test model
2.1. Icing research tunnel used in the present study

The experimental study was performed in ISU-IRT. As shown
schematically in Fig. 2, ISU-IRT is a research-grade, multi-functional
icing research tunnel with a test section of 2.0 m in length x 0.4
m in width x 0.4 m in height and four transparent side walls. It
can generate wind speed up to 60 m/s and airflow temperature
down to —25°C in the test section. An array of eight pneumatic
atomizer/spray nozzles is installed at the entrance of the contrac-
tion section of ISU-IRT to inject micro-sized water droplets (10 ~
100 pm in size) into the airflow. A variable LWC levels in ISU-IRT
(i.e., ranging from 0.1 g/m3 to 5.0 g/m?) can be achieved by manip-
ulating the pressure and flow rate supplied to the atomizer/spray
nozzles. In summary, ISU-IRT can be used to simulate various at-
mospheric icing phenomena over a range of icing conditions (i.e.,
from dry rime to extremely wet glaze ice conditions). Further infor-
mation about ISU-IRT and its usage for various icing and anti-icing
studies is available in Waldman et al. [35], Liu et at. [26], Gao et
al. [36], Li et al. [37] and Veerakumar et al. [38].

2.2. The airfoil/wing model used in the present study

In the present study, a two-dimensional airfoil/wing model with
NACAO0012 airfoil profile in the cross section was used for the ex-
perimental investigation. The airfoil/wing model has a chord length
of C =150 mm and spanwise length of 400 mm (i.e., with the
same dimension as the width of the ISU-IRT test section). The test
model was 3D printed by using a rapid prototyping machine (i.e.,
Stratatsys® CONNEX1 OBJET260) in two half-spanned pieces with
a hollowed cross section and made of a hard plastic material (i.e.,
Stratatsys® Vero White). The two 3D printed model pieces were
assembled almost seamlessly and glued together by adding a small
amount of super glue (Starbond® CA Glue) along the interface.
The surface of the test model was wet sanded by using a series
of progressively finer sandpapers (up to 2,000 grit). The final sur-
face of the test model was found to have a very smooth, glossy
finish with a characteristic surface roughness about 20 pm. Sup-
ported by stainless-steel rods, the airfoil/wing model was mounted
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Fig. 2. Schematic of ISU-IRT and the airfoil/wing model used in the present study.

Table 1

A list of the test cases investigated in the present study.

Test Plasma Number of Gap between Width of Edge length Applied voltage
Case #  Actuator exposed exposed exposed of exposed for plasma
Layout electrodes, electrodes, electrodes, electrodes, actuation,
(N) (G) (W) (Ledge) (Vp—p)
1 Spanwise 6 8.0 mm 4.0 mm 910 mm 13.8 kv
2 Streamwise 6 8.0 mm 4.0 mm 910 mm 13.8 kv
3 Streamwise 8 8.0 mm 2.0 mm 1180 mm 12.2 kv
4 Streamwise 5 8.0 mm 8.0 mm 800 mm 15.4 kv
5 Streamwise 3 8.0 mm 16.0 mm 530 mm 16.0 kv

horizontally in the middle of the ISU-IRT test section with the an-
gle of attack (AOA) of the test models being zero in relation to
the incoming airflow (i.e., AOA = 0°). During the experiments,
the velocity and temperature of the incoming airflow was kept at
Voo =40 m/s and T = —5°C for the present study. The corre-
sponding chord Reynolds number is Re. ~ 500,000.

As shown in Fig. 2, DBD plasma actuators were wrapped around
the leading edge of the airfoil/wing model. The plasma actuators
were made “in-house” using ~70 um thick copper tapes to func-
tion as electrodes and Polyvinyl chloride (PVC) film of ~400 um
in thickness as the dielectric layer. While the exposed electrodes
have the same length of L =72 mm, the width of the electrodes
is varied from W =4.00 mm to 16.0 mm for different test cases
as summarized in Table 1. During the experiment, sinusoidal AC
voltages ranging from 12 kV to 16 kV were applied to the plasma
actuators at the same frequency of 5.5 kHz. The exposed electrodes
were subjected to high voltage, while the encapsulated electrode
was connected to the ground.

In order to evaluate the effects of the DBD plasma actuator
layout on the plasma-induced thermal characteristics and the re-
sultant effectiveness for aircraft icing mitigations, the plasma ac-
tuators were arranged in either spanwise or streamwise layout
(i.e., with the exposed electrodes being arranged either spanwise
or chordwise over the airfoil surface). Table 1 summarizes all the
test cases to be explored. While the encapsulated electrode of the
DBD plasma actuator were kept to have the same coverage area
of 72 mm x 72 mm for all the test cases, the orientation, total
number (N), and the width (W) of the exposed electrodes were
varied for a comparative study. As a result, the coverage area of
the plasma discharges (i.e., the area with plasma glow) would be
varied by changing the number and width of the exposed elec-
trodes.

During the experiments, DBD plasma actuators embedded over
the airfoil/wing surface were powered by a high-voltage AC power
source (Nanjing Suman, model CTP-2000K). The electric voltage
and current applied to the plasma actuators were measured by
using a Textronix P6015 high-voltage Probe and Pearson Current
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Fig. 3. Typical voltage and current trace during the plasma actuation.

Monitor. While the voltage and current signals were monitored by
using a Tektronix MDO3102 mixed domain oscilloscope, the power
consumption of the plasma actuators was calculated by using fol-
lowing equation:

T

P= %/V(t) x I(t)dt (1)
0

where V (t) and I(t) are the instantaneous voltage and current ap-
plied on the plasma actuators, and T is the total measurement
time (i.e., about 5.0 minutes for each test cases in the present
study). Fig. 3 gives an example of the typical voltage and cur-
rent traces (i.e., containing about eight AC periods). Using an au-
totransformer, the total power inputs supplied to the plasma ac-
tuators were fixed at P = 64 + 2.5 W during the experiments.
The corresponding power density applied to the plasma actua-
tors for the anti-icing operation was estimated to be Py = P/Ap =
12.2 4 0.5 kW/m?, where Ap is the coverage area of the encapsu-
lated electrode (i.e.,, 72 mm x 72 mm) over the airfoil/wing model.

2.3. Measurement technique used in the present study

As shown schematically in Fig. 2, a high-resolution digital imag-
ing system (i.e., PCO Tech, PCO1200™ camera with a spatial reso-
lution of 1248 pixels x 1280 pixels) along with a 60 mm optical
lens (Nikon, 60 mm Nikkor 2.8D) was used to record the dy-
namic ice accretion or anti-icing process over the airfoil surface
before and after turning on the plasma actuators. The correspond-
ing temperature distributions over the airfoil surface were mapped
with an IR thermal imaging system with a spectral range of 7.5
~ 14 pm (i.e., FLIR-A615 with 640 pixels x 480 pixels in spa-
tial resolution) during the anti-icing process. It should be noted
that, an IR transmission window (i.e., FLIR IRW-4C) was embed-
ded on the top panel of the ISU-IRT test section for the IR thermal
image acquisition. Before turning on the plasma actuators for the
anti-icing experiments, the IR thermal imaging system was cali-
brated against the measured surface temperatures using an array
of thermocouples embedded on the surface of the test model. Fur-
ther information about the calibration procedure of the IR thermal
imaging system can be found in Liu et al. [39]. More examples of
using IR thermal imaging systems to characterize plasma-induced
thermal effects and to study dynamic ice accretion processes can
be found in Liu et al. [25], Joussot et al. [40], Cai et al. [28], Li et al.
[41] and Gao et al. [42]. The uncertainty for the surface tempera-
ture measurement results reported in the present study was found
to be within +0.2°C.

3. Measurement results and discussions

Before performing the icing or anti-icing experiments, ISU-IRT
was operated at a prescribed incoming airflow velocity and tem-
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perature (i.e., Voo = 40 m/s and T, = —5 °C for the present study)
for at least 30 min in order to ensure that ISU-IRT reached a
thermal steady state. Then, the DBD plasma actuators embedded
over the surface of the airfoil/wing model were turned on for the
anti-icing operation. The high-speed digital imaging system and IR
thermal imaging system were synchronized with the plasma actu-
ators to characterize the dynamic plasma actuation and unsteady
heat transfer process over the airfoil surface simultaneously.

As described above, by leveraging the thermal effects induced
by DBD plasma actuation, plasma actuators in either spanwise or
streamwise layout have been demonstrated to be able to prevent
ice formation/accretion over airfoil surfaces. However, no system-
atic studies have ever been conducted to provide a side-by-side
comparison to reveal which layout (i.e., spanwise vs. streamwise)
would be more favorable for aircraft icing protection. A compar-
ative investigation was conducted in the present study to char-
acterize the effects of the orientation of the plasma actuators on
the plasma-induced thermal characteristics and the resultant anti-
icing performances. As shown schematically in Fig. 2, the same six
sets of DBD plasma actuators were embedded over the surface of
the same airfoil/wing model in either spanwise or streamwise lay-
out (i.e., the test case #1 and #2 listed in the Table 1). It should
be noted that, the exposed electrodes were arranged symmetri-
cally over the upper and lower surfaces of the airfoil/wing model,
therefore, only three exposed electrodes were shown on the up-
per surface of the airfoil/wing model for the test case #1 with the
plasma actuators in the spanwise layout.

3.1. Effects of orientation of the plasma actuators on plasma-induced
thermal characteristics

Fig. 4 shows typical measurement results of the IR thermal
imaging system to show the distributions of the temperature in-
crease (i.e., AT = Tsyrface-Tambiensr) ON the airfoil surface after 60
seconds of the DBD plasma actuation. The measurement results
were obtained under the “dry” test condition, i.e., without turn-
ing on the water spray system of ISU-IRT. While the test model
was exposed in the frozen cold airflow of T, = —5°C, the mea-
surement results indicate that the surface temperatures of the
airfoil/wing model became substantially higher (i.e., AT increas-
ing up to 40°C) than the ambient airflow temperature, due to
thermal effects induced by the DBD plasma actuation. The re-
gions with the highest temperature values were consistently found
to be along the edges of the exposed electrodes where the DBD
plasma discharges are generated. As shown clearly in Fig. 4(a), for
the test case with the exposed electrodes of the plasma actuators
in spanwise layout (i.e., the test case #1), the surface tempera-
ture distribution was found to be rather uniform along the edges
of the spanwise aligned exposed electrodes (i.e., the region with
plasma glow). However, for the test case with the plasma actu-
ators in streamwise layout (i.e., the test case #2), the measured
surface temperatures were found to increase monotonically along
the edges of the exposed electrodes, as shown clearly in Fig. 4(b).
Despite the power inputs supplied to the plasma actuators were
set to be the same for the two compared test cases, the size of the
heated regions with relatively high temperatures over the airfoil
surface was found to be larger for the test case with the plasma
actuators in streamwise layout, in comparison to those of the case
with the electrodes in spanwise layout. Obvious “heat streaks” can
also be seen in the downstream of the electrodes for the case with
the plasma actuators in streamwise layout.

Based on the IR thermal imaging results as those given in Fig. 4,
the surface temperature profiles over the airfoil surface at four typ-
ical downstream locations (i.e., at X/C = 7%, 15%, 25% and 35% as
indicated by the dashed lines in Fig. 4) were extracted, and the
results are plotted in Fig. 5. The effects of the plasma actuator
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Fig. 5. Temperature profiles extracted at different downstream locations over the airfoil surface with the DBD plasma actuators in either spanwise or streamwise layout.

layout (i.e., spanwise vs. streamwise) were revealed more quan-
titatively based on the side-by-side comparison of the measured
surface temperature profiles. Since the plasma induced gas heating
occurs mainly along the edges of the exposed electrodes [23], the
resultant temperature increases (i.e.,, AT values) over the airfoil
surface were found to be rather uniform along the spanwise di-
rection of the airfoil/wing model for the test case with the plasma
actuators in spanwise layout (i.e., for the test case #1). In com-
parison, the surface temperature increases (i.e., AT values) were
found to fluctuate greatly along the spanwise direction for the test
case with the plasma actuators in streamwise layout, as shown
in Fig. 4(b). Corresponding to the generation of plasma glows at
the edges of the exposed electrodes, the measured surface tem-
peratures were found to be much higher (i.e., reaching the local
peak values) at the edges of the exposed electrodes, and the sur-
face temperatures were found to become much lower in the gaps
between the neighboring electrodes. It can also been seen that, de-
spite the key operation parameters for the DBD plasma actuation
(i.e., the applied electric voltage and power input, the dielectric
layer type and thickness, the size of the encapsulated electrode,
the width and numbers of the exposed electrodes, etc.) were set to
be the same for the two compared test cases, the surface temper-
atures on the airfoil/wing model for the test case with the plasma
actuators in streamwise layout (i.e., the test case #2) were found
to be up to ~ 5.0°C higher than those of the spanwise layout case
(i.e., the test case #1) at the selected downstream locations given
in Fig. 5.

In order to quantitatively characterize the global effects of the
plasma actuator layout on the plasma-induced thermal characteris-
tics over the airfoil surface, the variations of the spatially-averaged
surface temperatures in two selected windows over the airfoil sur-
face were examined as a function of the time after turning on the

plasma actuators. As shown schematically in Fig. 6, while the in-
terrogated window #1 is selected to represent the region protected
by the plasma actuators (i.e., from the airfoil leading edge (LE) to
25% chord downstream), the interrogated window #2 is located
at the downstream of the region protected by the plasma actu-
ators (i.e., from 25% chord to 50% chord). It can be seen clearly
that, after the DBD plasma actuators were turned on at the time
instant of t =0 s, the spatially-averaged temperatures over the air-
foil surface were found to increase rapidly for both the streamwise
and spanwise layout cases. Despite the incoming airflow conditions
and the power inputs supplied to the plasma actuators were kept
at the same during the experiments, the averaged surface temper-
atures over the region protected by the plasma actuators (i.e., the
interrogated window #1) were found to be about ~ 3.0°C higher
for the test case with the plasma actuators arranged in stream-
wise layout (i.e., the test case #2), in comparison to those of the
spanwise layout case (i.e., the test case #1). Likewise, the averaged
temperatures over the airfoil surface in the downstream region for
the streamwise layout case were still found to be about ~ 1.0°C
higher than those of the spanwise layout case. Since higher surface
temperatures over the airfoil surface are more desirable for anti-
icing applications, the quantitative measurement results indicate
that, with the same power input supplied to the plasma actuators,
the design with the plasma actuators arranged in streamwise lay-
out would be more favorable than those in spanwise layout for
aircraft icing mitigation.

Fig. 7 illustrates how the plasma actuators in different layout
will interact with the airflow over the airfoil surface. This further
explains why the DBD plasma actuators arranged in streamwise
layout would induce higher temperatures over the airfoil surface,
in comparison to the spanwise layout case. It is well known that,
after turning on the DBD plasma actuator, while wall jets would



C. Kolbakir, H. Hu, Y. Liu et al.

Aerospace Science and Technology 107 (2020) 106325

25
GF-------- f-] Streamwise layout from LE to 25% chord
(3————+) Spanwise layout from LE to 25% chord

20 Streamwise layout from 25% to 50% chord
o @ Spanwise layout from 25% to 50% chord

EEpi )
Yy S e
s E
15 ;

10

Averaged surface temperature increase, AT (°C)

10 20 30 40

1
1
1
50 60 IStreamwise layout case

Time after turning on plasma actuators, t (s)

Fig. 6. Averaged surface temperature in time over the surface of the test model with the DBD plasma actuators arranged in either spanwise or streamwise layout under the

dry test conditions of Voo =40 m/s and To, = —5°C.

ion o/ Plasma-

spanwise vorthec\ o / induced wall

Jets
Exposed. \

electrode

\
LY
4

Incoming
airflow

(a). Spanwise layout case

/\vaunon of

/ o
‘ streamwzsevb jces

Exposed.
electrode”~

Plasma-
induced
wall jets

Incoming
airflow \

(b). Streamwise layout case

Fig. 7. Schematics to illustrate the effects of plasma actuator layout on the interactions of the plasma-induced wall jets and the incoming airflow over an airfoil surface.

be generated along the edges of exposed electrodes [20,43], the
plasma-induced thermal effects would also heat up the airfoil sur-
face as revealed quantitatively from the IR thermal imaging results
given in Figs. 4 to 6. For the case with the plasma actuator in
spanwise layout, the direction of the incoming airflow is normal
to the orientation of the exposed electrode of the plasma actuator.
The exposed electrode acts as a turbulator to perturb the bound-
ary layer airflow over the airfoil surface. As shown schematically
in Fig. 7(a), the plasma-induced wall jets would also interact with
the incoming airflow intensively to induce spanwise vortices along
the long edges of the exposed electrode, which is especially true
for the plasma-induced wall jets generated along the leading edge
of the exposed electrode with the direction of the wall jet being
opposite to the incoming airflow. The turbulator effects of the ex-
posed electrode and the interactions between the plasma-induced
wall jets and the incoming airflow promote a faster transition of
the boundary layer airflow from laminar to turbulence over the air-
foil surface. The faster boundary layer flow transition augments the
convective heat transfer between the heated airfoil surface and the
frozen-cold incoming airflow. As a result, the plasma-induced ther-
mal effects would be dissipated much faster via convective heat
transfer to the frozen-cold airflow over the airfoil surface for the
spanwise layout case. The faster dissipation of the plasma-induced
thermal effects would result in lower surface temperatures on the

airfoil surface, as revealed quantitatively from the IR thermal imag-
ing results given above.

For the test case with the plasma actuators in streamwise lay-
out, as shown schematically in Fig. 7(b), since the orientation of
the exposed electrode is aligned with the direction of the incom-
ing airflow, the air stream would be able to flow over the airfoil
surface more smoothly with much less disturbances, in compari-
son to the spanwise layout case discussed above. As described in
Jukes & Choi [44], the streamwise oriented DBD plasma actuators
would also act as vortex generators to re-energize near wall airflow
by producing a spanwise body force and result in the formation
of counter-rotating streamwise vortex structures at two sides of
the exposed electrodes. The streamwise vortex structures would
induce a wider spreading of the plasma-induced gas heating along
the lateral direction to cover larger airfoil surface. Consequently,
the coverage of the regions with relatively high temperatures over
the airfoil surface were found to become greater with the plasma
actuators in streamwise layout than those of the spanwise lay-
out case, which was confirmed quantitatively by the IR thermal
imaging results given in Fig. 4. It should also be noted that, the
downwash induced by the streamwise vortex structures at the two
sides of each exposed electrodes would also enable a longer stay of
the heated air (i.e., the airflow heated by the plasma-induced gas
heating effects along the edges of the exposed electrodes) near the
airfoil surface while moving to further downstream region. This re-
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Fig. 8. Acquired images of the accreted glaze ice structures after 150 seconds of the
icing experiment with Vo, =40 m/s, Too = —5.0°C and LWC=1.5 g/m> and plasma
actuators turning off.

sults in the existence of the “hot” streaks extending far beyond the
area protected by the plasma actuators, which are also revealed
clearly from the IR thermal imaging results given in Fig. 4.

3.2. Effects of the orientation of the plasma actuators on the anti-icing
performance

In the present study, a comparative study was also conducted to
examine the effects of the layout (i.e., spanwise vs. streamwise) of
DBD plasma actuators embedded over the airfoil surface on their
effectiveness for aircraft icing mitigations. For the anti-icing exper-
iments, while the ISU-IRT was operated to generate a typical glaze
icing condition with Vo, =40 m/s, Too = —5.0°C and LWC=1.5
g/m3, the same sinusoidal-shaped AC voltage of 13.8 kV was ap-
plied to the plasma actuators at the same frequency of 5.5 kHz.

Similar as the scenario described in Liu et al. [39], after switch-
ing on the water spray system of ISU-IRT, the micro-sized water
droplets exhausted from the spray nozzles would become super-
cooled droplets. If no anti-icing measures are employed (i.e., with-
out turning on the plasma actuators), dynamic ice accretion was
found to start immediately as the super-cooled water droplets im-
pacted onto the airfoil surface. Fig. 8 gives the typical snapshot
images of the ice structures accreted over the surface of the air-
foil/wing model after 150 seconds of the ice accretion process for
the test case without turning on the DBD plasma actuators. The
ice accretion process over the airfoil surface was found to be of
a typical glaze ice accretion process, which manifests as transpar-
ent, glassy ice structures near the airfoil leading edge with obvious
water runback at further downstream, similar as that described in
Waldman & Hu [35].

Based on the side-by-side comparison of the acquired ice ac-
cretion images given in Fig. 8, some noticeable differences can be
identified for the accreted ice structures over the surface of the air-
foil/wing model with the embedded plasma actuators in spanwise
layout, in comparison to those of the spanwise layout case. Despite
of their small thickness (i.e., ~ 70 pum), the exposed electrodes
of the plasma actuators would act as turbulators to the boundary
layer airflow and interact with the runback water flow over the
airfoil surface. As shown clearly in Fig. 8, the spanwise-oriented ex-
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Fig. 9. The acquired snapshot images of anti-icing operation on the airfoil surface
under the test condition of Vo, =40 m/s, To, = —5.0°C and LWC=1.5 g/m> and
plasma actuators turning on.

posed electrodes (i.e., the plasma actuators in spanwise layout) act
as obstacles to slow down the runback of the surface water flow,
thereby, delaying the transport of the impacted water from the air-
foil front surface to further downstream locations. This caused the
accumulation of more impacted water in the region near the airfoil
leading edge. As a result, ice layer accreted along the leading edge
of the airfoil/wing model was found to be much thicker for the test
case with the plasma actuators in spanwise layout (i.e., at the left
side of Fig. 8), in comparison to the streamwise layout (i.e., at right
side of Fig. 8). Additionally, for the plasma actuators in streamwise
layout, the exposed electrodes were oriented along the direction
of the incoming airflow, allowing a smoother runback of the sur-
face water over the airfoil surface. This enables a fast transport of
the impinged water from the front airfoil surface to further down-
stream locations before the runback water was frozen into ice. As
revealed clearly in the snapshot images of the ice accretion given
in Fig. 8, more obvious surface runback can be seen in the form of
multiple rivulet flows over the airfoil surface for the test case with
the plasma actuators in streamwise layout.

Fig. 9 shows the acquired images to reveal the anti-icing pro-
cess over the airfoil surface with the DBD plasma actuators being
turned on. During the experiments, same power input of P = 64
W (i.e., the applied peak-to-peak voltage of Vp-p = 13.8 kV and
AC frequency of f =5.5 kHz) was supplied to the DBD plasma
actuators. The DBD plasma actuators either in spanwise or stream-
wise layout were turned on for 60 seconds before switching on
ISU-IRT water spray system. The snapshot images given in Fig. 9
were acquired after turning on the water spray system of ISU-IRT
for 150 seconds. As shown clearly in Fig. 4 and Fig. 5, regardless of
the plasma actuator layout, the temperatures over the front surface
of the airfoil/wing model (i.e., the region protected by the plasma
actuators) were found to be well above the frozen temperature of
water, due to the plasma-induced thermal effects. Upon impinging
onto the heated front surface of the test model (i.e., mainly within
the direct impingement zone of the super-cooled water droplets
near the airfoil leading edge [39]), the super-cooled water droplets
would be heated up rapidly. As a result, instead of accreting ice, a
layer of “warm” water film was found to accumulate over the front
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surface of the airfoil/wing model. In summary, no ice was found to
form/accrete over the front surface of the airfoil/wing model after
the plasma actuators were turned on, as revealed clearly from the
snapshot images given in Fig. 8.

Similar as those described in Zhang et al. [45], the unfrozen
water mass collected in the front region near the airfoil leading
edge (i.e., mainly within the direct impingement zone of the super-
cooled water droplets as described in Liu and Hu [39]) was found
run back rapidly, as driven by the boundary layer airflow over the
airfoil surface. As shown clearly in Fig. 9, with the surface water
film advancing to further downstream, multiple rivulet flows were
found to form on the rear portion of the airfoil surface. This re-
sulted in the formation of multiple isolated water transport chan-
nels to convey the impacted water mass collected in the region
near the airfoil leading edge (i.e., due to the continuous impinge-
ment of the super-cooled water droplets onto the airfoil surface) to
further downstream regions (i.e., beyond the direct impinging zone
of the supercooled water droplets near the airfoil leading edge).

It should also be noted that, since the incoming airflow sur-
rounding the airfoil/wing model was kept at the frozen-cold tem-
perature of T, = —5.0°C during the experiment, the runback sur-
face water would be cooled down continuously as flowing into the
“unheated” downstream region, i.e., the unprotected airfoil surface
on the rear portion of the airfoil/wing model. As a result, while
the fast runback of the surface water would make a portion of the
runback surface water to shed off from the airfoil trailing edge,
the rest of the surface water was found to be frozen into ice sub-
sequently before reaching to the airfoil trailing edge. Therefore,
rivulet-shaped ice structures were found to accrete over the rear
surface near the trailing edge of the airfoil/wing model, as revealed
clearly from the acquired snapshot images given in Fig. 9.

It can also be seen that, even though the same airfoil/wing
model was exposed under the same glaze icing conditions and
the same power inputs were supplied to the plasma actuators for
the anti-icing operation, the locations where to start forming the
rivulet-shaped ice structures were found to be quite different for
the two compared cases. While rivulet-shaped ice structures were
found to start to form on the rear surface of the airfoil/wing model
since the downstream location of X/C ~ 65% for the test case
with the plasma actuators in the spanwise layout, the formation
of the rivulet-shaped ice structures was found to be delayed sub-
stantially (i.e., up to the downstream location of X/C ~ 78%) for
the streamwise layout case. Besides the much later formation of
the rivulet-shaped ice structures over the airfoil surface, the to-
tal amount of the ice structures accreted over the airfoil surface
was also found to become much less for the streamwise layout
case. The delayed formation of the rivulet-shaped ice structures
and the much less ice accretion over the airfoil surface for the
streamwise layout case is found to coordinate well with the higher
surface temperatures and larger coverage of the heated area on
the airfoil surface revealed quantitatively from the IR imaging re-
sults given in Fig. 4. As described above and shown schematically
in Fig. 7, for the test case with the plasma actuators in spanwise
layout, the spanwise-oriented exposed electrodes and the plasma-
induced wall jets generated along the front edges of the exposed
electrodes would slow down the runback of the surface water to
cause a longer duration of the runback water staying on the air-
foil surface, increasing the possibility of the runback water to be
frozen into rivulet-shaped ice structures over the rear portion of
the airfoil surface. In comparison, the streamwise oriented plasma
actuators would enable a much smoother and faster runback of
the surface water from the airfoil leading edge to the trailing edge,
therefore, causing less ice formation on the airfoil surface as re-
vealed clearly in the acquired image given in Fig. 9.

It should be noted that, for the test cases given in Fig. 9, since
the power input level supplied to the plasma actuators for the
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anti-/de-icing is relatively low (i.e., Py = 12.2 kW/m?2), while the
front surface of the airfoil/wing model was found to be ice free due
to the thermal effects induced by the plasma actuation, rivulet-
shaped ice structures were found to form on the rear surface of
the airfoil/wing model. After increasing the power inputs to the
plasma actuators slightly, the formation of the rivulet-shaped ice
structures on the rear surface of the airfoil/wing model was found
to be suppressed completely. As a result, the entire airfoil surface
was found to become totally ice free during the entire duration
of the icing experiment. While the minimum power density level
to keep the entire airfoil surface ice free for the spanwise layout
case was found to be Py~ 15.0 kW/m? [26], the corresponding
value was found to be P4~ 13.5 kW/m? for the test case with the
plasma actuators in streamwise layout (i.e., ~10% energy saving).
In summary, the findings of the present study reveal clearly that,
with the fixed power inputs for DBD plasma actuation, the plasma
actuators arranged in streamwise layout would be more effective
than those in spanwise layout for aircraft anti-icing operation.

3.3. Effects of the width and number of exposed electrodes on the
anti-icing performance

An experimental investigation was also conducted to further
examine the effects of other design parameters of DBD plasma
actuators (e.g., the total numbers and the width of the exposed
electrodes) on their performance for aircraft icing mitigation. Since
the experimental results given above revealed clearly that the DBD
plasma actuators in streamwise layout would be more favorable
than the spanwise layout case for anti-icing applications, only the
design with the DBD plasma actuators in streamwise layout were
considered in this section.

As aforementioned, all the test cases were designed to have
the same encapsulated electrode (i.e., with the fixed dimension
of 72.0 mm x 72.0 mm embedded over the front surface of the
airfoil/wing model). While the gap (G) between the neighboring
exposed electrodes were set to be the same (i.e., G = 8.0 mm),
the total numbers (N) of the exposed electrodes were changed for
N =3 to N =8, the corresponding width (W) of the exposed elec-
trodes varied from W = 16.0 mm to W = 2.0 mm, respectively.
By changing the total numbers (N) and width (W) of the exposed
electrodes, the total edge length of the exposed electrodes would
vary substantially. It should be noted that, since DBD plasma dis-
charges would be generated mainly along the edges of the exposed
electrodes [24,34,46,47], the coverage of the DBD plasma glow over
the surface of the airfoil/wing model would vary greatly for dif-
ferent test cases. As a result, the electric voltage supplied to the
exposed electrodes for DBD plasma actuation would need to be
adjusted in order to make sure that the total power inputs sup-
plied to the DBD plasma actuators to stay at the same level for
all the compared test cases. Table 1 summarized the total edge
length of the exposed electrodes and the applied voltages for DBD
plasma actuation for all the test cases. It can be seen that, while
the electric voltage supplied to the exposed electrodes was set to
be Vp-p =16.0 KV for the test case with the widest exposed elec-
trodes (i.e., W = 16.0 mm, which is also the case with the least
number of the exposed electrodes of N = 3), the corresponding
value was found to be Vp-, =12.2 kV for the case with the nar-
rowest exposed electrodes of W = 2.0 mm (i.e., the case with the
maximum number of the exposed electrodes of N = 8).

Fig. 10 shows typical snapshot images acquired during the anti-
icing experiments for all the four compared test cases with the
plasma actuators arranged in streamwise layout. While the ex-
periments were conducted under the same glaze icing conditions
of Voo =40 m/s, Too = —5.0°C and IWC = 1.5 g/m?, and the
same power input level of Py =12.2 kW/m? were supplied to the
plasma actuators for the anti-icing application, the snapshot im-
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Fig. 10. The acquired snapshot images for the four compared cases after 150 seconds of the anti-icing experiments with Vo, =40 m/s, To, = —5.0°C and IWC=15 g/m>.

ages were captured after turning on the DBD plasma actuators for
150 seconds. The corresponding IR thermal imaging results along
with the measured surface temperature profiles extracted from the
IR thermal imaging maps were given in Fig. 11 for a quantitative
comparison of the four test cases.

It can be seen clearly that, with the plasma actuators being
turned on, the front surface of the airfoil/wing model (i.e., the area
embedded with the plasma actuators) would stay “hot” with the
surface temperatures of the airfoil/wing model being well above
the water frozen temperature for all the four test cases (i.e., up
to ~ 30°C along the edges of the exposed electrodes). Instead of
accreting ice, a layer of water film was found to from over the
front surface near the airfoil leading edge. As shown clearly in the
snapshot images given Fig. 10, the front surface of the airfoil/wing
model was found to be ice free for all the four compared test
cases. Driven by the incoming airflow, the unfrozen surface wa-
ter collected in the front region near the airfoil leading edge (i.e.,
mainly within the direct impingement zone of the water droplets)
was found to run back swiftly along the airfoil surface and forms
multiple water rivulets at further downstream locations. As the
runback surface water flowing out of the “hot” region (i.e., the re-
gion protected by the plasma actuators), a portion of the runback
water was found to be cooled down gradually, and was frozen into
ice subsequently, resulting in the formation of rivulet-shaped ice
structures over the rear surface of the airfoil/wing model, as shown
clearly in Fig. 10.

Even though the total power input supplied to the plasma actu-
ators were kept at the same level of Pq =12.2 kW/m? during the
experiments, the starting points to form rivulet-shaped ice struc-
tures on the rear surface of the airfoil/wing model were found
to vary noticeably for the compared four test cases. As indicated
by the dashed lines given in Fig. 10, the test case having the
longest edge length of the exposed electrodes (i.e., the test case
#3) was found to have the earliest formation of the rivulet-shaped
ice structures at the downstream location of X/C ~ 60%. In com-
parison, the formation of the rivulet-shaped ice structures was
found to start at the downstream location of X/C ~ 66% for the
test case with the shortest edge length of the exposed electrodes
(i.e., the test case #5). The corresponding downstream locations for
the other two test cases, i.e., the test case #2 with N=6, W =4.0
mm and the test case #3 with N =5, W = 8.0 mm, were found to
be at X/C ~ 78% and X/C ~ 68%, respectively.

The experimental results described above were found to be cor-
related well with the characteristics of the measured temperature
distributions on the airfoil surface revealed quantitatively from the
IR thermal imaging results given in Fig. 11. As reported by Ro-
drigues et al. [48], DBD plasma discharges would be generated

mainly along the edges of the exposed electrodes. For the test
case #3 with N =8, W = 2.0 mm, since this configuration has
the longest edge length for the exposed electrodes, it would have
the largest coverage of the plasma glow among the four compared
test cases. However, since the total power input supplied to the
plasma actuators was kept at the same level during the experi-
ments, the electric voltage applied to the exposed electrodes for
the test case #3 was the lowest (i.e., Vp-p =12.2 kV), as listed in
Table 1. As a result, the strength of the plasma discharges gener-
ated along the edges of the exposed electrodes for this test case
would be the weakest, which induce the weakest thermal effects
for the anti-icing operation. As revealed quantitatively from the
IR thermal imaging results given in Fig. 11(a), the resultant sur-
face temperature increases (i.e., AT values) induced by the DBD
plasma actuation were found to be the lowest among the four
compared test cases. Therefore, such a layout was found to have
the earliest formation of the rivulet-shaped ice structures among
the four compared cases (i.e., starting from the downstream loca-
tion of X/C ~ 60%), as shown in Fig. 10.

On the other hand, the strength of the DBD plasma discharges
generated along the edges of the exposed electrodes for the test
case #5 would be the strongest among the four compared test
cases, due to the highest applied electric voltage to the exposed
electrodes (i.e., Vp-p =16.0 kV). However, because of the shortest
edge length of the exposed electrodes for this test case, the cov-
erage of the plasma glow over the airfoil surface was found to be
the smallest among the four compared test cases. As shown quan-
titatively in Fig. 11(d), the resultant surface temperature increases
(i.e., AT values) induced by the DBD plasma actuation were found
to be only marginally better than those of the test case #3 (i.e., the
test case with the weakest plasma discharge strength but largest
plasma glow coverage). Therefore, the layout of test case #5 is
not very effective for anti-icing applications either, i.e., with the
rivulet-shaped ice structures starting to form at the downstream
location of X/C ~ 66%.

By comparing the IR thermal imaging results given in Fig. 11,
it can also be seen that, the DBD plasma actuator layout of test
case #2, which has both relatively large coverage of the plasma
glow and reasonably strong plasma discharge strength, was found
to have the highest surface temperature increases over the airfoil
surface. As a result, the runback water was found to be able to
stay in liquid phase with the longest duration in comparison to
all the other test cases, causing the latest formation of the rivulet-
shaped ice structures on the rear surface of the airfoil/wing model
(i.e., starting at the furthest downstream location of X/C ~ 78%).
In summary, for the same protected area over the airfoil surface
and same power inputs supplied to the DBD plasma actuators, the
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layout of the test case #2 was found to have the best anti-icing
performance among the four compared test cases.

4. Conclusions

An experimental study was conducted to characterize the ef-
fects of the layout of DBD plasma actuators embedded over the
front surface of an airfoils/wing model on the plasma-induced
thermal characteristics and evaluate their anti-icing performance
for aircraft icing mitigation. The experiments were conducted by
leveraging an Icing Research Tunnel of lowa State University to
generate a typical glaze icing condition pertinent to aircraft ic-
ing phenomena. An array of plasma actuators wrapped around the
leading edge of an airfoil/wing model was used for the experi-
mental campaign. The plasma actuators were arranged in different
layouts (i.e., different orientation, total number, and width of the
exposed electrodes) to assess their effects on the anti-icing per-
formance under the glaze icing condition. While the dynamics ice
accretion or anti-icing process over the airfoil surface before and
after turning on the plasma actuators was recorded by using a
high-resolution imaging system, a high-speed IR thermal imaging
system was also used to map the corresponding temperature dis-
tributions over the airfoil surface.

The experimental results reveal clearly that, with the same
power inputs supplied for the anti-icing operation, the plasma ac-
tuators in streamwise layout would induce higher surface temper-
atures on the airfoil surface and have a noticeably better anti-icing
performance than those in spanwise layout. This can be explained
by the facts that plasma actuator layout would greatly affect the
characteristics of the plasma-induced wall jets interacting with the
incoming airflow, thereby, inflecting the dissipation of the plasma-
induced gas heating over the airfoil surface substantially. With
the plasma actuators in spanwise layout, the dynamic interactions
between the plasma-induced wall jets and the incoming airflow
would cause the formation of spanwise vortex structures along
the spanwise-oriented edges of the exposed electrodes, resulting
in greater disturbances to the incoming airflow over the airfoil sur-
face. This would promote a faster transition of the boundary layer
airflow over the airfoil surface to turbulence, or/and increase the
turbulence intensity levels in the airflow. Associated with the more
turbulent airflow over the airfoil surface, the plasma-induced gas
heating would be dissipated much faster via the enhanced convec-
tive heat transfer from the heated airfoil surface to the frozen-cold
airflow. Therefore, with the same power inputs supplied to the
plasma actuators, due to the enhanced convective heat transfer, the
airfoil surface temperatures for the test case with the plasma ac-
tuators in spanwise layout were found to be noticeably lower than
those of the streamwise layout case. Furthermore, the spanwise-
oriented exposed electrodes would also block or slow down the
runback of the surface water, increasing the possibility of the run-
back surface water to be frozen into rivulet-shaped ice structures
before being shed off from the airfoil trailing edge. In comparison,
the streamwise layout streamwise-oriented plasma actuators (i.e.,
in streamwise layout) would enable a much smoother flowing of
the air streams and runback water over the airfoil surface. As a
result, the plasma actuators in streamwise layout were found not
only to be able to prevent ice formation/accretion near the airfoil
leading edge, but also allow the plasma-induced thermal effects to
convect further downstream to effectively delay/prevent the forma-
tion/accretion of runback ice on the rear surface of the airfoil/wing
model.

It was also found that, with a fixed power input supplied for
DBD plasma actuation, while the layout with greater number of
plasma actuators would increase the coverage of plasma glow (i.e.,
larger coverage of the plasma-induced gas heating on the air-
foil surface), the strength of the plasma discharge was found to
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become weaker (i.e., less plasma-induced surface temperature in-
creases), resulting in a poor anti-icing performance. On the other
hand, while the layout with less number of the plasma actuators
would increase the strength of the plasma discharges, the smaller
coverage of the plasma glow over the airfoil surface would also
compromise its effectiveness for anti-icing operation. An optimized
layout with a proper balance between the strength of the gener-
ated plasma discharges and the coverage of the plasma glow would
result in the best anti-icing performance.

It should be noted that, while many interesting findings about
the effects of the DBD plasma actuator layout on the plasma-
induced thermal characteristics and the resultant anti-icing per-
formance have been derived via the present study, much more
fundamental researches are still needed to gain further insights
into the complex interactions between DBD plasma discharges
with frozen-cold air, liquid water and solid ice in the context of
aircraft anti-/de-icing. For example, the present experimental cam-
paign was conducted at the chord Reynolds number of Re. ~
500,000. While the Reynolds number level is within the range
of lightweight, unmanned-aerial-vehicles (UAVs), it is much lower
than those of large-sized, manned aircraft. While the general trend
about the layout effects of the plasma actuators on their anti-icing
effectiveness is expected to be the same for the scenario with
higher Reynolds numbers, a systematic study will be conducted
in the near future to characterize the effects of the Reynold num-
bers on the effectiveness of the DBD plasma actuators for aircraft
icing mitigation.

It should also be noted that, in addition to the plasma-induced
thermal effects, DBD actuators can also induce ionic secondary
flows over airfoil surface and have been widely used as active
flow control devices to suppress flow separation and/or delay air-
foil stall for improved aerodynamic performance. Therefore, with
the same sets of DBD plasma actuators embedded over airfoil/wing
surfaces, they could be used for dual purposes. The plasma ac-
tuators can be used as active flow control devices to suppress
boundary layer flow separation and/or delay airfoil stall for im-
proved aerodynamic performance under conventional, non-icing
conditions. Meanwhile, they can also be functionalized as effective
anti-icing devices to prevent ice formation over the airfoil surface
under icing conditions to ensure safer and more efficient operation
of both manned and unmanned aircraft in cold weathers.
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