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An explorative investigation was performed to demonstrate the feasibility of using a thermal effect induced by
dielectric-barrier-discharge plasma generation for aircraft icing mitigation. The experimental study was performed
in an icing research tunnel available at Iowa State University. A NACA 0012 airfoil/wing model embedded with
dielectric-barrier-discharge plasma actuators was installed in the icing research tunnel under typical glaze-/rime-
icing conditions pertinent to aircraft inflight icing phenomena. While a high-speed imaging system was used to record
the dynamic ice-accretion process over the airfoil surface for the test cases with and without plasma generation, an
infrared thermal imaging system was used to map the corresponding temperature distributions to quantify the
unsteady heat transfer and phase changing process over the airfoil surface. For the typical glaze-ice condition, the
thermal effect induced by dielectric-barrier-discharge plasma generation was demonstrated to be able to prevent ice
accretion over the airfoil surface during the entire ice-accretion experiment. The measured quantitative surface
temperature distributions were correlated with the acquired images of the dynamic ice-accretion and water runback

processes to elucidate the underlying physics.
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I. Introduction

NFLIGHT icing is widely recognized as a significant hazard to

aircraft operations in cold weather. Aircraft icing occurs when
small, supercooled, airborne water droplets, which make up clouds
and fog, freeze upon impacting on the airframe surface, which allows
the formation of ice. Ice accretion over aircraft wings may cause the
aircraft to stall at much higher speeds and lower angles of attack than
normal. It will make the aircraft to roll or pitch uncontrollably, and
recovery may become impossible. Petty and Floyd [1] summarized
the accidents due to aircraft icing in the past 20 years, and they
reported more than 800 life losses in the accidents. As described by
Gent et al. [2], aircraft inflight icing can be either a rime- or glaze-
icing process, depending on the flight parameters and environmental
conditions. In a dry regime, all the water collected in the impingement
area freezes upon impacting to form rime ice. In a wet regime, only a
fraction of the collected water freezes in the impingement area to
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form glaze ice, and the remaining water runs back and freezes outside
the impingement area. Rime ice is usually associated with colder
temperatures (i.e., below —10°C), lower liquid water contents (LWC;
pQ/A - Uy,), and a smaller size of the supercooled water droplets in
the cloud. Glaze ice is associated with warmer temperatures (i.e.,
above —10°C), higher LWC levels, and larger droplet size. Because
of its wet nature, glaze ice will form much more complicated shapes
that are very difficult to accurately predict, and the resulting ice
shapes tend to substantially deform the ice-accreting surface [3]. In
general, glaze-ice formation will severely degrade the aerodynamic
performance of airfoils/wings by causing large-scale flow separation,
resulting in dramatic increases in drag and decreases in lift [4]. Glaze
ice is also found to be harder, denser, and much more difficult to
remove in comparison to rime ice. Therefore, the glaze-ice-accretion
process is selected to be the primary focus of the present study.

Although a number of anti-/deicing systems have been developed
for aircraft icing mitigation [5—-13], current anti-/deicing strategies
suffer from various drawbacks. For example, aqueous solutions of
propylene and ethylene glycol (minimum of 50% concentration)
along with other chemical additives are widely used for aircraft
anti-/deicing at airports. Propylene and ethylene glycol, although
readily biodegradable, exert an extremely high biochemical oxygen
demand on aquatic systems, resulting in killing fish and other aquatic
creatures due to the depletion of dissolved oxygen [14]. There have
been increasing concerns about the environmental impacts from the
aircraft anti-/deicing fluid swept away with storm and melt water
runoff at airports to ground water and nearby waterways [15].
Although pneumatic deicing systems with rubber boots have been
used to break off ice chunks accreted at the airfoil leading edge for
aircraft inflight icing mitigation, they are usually heavy and
sometimes unreliable [5]. Although electrothermal deicing systems
have also been suggested to melt out ice by heating wing surfaces,
they are usually very inefficient and require high-power input, and
they may cause damage to composite materials from overheating.
Furthermore, the melt water may simply run back and refreeze to
cause uncontrolled ice accretion [3].

Advancing the technology for safe and efficient aircraft operation
in an atmospheric icing condition requires the development of
innovative, effective anti-/deicing strategies to ensure safer and more
efficient operation of aircraft in cold weather. In the present study, we
report the progress made in our recent efforts to explore the feasibility
of using a thermal effect induced by dielectric-barrier-discharge
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(DBD) plasma generation for aircraft icing mitigation. DBD plasma
actuators, which are fully electronic devices without any moving
parts, have been widely used in recent years for active flow control to
suppress flow separation and airfoil stalls [16-20]. A DBD plasma
actuator usually features two electrodes that are attached
asymmetrically on the opposite side of a dielectric barrier sheet.
When a high alternating current (ac) voltage is applied to the
electrodes, the air over the encapsulated electrode will be ionized and
generate a streak of plasma flow [21]. In the presence of a high-
intensity electric field, the ionized air will lead to a body force that
acts on the surrounding air [17]. During this process, because the
ambient air over the encapsulated electrode will also be heated up by
the plasma [22], the thermal effect induced by DBD plasma
generation can be leveraged for anti-/deicing applications. Van den
Broecke [23] was the first to conduct a feasibility study to explore the
effectiveness of using DBD plasma to remove ice accretion from a
stationary flat plate. More recently, Meng et al. [24] performed an
experimental study to use a DBD plasma actuator to remove ice
accretion over a circular cylinder. Although the feasibility of using
DBD plasma for anti-/deicing applications has been demonstrated
in those preliminary studies with simplified test models, the
effectiveness of using DBD plasma actuators embedded over an
airfoil/wing surface for aircraft icing mitigation under typical glaze-/
rime-icing conditions has never been explored.

In the present study, an explorative study was performed to
evaluate the effectiveness of using the thermal effect induced by DBD
plasma generation for aircraft icing mitigation. The experimental
study was performed in an icing research tunnel available at lowa
State University (i.e., ISU-IRT). A NACA 0012 airfoil/wing model
embedded with DBD plasma actuators was installed inside the
test section of the ISU-IRT under typical glaze- and rime-icing
conditions pertinent to aircraft inflight icing phenomena. During the
experiments, while a high-speed imaging system was used to record
the dynamic ice accretion and water runback process over the surface
of the airfoil/wing model, with and without switching on the DBD
plasma actuators, an infrared thermal imaging system was used to
map the corresponding surface temperature distributions over the
airfoil surface simultaneously. The effectiveness of using the thermal
effect induced by plasma generation for aircraft icing mitigation was
examined in detail based on the side-by-side comparisons of the
measurement results for the plasma-on case against those of the
plasma-off case under the same icing conditions. The quantitative
surface temperature measurement results were correlated with the
acquired ice-accretion images to elucidate the underlying physics.

II. Experimental Setup and Test Model

As shown schematically in Fig. 1, the experimental study was
performed in the icing research tunnel available at the Aerospace
Engineering Department of lowa State University. The icing research
tunnel has a test section of 2.0 m in length by 0.4 m in width by 0.4 m
in height, with four optically transparent sidewalls. The ISU-IRT has
a capacity of generating a maximum wind speed of 60 m/s and an
airflow temperature of —25°C. An array of pneumatic atomizer/spray
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nozzles are installed at the entrance of the contraction section
upstream of the test section to inject microsized water droplets
(10 ~ 100 pm in size) into the airflow. The median volume diameter
of the droplets is approximately 40 ym in the present study. By
manipulating the water flow rate (Q) through the water spray nozzles,
the liquid water content level of the incoming airflow in the test
section of the ISU-IRT can be adjusted to a desirable level, where p is
the water density, Q is the water flow rate, A is the test section area,
and U, is the airflow incoming speed. In summary, the ISU-IRT can
be used to simulate the aircraft inflight icing phenomena over a range
of icing conditions (i.e., from dry rime- to extremely wet glaze-ice
conditions). In the present study, although the freestream velocity U,
of the incoming airflow is kept constant at U, = 40 m/s, the LWC
level and temperature 7', of the incoming airflow are varied from 1.0
to 3.0 g/m3 and from = —5 to = —15°C to simulate different (i.e.,
either rime or glaze) icing conditions.

The airfoil/wing model used in the present study has the profile of a
NACA 0012 airfoil in the cross-section with a chord length of
C = 150 mm and a spanwise length of L = 400 mm (i.e., same
dimension as the width of the ISU-IRT test section). The test model,
which was manufactured by using a rapid prototyping machine (i.e.,
three-dimensional printing) that built the model layer by layer with a
resolution of about 25 ym, is made of a hard plastic material. The
airfoil/wing model was finished with a coating of primer and wet
sanded to a smooth finish using 1000-grit sand paper. Supported by a
stainless-steel rod, the airfoil/wing model was mounted at its quarter-
chord and oriented horizontally across the middle of the test section.
The angle of attack a of the airfoil/wing model was set at
a = —5.0 deg during the ice-accretion experiment.

As shown schematically in Fig. 2, two sets of DBD plasma
actuators were embedded over the pressure side of the airfoil surface.
The DBD plasma actuators were arranged symmetrically to the
middle span of the airfoil/wing model. During the experiment, while
the DBD plasma actuators on the left side of the airfoil/wing model
were turned on, the DBD plasma actuators over the right side would
be kept off. The ice-accretion process over the airfoil surface for the
plasma-on side (i.e., left side) would be compared side by side against
that over the plasma-off side (i.e., right side) in order to evaluate the
effectiveness of using the thermal effect induced by DBD plasma
generation for aircraft icing mitigation under the identical icing
conditions. For the present study, the DBD plasma actuators
embedded over the airfoil surface consisted of copper electrodes with
a thickness of about 70 ym. Three layers of Kapton film (130 yxm for
each layer) were used as the dielectric barrier to separate the
encapsulated electrodes from the exposed electrodes. Ranging from
the airfoil leading edge to around 30% of the airfoil chord, four
encapsulated electrodes were distributed evenly along the airfoil
chord with a separation distance of 3.0 mm. Although the buried
electrodes had a chordwise width of 10.0 mm (except the first
electrode at 5.0 mm in width), the exposed electrodes, which were
placed above the dielectric barrier with zero overlaps against the
covered electrodes, were 96 mm in length and 3.0 mm in width.
Finally, the airfoil/wing model was finished with two layers of white

D

D

IR Thermal

. Turning Vanes
Imaging System

Airfoil/ Wing Model )
7
\\ 48:- = JJJJ
/ T pray
R —— Nozzles J//
Test Section SRR jj
|

Fig. 1 Experimental setup used in the present study.
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Fig.2 Schematic of airfoil/wing model used in the present study.

enamel coating and wet sanded to a smooth surface by using 2000-
grit sand paper.

During the experiments, the DBD plasma actuators on the left side
of the airfoil/wing model were powered by a high-voltage alternating
current power source (Nanjing Suman Company, model CTP-
2000 K) with an output voltage of V,,_, = 6.71 kV (i.e., peak-to-
peak value) and a constant frequency of f = 8.9 kHz. Although the
ac current was measured by using a high-response current probe
(Pearson Electronics, Inc., model Pearson 2877), the voltage was
monitored by using an oscilloscope (Tektronix DPO3054).
Following the work of Dong et al. [25], the power inputs P to the
ac DBD plasma actuators were calculated, which were found to be
P =102 W for the present study. The corresponding power density
(¢ =P/A,) was found to be 25.3 kW /m?, where A, was the
covered area of the plasma actuators (i.e., 96 X 42 mm).

In the present study, a high-speed imaging system (PCO Tech,
Dimax, with a spatial resolution of 2000 by 2000 pixels) along with
a 60 mm optical lens (Nikon, 60 mm Nikkor 2.8D) were used to
record the dynamic ice-accretion process over the pressure side of
the airfoil surface. As shown schematically in Fig. 1, the high-speed
imaging system was mounted above the airfoil/wing model with a
measurement window size of 210 X 210 mm (i.e., with a spatial
resolution of 9.5 pixels/mm) to record the ice-accretion or water
runback process over both the plasma-on and plasma-off sides
of the airfoil surfaces simultaneously. An infrared (IR) thermal
imaging system (FLIR-A615) was used to map the corresponding
temperature distributions over the surface of the airfoil/wing model
during the ice-accretion process simultaneously. The measurement
uncertainty for the IR thermal imaging system was estimated to be
within £0.50°C. For acquiring the IR thermal images, an infrared
emission transmissible window (FLIR IR Window-IRW-4C) was
embedded on the top plate of the ISU-IRT test section. The IR
thermal imaging system was focused on the front portion (i.e., the
region near the airfoil leading edge) of the airfoil/wind model with a
measurement window size of 110 X 90 mm. As a result, the spatial
resolution of the IR thermal images was 5.3 pixels/mm. Before
conducting the ice-accretion experiment, an in situ calibration
experiment was performed to validate the IR thermal imaging
system by using high-precision thermocouples in the range of 20 to
—20°C. The differences between the measurement results of the IR
thermal imaging system and those of the thermocouples were found
to be within £0.50°C. During the experiment, both the high-speed
imaging system and the IR thermal imaging system were connected
to a digital delay generator (Berkeley Nucleonics, model 575) to

synchronize the timing for the image acquisitions after switching on
the spray system of the ISU-IRT to start the ice-accretion process.

III. Measurement Results and Discussions

A. Effects of Plasma Generation on Ice-Accretion Under Glaze-Icing
Conditions

In performing the ice-accretion experiments, the ISU-IRT was
operated at a prescribed frozen temperature level (e.g., T, = —5 and
—15°C for the present study) for at least 20 min in order to ensure the
ISU-IRT reaching a thermal steady state. Then, the DBD plasma
actuators embedded over the left side of the airfoil/wind model were
switched on for about 10 s before turning on the water spray system of
the ISU-IRT. After the water spray system was switched on at
t =0 s, the supercooled 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 the IR thermal imaging system were
synchronized with the switch of the ISU-IRT water spray system to
reveal the dynamic ice-accretion process over the airfoil surface
simultaneously.

Figure 3 shows four typical snapshots of the instantaneous ice-
accretion images acquired by using the high-speed imaging system
under the glaze-icing condition of U, = 40 m/s, T, = —5°C, and
LWC = 1.50 g/m?3. The box in red dashed lines in Fig. 3 indicates
the measurement window of the IR thermal imaging system, and the
corresponding surface temperature distributions measured simulta-
neously by using the IR thermal imaging system are given in Fig. 4.
Note that, because very similar features were also observed for other
test cases, only the measurement results obtained under the test
condition of LWC = 1.5 g/m? were shown and analyzed here for
conciseness.

As shown clearly in Fig. 3a, at the very beginning of the ice-
accretion experiment (i.e., at the time instance of ¢ = 0.3 s), although
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Fig. 3 Typical snapshots of the dynamic ice-accretion process over the

airfoil surface under the glaze-icing conditions of U, =40 m/s,
T, = —5°C,and LWC = 1.50 g/m3.
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Fig.4 Corresponding surface temperature distributions over the plasma-on and plasma-off sides of the airfoil surface under the glaze-icing conditions of

U,=40m/s, T, = —5°C,and LWC = 1.50 g/m3.

no obvious ice accretion was observed on both the plasma-on side and
plasma-off sides of the airfoil surface in the snapshot image acquired
by using the high-speed imaging system, the measured surface
temperature distributions over the plasma-on side of the airfoil surface
were found to be significantly different from those of the plasma-off
side. As revealed clearly from the measured surface temperature
distributions given in Fig. 4a, due to the release of the latent heat
associated with the solidification process of the impinged supercooled
water droplets over the airfoil surface (i.e., phase changing process
from liquid state of water to solid state of ice), the surface temperatures
in the region near the airfoil leading edge (i.e., the direct impinging
region of the supercooled water droplets) on the plasma-off side of the
airfoil surface were found to increase slightly (i.e., airfoil surface
temperatures were found to increase from —5.0 up to —3.0°C), as
expected. Because the surface temperatures were still found to be
below the “frozen temperature” of water (i.e., T',, < 0°C), a thin layer
of ice would be formed immediately after the supercooled water
droplets impinged onto the plasma-off side of the airfoil surface.
Because the ice layer formed over the airfoil surface was very thin at the
time instance of # = 0.3 s, it was almost unobservable in the snapshot
image acquired by the high-speed imaging system given in Fig. 3a.
However, as revealed clearly in the measured surface temperature
distributions given in Fig. 4, due to the thermal effect induced by the
DBD plasma generation as described by Joussot et al. [22], the
surface temperature on the plasma-on side of the airfoil model was
found to be well above the frozen temperature of water (i.e.,
T, > 0°C). It suggests that, upon impinging onto the plasma-on side
of the airfoil surface, the supercooled water droplets would be heated
up. As aresult, alayer of “warm” water film, instead of ice, would be
formed over the airfoil surface. Thus, no ice was found to form over
the plasma-on side of the airfoil surface, as shown clearly in Fig. 3.
As the ice-accretion experiment went on, more supercooled water
droplets carried by the incoming airflow would impinge onto the

airfoil surface. Due to the relatively warm temperature (i.e.,
T, = —5°C) and high LWC level (i.e., LWC = 1.5 g/m?) of the
incoming airflow for this test case, the icing process over the airfoil
surface would be of typical glaze-ice accretion if no anti-/deicing
measures were applied. Similar to the scenario described by
Waldman and Hu [7], with the continuous impingement of the
supercooled water droplets onto the airfoil surface, more and more
latent heat of fusion would be released to cause the slight temperature
increase on the plasma-off side of the airfoil surface, as revealed
quantitatively from the measured surface temperature distributions
shown in Fig. 4. Because the heat transfer process was not fast enough
to remove all of the released latent heat of fusion from the liquid water
for this test case, only a portion of the impinged supercooled water
droplets would be frozen into solid ice upon impacting onto the airfoil
surface. The rest of the impinged water mass was found to stay in
liquid state. As shown clearly at the plasma-off side of the acquired
image given in Fig. 3b (i.e., the snapshot at the time instance of
t = 12.0 s), as driven by the boundary-layer airflow above the airfoil
surface, the unfrozen water film flow was found to run back and form
multiple fingerlike rivulet structures in the further downstream
region. It also can be seen clearly that the runback surface water on the
plasma-off side was found to eventually be frozen into solid ice at the
further downstream region (i.e., in the region beyond of the direct
impingement area of the supercooled water droplets).

However, as shown in the snapshot image given in Fig. 3b, the left
side (i.e., plasma-on side) of the airfoil surface was still found to be
completely free of ice, due to the thermal eftects induced by the DBD
plasma generation. The surface temperature distributions given in
Fig. 4 revealed quantitatively that the surface temperatures on the
plasma-on side of the airfoil model were still well above the frozen
temperature of water (i.e., T,, > 0°C). Especially in the regions
where the plasma actuators were embedded, the local surface
temperature was found to reach up to 15°C. As a result, instead of
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being frozen into solid ice, the supercooled droplets were heated up
immediately after impacting onto the plasma-on side of the airfoil
surface. Similar to what was described by Zhang et al. [26], the
surface water mass on the plasma-on side was found to form a thin-
film flow at first in the region near the airfoil leading edge, and then
run back along the airfoil surface as driven by the boundary-layer
airflow over the airfoil/wing model. As shown clearly in the snapshot
image given in Fig. 3b, as the water film advanced downstream,
isolated water rivulets were found to form further downstream,
resulting in isolated water transport channels to transport the surface
water mass collected at the leading edge from the continuous
impingement of the water droplets. Eventually, the impinged surface
water mass was found to shed from the airfoil trailing edge.

As time went by, more and more supercooled water droplets
carried by the incoming airflow would impinge onto the airfoil
surface. As shown clearly in the acquired images givenin Figs. 3cand
3d (i.e., the snapshots captured at the time instances of t = 35 s and
t = 195 s), the ice layers accumulated on the plasma-off side of the
airfoil surface were found to become thicker and thicker. The
corresponding surface temperature distributions given in Figs. 4a and
4d also confirmed the existence of ice layers accreted over the
plasma-off side surface by having the temperatures lower than the
frozen temperature of water (i.e., T,, < 0°C). However, as shown
quantitatively in Figs. 4c and 4d, the surface temperatures on the
plasma-on side of the airfoil were still found to be well above the
frozen temperature of water (i.e., T, > 0°C). As aresult, the plasma-
on side of the airfoil surface was always found to be free of ice over
the duration of the entire ice-accretion experiments (i.e., up to 300 s),
as revealed clearly in Fig. 3.

In summary, the present study demonstrates clearly that, in
addition to being widely used as an effective flow control method to
suppress large-scale flow separation and airfoil stall, DBD plasma
actuators can be used as a promising anti-/deicing tool for aircraft
icing mitigation.

B. Evolution of Airfoil Surface Temperature Under Glaze-Icing
Conditions

Based on the time sequences of the acquired IR thermal imaging
measurement results, the evolution characteristics of the surface
temperature distributions over the airfoil surface during the ice-
accretion experiment can be evaluated quantitatively. As shown
clearly in Fig. 4, due to the released latent heat of fusion associated
with the phase changing of the impinged supercooled water droplets,
the surface temperatures on the plasma-off side of the airfoil/wing
model were found to change only slightly during the ice-accretion
process, which was analyzed in detail in the previous study of Liu
etal. [6]. The focus of the present study is on the plasma-on side of the
airfoil surface to gain further insight into the underlying physics
pertinent to using the thermal effects induced by plasma generation
for aircraft icing mitigation.

Figure 5 shows the extracted surface temperature profiles along the
chordwise direction at the centerplane of the plasma-on side of the
airfoil/wing model (i.e., along the line of A-A, as shown in Fig. 5)
under the test conditions of U, =40 m/s, T, = —5°C, and
LWC = 1.50 g/m? at the time instances of ¢ = 0.3, 10, 20, 40, and
80 s, respectively. The locations of the exposed electrodes of the DBD
plasma actuators were also shown in the plot for comparison. It can be
seen clearly that the airfoil surface temperatures were found to vary
significantly along the chordwise direction of the airfoil/wing model,
featured by the irregular sawtoothlike structures in the profiles. As
shown clearly in Fig. 3, the appearance of the sawtoothlike structures
was found to be correlated well with the locations of the interfaces
between the exposed electrodes and the embedded electrodes of the
DBD plasma actuators. It indicates that the DBD plasma generation
at the electrode interfaces would induce a maximum local
temperature, which agrees well with the findings reported in the
previous study of Joussot et al. [22].

The measurement results given in Fig. 5 also reveal clearly that, due
to the thermal effect induced by the DBD plasma generation, the surface
temperatures in the regions near the plasma actuators were found to be
always well above the frozen temperature of water (i.e., 7', > 0°C),
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Fig. 5 Extracted profiles of surface temperature at the centerplane of
the plasma-on side of the airfoil surface under the glaze-icing conditions
of Uy, =40 m/s, T, = —5°C, and LWC = 1.50 g/m?>.

which can effectively prevent the formation of ice over the airfoil
surface during the entire duration of the ice-accretion experiment.
Although the same electric voltage was applied to all the DBD plasma
actuators, the surface temperatures in the regions near the airfoil leading
edge (i.e., near the first DBD plasma actuator) were found to be much
lower than those at the downstream locations. It is believed to be closely
related to the enhanced convective heat transfer near the airfoil leading
edge due to the direct impingement of the supercooled water droplets
along with the frozen-cold incoming airflow.

By comparing the surface temperature profiles at different time
instances, it can be seen clearly that, with more and more heat added
onto the airfoil surface via DBD plasma generation, the surface
temperature of the airfoil model was found to increase continuously
with the time in general. Although the initial surface temperature in
the downstream regions without DBD plasma actuators (i.e., in the
downstream regions of X/D > 0.35) was found to be below the
frozen temperature of water (i.e., as shown in the profile at the time
instance of t = 0.3 s), their values were to increase rapidly and
became above the frozen temperature of water (i.e., T, > 0°C) about
20 s later due to the runback of the warm surface water from the “hot”
upstream locations into the cold downstream regions.

Figure 6 shows the variations of the measured surface temperatures
as functions of time at three preselected points over the airfoil surface
(i.e., the points of A, B, and C as shown in Fig. 6, located at ~ 5, 25,
and 55% chord, respectively), which can be used to reveal the
evolution characteristics of the surface temperature over the airfoil/
wing model more clearly and quantitatively. As described previously,
because the DBD plasma actuators were switched on about 10 s
before turning on the water spray system of ISU-IRT, the initial
surface temperatures (i.e., the temperature at the time instance of
t=0) at point A (i.e.,, Tys,—0 =2.0°C) and point B (.e,
Tup,—o = 9.0°C) were found to be well above the frozen temperature
of water (i.e., T, > 0°C), due to the thermal effect induced by DBD
plasma generation. The initial surface temperature at point C (i.e.,
Tyc—o = —2.0°C) was also found to be slightly higher than the
temperature of the incoming airflow (i.e., T, = —5.0°C) caused by
the convective heat transfer from hot upstream regions.

As shown clearly in Fig. 6, the surface temperature at selected point
A was found to decrease rapidly, and it even became negative (i.e.,
below the frozen temperature of water) at the beginning stage of the
ice-accretion experiment (i.e., in the stage of # < 5 s). This was caused
by the rapid cooling associated with the impingement of the first group
of supercooled water droplets onto the airfoil surface near the leading
edge. With the continuous heating effect induced by the DBD plasma
generation, the surface temperature at point A was found to increase
gradually and became greater than the frozen temperature of water
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Fig. 6 Time evolutions of the surface temperatures at three preselected
points during the ice-accretion experiment with U, =40 m/s,
T, = —5°C,and LWC = 1.50 g/m?>.

again at the time instance of # ~ 35 s. As time went by, the surface
temperature at point A was found to reach a relatively thermal stable
state eventually, with the surface temperature being about 2.0°C for the
rest of the ice-accretion experiment (i.e., up to 7 = 300 s).

As shown schematically in Fig. 6, point B is located at the top of the
third plasma actuator (i.e., at ~25% chord). Due to the heating effect
induced by the DBD plasma generation from the third plasma
actuator and the relatively weaker convective heat transfer at this
downstream location, the surface temperature at point B was found to
be always much higher than the frozen temperature of water (i.e.,
Ty >> 0°C). Although the surface temperature at point B decreased
slightly at the initial stage of the ice-accretion experiment (i.e., in the
stage of ¢ < 3 s), the temperature value was found to recover much
faster and reach a relatively thermal stable state at about 15 s after
starting the ice-accretion experiment. After reaching a relatively
thermal stable state, the surface temperature at point B was found to
be maintained at ~11.0°C for the rest of the ice-accretion experiment
(i.e., up to ¢~ 300 s) for this test case.

The airfoil/wing model used in the present study was made of
polymer-based material, which has very low thermal conductivity.
Because the location of point C was away from the DBD plasma
actuators, evolution characteristics of the surface temperature at point
C were mainly affected by the convective heat transfer process over
the airfoil surface. As shown clearly in Fig. 6, due to the heating effect
associated with the runback of warm surface water from the hot
upstream region, the surface temperatures at point C were found to
increase continuously during the ice-accretion experiment. Although
the temperature at point C was found to be below the frozen
temperature of water initially (i.e., Tyc,—o = —2.0°C), it became
greater than the frozen temperature of water quickly (i.e., at# > 20 s)
due to the heating effect associated with the runback of the warm
water. Since ¢ > 80 s, the surface temperature at point C was found to
be maintained almost constantly at about 2.0°C for the rest of the
ice-accretion experiment (i.e., up to ¢ =~ 300 s).

C. Effects of Plasma Generation on Ice Accretion Under Rime-Icing
conditions

To further explore the anti-/deicing performance of the DBD plasma
actuators for aircraft inflight icing mitigation under a typical rime-icing
condition, an experimental study was also conducted with the airflow
temperature in the ISU-IRT decreased to T, = —15°C and
LWC = 1.0 g/m’. Figure 7 shows the typical snapshots to reveal
the dynamic ice-accretion process over the airfoil surface under
such rime-icing conditions (i.e., Uy, = 40 m/s, T, = —15°C, and
LWC = 1.0 g/m?). Itis should be noted that the power inputs applied

I | T S D

¢)t=350s

d)t=195.0s

Fig.7 Typical snapshots of the dynamic ice-accretion process over the
airfoil surface under the rime-icing conditions of U, = 40 m/s,
T, = —-15°C,and LWC = 1.0 g/m3.

to the DBD plasma actuators were kept at the same levels as those
under the glaze-icing condition during the ice-accretion experiment.
As revealed clearly in Fig. 7, on the plasma-off side of the airfoil
surface, the supercooled water droplets were found to ice up
immediately as they impinged onto the airfoil surface due to the much
colder temperature for this test case. No obvious rivulet formation or
surface water runback were observed during the ice-accretion process,
as expected for a typical rime-ice-accretion process. However, on the
plasma-on side of the airfoil surface, although no obvious ice accretion
could be identified at the front portion of the airfoil surface (i.e.,
approximately twice the area of the region covered by the DBD plasma
actuators), a large chunk of ice was found to accrete eventually over the
rear portion of the airfoil surface. This could be explained by the fact
that, after impacted onto the warm surface near the airfoil leading edge
(i.e., the region protected by the DBD plasma actuators), supercooled
water droplets would be heated up and form a thin water film/rivulet
flow near the airfoil leading edge, as revealed clearly by Zhang et al.
[26]. The unfrozen surface water film would run back, as driven by the
boundary-layer airflow over the airfoil surface. Due to the intensive
heat transfer between the runback surface water and the boundary-
layer airflow over the airfoil surface at a frozen-cold temperature of
—15°C, the surface water was found to be frozen gradually as it ran
back. As a result, ice accretion was found to take place in the
downstream region beyond the area protected by the DBD plasma
actuators. As time went by, with the continuous impinging of the
supercooled water droplets onto the airfoil surface, more and more
surface water mass would be collected and eventually frozen into ice
over the rear portion of the airfoil/wing model, i.e., in the downstream
region beyond the area protected by the DBD plasma actuators, which
was revealed clearly in Fig. 7.

In summary, although the thermal effects induced by the DBD
plasma generation were demonstrated to be effective in preventing
ice formation and accretion over the protected area under the rime-
icing condition with a much colder ambient temperature, the runback
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surface water was found to be refrozen gradually in the downstream
region beyond the protected area. This is a rather common problem
faced by all the thermal-based anti-/deicing systems. A hybrid anti-/
deicing concept by integrating DBD plasma heating near the airfoil
leading edge with hydro-/ice-phobic coatings [27] over the airfoil
surface may offer a promising solution to this problem, which will be
explored in the near future. For the hybrid anti-/deicing system,
although DBD plasma actuators will be used to cover the region near
the airfoil leading edge, the rest of the airfoil surface will be coated
with promising hydro-/ice-phobic materials. Although minimized
power inputs were applied to the DBD plasma actuators to effectively
delaminate the ice accretion near the airfoil leading edge, runback
surface water would be easily removed from the hydro-/ice-phobic
airfoil surface by aerodynamic shear forces. Such a hybrid anti-/
deicing strategy is expected to be able to delay/reject ice accretion
over the entire airfoil surface at a much lower power cost than the
method with massive brute-force heating over the entire airfoil
surface.

IV. Conclusions

An explorative study was conducted to evaluate the effectiveness
of leveraging thermal effect induced by dielectric-barrier-discharge
(DBD) plasma generation for aircraft icing mitigation. The
experimental study was performed in an icing research tunnel
available at the Aerospace Engineering Department of Iowa State
University. A NACA 0012 airfoil/wing model embedded with two
sets of DBD plasma actuators over the airfoil surface was mounted
inside the ISU-IRT under typical glaze-/rime-icing conditions
pertinent to aircraft inflight icing phenomena. During the
experiments, while a high-speed imaging system was used to record
the dynamic ice-accretion and transient surface water transport
processes over the airfoil surface, an infrared thermal imaging system
was also used to map the corresponding surface temperature
distributions over the airfoil surface. Based on the side-by-side
comparisons of the measurement results (i.e., snapshots of the
visualization images and quantitative surface temperature distribu-
tions) for the plasma-on case against those of the plasma-off case
under the same icing conditions, the effectiveness of using the
thermal effects induced by DBD plasma generation for aircraft icing
mitigation was evaluated in detail.

It was found that, upon the impingement of supercooled water
droplets carried by the incoming airflow onto the airfoil surface, ice
accretion would take place immediately over the airfoil surface if the
embedded DBD plasma actuators were switched off, as expected. As
time went by, with more and more supercooled water droplets
impinged onto the airfoil surface, the ice layers accumulated over the
airfoil surface were found to become thicker and thicker for the
plasma-off case. However, if the plasma actuators were turned on
under a typical glaze-ice condition (i.e., U, =40 m/s,
T, = —5°C, and LWC = 1.5 g/m?), the surface temperatures of
the entire airfoil model were found to stay above the water frozen
temperature (i.e., 7w > 0°C). Due to the thermal effects induced by
DBD plasma generation, the supercooled water droplets were found
to be heated up, and they formed a layer of warm water film over the
airfoil surface instead of being frozen into solid ice. Driven by the
boundary-layer airflow over the airfoil surface, the warm liquid water
accumulated over the airflow surface was found to run back to further
downstream regions, and it shed eventually from the airfoil trailing
edge. As a result, the airfoil surface under the typical glaze-ice
condition was found to be completely free of ice during the entire ice-
accretion experiment.

As for a typical rime-icing case (i.e., under the test conditions of
Uy =40 m/s, T, = —15°C, and LWC = 1.0 g/m?%), although
the thermal effects induced by the DBD plasma generation were
demonstrated to be effective in preventing ice formation and
accretion over the area protected by the DBD plasma actuators, the
runback surface water was found to be refrozen gradually in the
downstream region beyond the protected area due to at the much
colder ambient temperature. This is a rather common problem faced
by all the thermal based anti-/deicing systems. A hybrid anti-/deicing

concept by integrating DBD plasma heating near the airfoil leading
edge with hydrophobic/ice-phobic coatings over the airfoil surface
was proposed to address this problem, which will be explored in the
near future.

It should be noted that, although the present study demonstrated
clearly that DBD plasma actuators can be used as a promising anti-/
deicing tool for aircraft icing mitigation by taking advantage of the
thermal effects associated with DBD plasma generation, a side-by-
side comparative study is planned to evaluate the effectiveness of the
plasma-based anti-/deicing strategy (i.e., in the term of the required
power consumption for anti-/deicing operation) against that of
conventional electrothermal heating methods for aircraft icing
mitigation under different icing conditions. More comprehensive
studies will also be conducted to elucidate the underlying mechanism
pertinent to plasma-based anti-/deicing technology in order to
explore/optimize design paradigms for the development of effective
and robust anti-/deicing strategies to ensure safer and more efficient
operation of aircraft in cold weather.
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