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ABSTRACT

An experimental study was performed to evaluate the effectiveness of utilizing the thermal effects
induced by duty-cycled dielectric barrier discharge (DBD) plasma actuation for aircraft icing mitigation.
The experimental study was carried out in the unique Icing Research Tunnel available at lowa State
University (i.e., I[SU-IRT) with a NACA0012 airfoil model embedded with DBD plasma actuators exposed
under a typical glaze icing condition. During the experiments, the DBD plasma actuators were operated in
two different modes for a comparative study, i.e., in duty-cycled actuation mode vs. in conventional con-
tinuous actuation mode as the comparison baseline. While the anti-/de-icing performances of the DBD
plasma actuators under different actuation modes were revealed clearly based on the snapshot images
acquired by using a high-speed imaging system, an infrared (IR) thermal imaging system was also used
to map the corresponding surface temperature distributions over the ice accreting airfoil surface in order
to characterize the thermal effects induced by the plasma actuations. It was found that, with the same
power input, the plasma actuation in duty-cycled mode would have a higher instantaneous voltage dur-
ing the “on” periods, resulting in much stronger thermal effects for an improved anti-/de-icing perfor-
mance, in comparison to the case in the continuous actuation mode. The thermal effects induced by
the duty-cycled plasma actuation were found to be further enhanced by increasing of the modulating fre-
quency of the duty cycles, which is a very promising approach to further improve the anti-/de-icing per-
formance of DBD plasma actuation. The findings derived from the present study could be used to explore/
optimize design paradigm for the development of novel DBD-plasma-based anti-/de-icing strategies tai-
lored specifically for aircraft icing mitigation.

© 2019 Elsevier Ltd. All rights reserved.

1. Introduction

freeze immediately upon impact on the aircraft surfaces due to
the rapid heat transfer which can instantly remove all of the latent

Aircraft icing has been widely recognized as a serious weather
hazard to aviation safety. When aircraft fly through cloud layers
in cold weathers, in-flight icing may occur as the super-cooled
water droplets suspended in the cloud freeze over aircraft surfaces
upon impacting on airframes [1]. Ice accretion on aircraft surfaces
can cause dramatic lift decrease and drag increase of aircraft due to
the contamination of streamlined airfoil profiles by the accreted ice
shapes [2]. Depending on the environmental parameters and flight
conditions, in-flight icing can be either dry or wet, which are ter-
med as rime and glaze [3]. Rime ice usually forms when the ambi-
ent temperature is relatively cold (i.e., typically below —10 °C) and
the airflow is dry with a lower liquid water content (LWC). In such
cold and dry conditions, the supercooled water droplets would
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heat of fusion released during the solidification process of the
impinged water droplets. When the air temperature is warmer,
i.e., just below the water freezing temperature, and the LWC level
in the airflow is relatively high, the impinged supercooled water
droplets would only freeze partially due to the insufficient heat
transfer to remove all of the latent heat of fusion in the water dro-
plets, allowing the remaining water mass to transport freely over
the aircraft surfaces. The ice layer formed in such conditions is
found to have complex geometries/structures (e.g., “horns” shaped
ice), which is commonly called glaze ice. Although many efforts
have been made in recent years to elucidate the underlying physics
of aircraft icing [4-8] and develop new techniques to mitigate the
icing processes [9-14], aircraft icing remains as an important
unsolved problem at the top of the National Transportation Safety
Board’s most wanted list of aviation safety improvements.
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To reduce the harmful effects of aircraft icing, a number of anti/
de-icing systems have been developed, including both active and
passive approaches. While the active anti-/de-icing methods are
mainly dependent on the use of de-icing fluids [15], electro-
thermal melting [16] and mechanical/ultrasonic-based surface
deformation [14,17], the passive anti-icing strategies are princi-
pally developed by using the specialized hydro- and ice-phobic
coatings/materials [11,13,18-21]. Though the goal of anti-/de-
icing on aircraft has been achieved by using these techniques, they
are suffering from various drawbacks. For example, the extensive
use of de-icing fluids at airports has caused significant environ-
mental pollutions to soil and water due to the deposition and dis-
sipation of aqueous solutions of propylene and ethylene glycol
along with other chemical additives [15]. Mechanical (e.g., pneu-
matic) and ultrasonic-based anti-/de-icing systems have been used
to break off ice chunks accreted on aircraft surfaces, which may
pose foreign object damage (FOD) hazards to aero-engines [16].
The hydro- and ice-phobic coatings/materials have been demon-
strated to have great icephobicity in static laboratory tests (i.e.,
by spraying water droplets or pouring water onto substrates, and
then froze the test samples in refrigerators). However, these coat-
ings are found to be very unreliable for in-flight icing mitigation
(i.e., with high-speed impacts of super-cooled water droplets onto
aircraft surfaces) due to their very poor durability attributed to the
rapid surface degradation in icing conditions [21,22]. While
electro-thermal de-icing systems have been widely used to melt
out ice by heating up aircraft surfaces [10,23,24], they are usually
very inefficient and have demanding power requirements, and can
also cause damage to composite materials from overheating. In
looking to achieve better anti-/de-icing efficiencies on aircraft
beyond the current icing mitigation methods, technologies with
less complexity, power requirement, and adverse environmental
impacts are highly desirable.

In recent years, a novel plasma-based anti-/de-icing technique
was developed [12] by utilizing the thermal effects induced in sur-
face dielectric barrier discharge (SDBD) plasma actuation (which is
a type of discharge producing an ionized gas at the dielectric sur-
face by the application of high amplitude and high frequency of
Alternative Current (AC) voltage, i.e., AC-DBD, or nanosecond-
scale pulsed voltage, i.e., ns-DBD, between two electrodes sepa-
rated by a dielectric layer [25]). It has been demonstrated that
the DBD plasma actuators have a great potential for more efficient
anti-/de-icing operations on aircraft in comparison to the conven-
tional electro-thermal methods [26]. While the conventional elec-
trical film heaters function as anti-/de-icing devices by heating up
the surface to melt out the ice accretion, the newly developed
plasma-based method is suggested to be able to directly heat up
the impinging water droplets as they passing through the heated
gas layer close to the airfoil surface [26]. As a widely used flow con-
trol method, DBD plasma actuation has drawn extensive attentions
in the aerodynamic community over the past decades [27]. Numer-
ous studies have been conducted to improve the efficiency of DBD
plasma actuators in separation control and delay/promotion of
boundary layer transition [25]. However, only limited work
[12,26,28] can be found in literatures to address the thermal effects
in DBD plasma actuation and the associated application/optimiza-
tion for icing mitigation. Further optimization and modification of
DBD plasma actuators to maximize the use of thermal energy gen-
erated in plasma actuation is highly desirable for the development
of more effective plasma-based anti-/de-icing technology designed
specifically for aircraft icing mitigation.

Among the many optimization methods of DBD plasma actua-
tion, the duty-cycle control of plasma actuation has been demon-
strated to be a very effective way to improve the control
efficiency in flow optimization [29-31]. While the steady (contin-
uous) plasma actuation produces an induced flow close to the wall,

the duty-cycled plasma actuation could create a train of
co-rotating vortices [30]. It has been revealed that the size, shape,
and propagation velocity of the vortices generated in the duty-
cycled plasma actuation are highly dependent on the duty cycle
and pulse frequency [30-33]. It was also found that along with
the increase of the duty-cycle frequency of plasma actuation, the
generated vortices would become smaller (i.e., more closer to the
wall) with more concentrated vorticity [33]. It was suggested that
the induced train of vortices in the duty-cycled plasma actuation
could significantly promote the mixing of the boundary layer air-
flow and the mainstream [33]. Since the heat transfer mechanism
in plasma actuation is closely coupled with the induced boundary
layer airflow, the thermal effect in duty-cycled plasma actuation is
therefore suggested to be very different from the steady plasma
actuation. However, there is no data available in literatures to
address the thermal effects in duty-cycled plasma actuation. The
present study aims to reveal the thermal characteristics of duty-
cycled plasma actuation to provide guidelines for the further opti-
mizations of plasma-based anti-/de-icing technologies.

In the context that follows, the fabrication and implementation
of the DBD plasma actuators for anti-/de-icing applications were
introduced first. Then, the mechanisms of modulating the duty-
cycled plasma actuation was illustrated. The DBD plasma actua-
tions in both continuous and duty-cycled modes were achieved
on a NACA0012 airfoil model to perform a comparative study of
the anti-/de-icing performances between the two different modes
of DBD plasma actuations. While the anti-/de-icing performances
of the DBD plasma actuators under different actuation modes were
revealed clearly based on the snapshot images acquired by using a
high-speed imaging system, an infrared (IR) thermal imaging sys-
tem was also used to map the corresponding surface temperature
distributions over the ice accreting airfoil surface in order to char-
acterize the thermal effects induced by the plasma actuations. The
impacts of the modulating frequency of duty cycles on the thermal
effects induced in the duty-cycled DBD plasma actuations and the
corresponding anti-/de-icing performances were also revealed.

2. Experimental setup and test model

The ice accretion experiments were performed in the unique
Icing Research Tunnel available at Aerospace Engineering Depart-
ment of lowa State University (i.e., ISU-IRT). As shown schemati-
cally in Fig. 1, ISU-IRT is a multifunctional 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 with four side walls being optically transparent. It has a
capacity of generating a maximum wind speed of 60 m/s and an
airflow temperature down to — 25 °C. An array of 8 pneumatic ato-
mizer/spray nozzles are installed at the entrance of the contraction
section of the icing tunnel to inject micro-sized water droplets
(10-100 pm in size with MVD ~ 20 um) into the airflow. By
manipulating the water flow rate through the spray nozzles, the
liquid water content (LWC) in the ISU-IRT could be adjusted (i.e.,
LWC ranging from 0.1 g/m> to 5.0 g/m?). In summary, ISU-IRT can
be used to simulate atmospheric icing phenomena over a range
of icing conditions (i.e., from dry rime to extremely wet glaze ice
conditions) [34,35].

A NACA 0012 airfoil model was used in the present study, which
was made of a hard-plastic material and manufactured by using a
rapid prototyping machine (i.e., 3-D printing) that builds 3-D mod-
els layer-by-layer with a resolution of about 25 um. The airfoil
model has a chord length of c = 150 mm, which spanned the width
of the test section of the ISU-IRT. Supported by a stainless-steel
rod, the airfoil model was mounted at its quarter-chord and
oriented horizontally across the middle of the test section. In the
present study, a typical glaze icing condition was generated in
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Fig. 1. Schematic of the ISU-IRT and tested airfoil model used in the present study.

the ISU-IRT as described in 14 CFR Part 25 Appendix C [36] (i.e., at
the freestream air velocity of U, = 40 m/s, LWC = 1.0 g/m?, and air-
flow temperature of T, = —5 °C). The angle of attack (o) of the air-
foil model was set at o = 0°.

During the experiments, the dynamic ice accretion process over
the airfoil surface was recorded by using a high-speed camera (PCO
Tech, Dimax) with a 60 mm lens (Nikon, 60 mm Nikkor f/2.8)
installed at 500 mm above the airfoil model. The camera was posi-
tioned approximately normal to the airfoil chord, with a measure-
ment window size of 210 mm x 210 mm and a spatial resolution of
9.5 pixels/mm. An in-situ calibration procedure as suggested by
Soloff et al. [37] was performed to dewarp the captured images
before extracting physical features. Each test trial consisted of
3000 images acquired at a frame rate of 10 Hz. As shown in
Fig. 1, an infrared (IR) thermal imaging camera (FLIR A615) was
also used to map the surface temperature of the ice accreting airfoil
surface. The IR camera was mounted at ~300 mm above the airfoil
model with the measurement window size of 110 mm x 90 mm
and a corresponding spatial resolution of 5.3 pixels/mm. Radiation
from the ice accreting airfoil surface will pass through an infrared
window (i.e., FLIR IR Window-IRW-4C with optic material of Cal-
cium Fluoride) before reaching to the IR camera. A calibration of
the material emissivity is performed for the IR thermal imaging
[38]. Table 1 gives the IR emissivity coefficients of the materials
relevant to the present study, i.e., surface of the airfoil model, ice,
and liquid water, respectively. Each test trial consisted of 15,000

Table 1

Emissivity of the materials pertinent to the test model used in the present study.
Materials Emissivity
Surface of the airfoil model (Enamel coated) 0.960
Ice 0.965
Water 0.950-0.963

IR images acquired at a frame rate of 50 Hz. An in-situ calibration
was also performed to validate the IR thermal imaging results by
establishing a relationship between the measured count number
from the IR camera and the temperature acquired by using ther-
mocouples. The measurement uncertainty for the IR camera was
found to be less than 0.5 °C. The high-speed video camera and
the IR camera were connected to a digital delay generator (DDG,
Berkeley Nucleonics, model 575) that synchronized the timing
between the two systems.

As clearly shown in Fig. 1, a half-half configuration of the DBD
plasma actuations (i.e., in the duty-cycled actuation mode vs. in
the conventional continuous actuation mode) was designed over
the airfoil model. Each of the plasma actuators consisted of four
encapsulated electrodes and five exposed electrodes, with the
same thickness of about 70 um. In the present study, three layers
of Kapton film (i.e., 130 pm for each layer) were integrated to serve
as the dielectric barrier to separate the encapsulated electrodes
from the exposed electrodes. Ranging from the leading-edge posi-
tion to about 27% chord length of the airfoil model, four encapsu-
lated electrodes were distributed evenly on both sides along the
airfoil model with a separation distance of 3 mm. In the present
study, while two sets of exposed electrodes (with length of
96 mm) were fabricated on the two sides of the airfoil model for
the continuous plasma actuation and duty-cycled plasma actua-
tion, the same set of encapsulated electrodes with a length of
350 mm was fabricated along the whole span for the plasma actu-
ation on both sides. The width of the encapsulated electrodes was
10.0 mm (except the one at the leading edge which was 5.0 mm).
As reported by Liu et al. [35], since most of the ice would be formed
around the leading edge of the airfoil model, the width of the
first encapsulated electrode was reduced to 5.0 mm in order to
generate more plasma near the airfoil leading-edge for a successful
anti-/de-icing operation in the region, while the encapsulated
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electrodes were attached symmetrically around the leading edge of
airfoil. As for the exposed electrodes (i.e., 96 mm in length and
3.0 mm in width), they were placed right above the covered elec-
trodes with zero overlap between the exposed and covered
electrodes.

The DBD plasma actuators were wired to a high-voltage AC
power supply (Nanjing Suman Co., CTP-2000K), which can provide
a maximum 30 kV peak-to-peak sinusoidal voltage with a center
frequency of 10 kHz. While the AC current applied to the plasma
actuator was measured by using a high response current probe
(Pearson Electronics, Inc., Pearson 2877), the high-amplitude volt-
age was measured by using a high voltage probe (i.e., P6015A from
Tektronix), and monitored by an oscilloscope (Tektronix
DP0O3054). The voltage of the sinusoidal excitation to the elec-
trodes was manipulated with a variable voltage transformer at a
constant frequency of 10 kHz. During the experiments, to achieve
the duty-cycled plasma actuation, a digital pulse wave generator
[32] was used to modulate the carrier AC voltage source with a
fixed duty cycle of T = 50%, which is defined as the fraction of time
when the actuator is on over a duty cycle period. Fig. 2 shows a
schematic of the modulation from a continuous plasma actuation
to a duty-cycled plasma actuation. Various frequencies were mod-
ulated for the duty-cycled plasma actuation (i.e., faury-cycie = 1, 5, 50,
100, 200 Hz) and were examined in the present study to evaluate
the effects of duty cycle frequency on the thermal effects induced
in duty-cycled plasma actuation. To quantitatively compare the
anti-/de-icing performances of the DBD plasma actuations in the
two different modes (i.e., in the duty-cycled actuation mode vs.
in the conventional continuous actuation mode), the power
applied to the plasma actuators were adjusted to be the same
throughout the experiments.

3. Results and discussion

3.1. Electrical characteristics of DBD plasma actuation during ice
accretion processes

For the use of DBD plasma actuators in anti-/de-icing applica-
tions, due to the complex multiphase interactions (i.e., water—
ice-air-plasma interactions) occurred in plasma actuation under
icing conditions, the electrical characteristics of the plasma actua-
tors were found to be changed before and during the dynamic ice
accretion process. Fig. 3 shows an example of the measured voltage
and current traces as a function of time within six AC cycles before
and during the ice accretion process (i.e., U,, =40 m/s, T, = -5 °C
and LWC=1.0g/m>). Before the icing process was started, the
plasma discharge over the dielectric surface is in a normal state,

which is the same as that reported in the previous studies [39].
As clearly shown in Fig. 3(a), for the plasma discharge without
water or ice on the dielectric surface, while the large spikes are
observed in the current trace which are caused by the micro-
discharges in the plasma area, the voltage trace is found to be kept
in a good sinusoidal shape during the plasma actuation.

During the dynamic ice accretion process, since the super-
cooled water droplets would continuously impinge onto the
airfoil surface, the exposed electrodes and the dielectric layer sur-
face were found to be submerged in the water film formed by the
impinged water droplets. The surface water film and the further
developed water rivulets were suggested to act as conductor
extensions of the exposed electrodes in AC-DBD plasma actuation
[40]. As a result, the glow discharge in plasma actuation was
found to be formed at the edges of the water film/rivulets, rather
than the exposed electrodes as usually observed. Fig. 3(b) shows
the measured voltage and current traces of the AC-DBD plasma
actuator during the dynamic ice accretion process. It can be seen
clearly that, while the voltage signal is kept not changed, the
amplitude of the large spikes in the current trace is found to be
significantly reduced, which is suggested to be caused by the less
glow discharge at the running water film/rivulets edges. The
power, P, of the plasma actuator in a certain time of duration,
T, can be estimated using two methods: electric current method
and electric charge method [41]. While the electric charge
method applying the nonlinear signal compression circuit was
suggested to be more reliable in estimating the power consump-
tion, the electric current method is much more easier to imple-
ment and has been widely used in the power calculation of
DBD plasma actuation [41]. In the present study, we applied the
electric current method to estimate the power (i.e., Eq. (1)) based
on the measured voltage and current traces as that shown in
Fig. 3.

-l T
P:T'/O V(e - I(t)de (1)

where V(t) and I(t) are the instantaneous voltage and current
applied on the plasma actuator.

For the DBD plasma actuation operated in the conventional con-
tinuous mode as shown in Fig. 4(a), since the high-voltage signal is
continuously applied to the DBD plasma actuator, the time dura-
tion used for the power calculation is usually selected to be

T =noR (2)

where R is the AC period of plasma actuation, and ng is the number
of AC cycles. Thus, the power, Py, of the plasma actuators operated
in the continuous mode can be calculated using:

Fig. 2. A schematic of the modulation from a continuous plasma actuation to a duty-cycled plasma actuation.
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Fig. 3. Measured voltage and current traces of the AC-DBD plasma actuator under continuous mode within six AC cycles before and during the ice accretion process.

Fig. 4. Measured voltage and current traces of the AC-DBD plasma actuator before ice accretion in (a) the continuous mode and (b) duty-cycled mode (including both “on”

and “off” periods of a complete cycle).

1
Po=rp /  Volt) Doty 3)

where Vo(t) and Io(t) are the instantaneous voltage and current
applied on the plasma actuator.

For the DBD plasma actuation in the duty-cycled mode, how-
ever, the voltage and current would be kept at zero periodically
during plasma actuation as shown in Fig. 4(b). Depending on the
duty cycle of the high-voltage signal, the number of AC cycles in
the duty-cycled plasma actuation would be reduced within the
same time duration of T, which can be calculated using Eq. (4):

n=~ny-T (4)

where 7 is the applied duty cycle to the input high-voltage signal. As
aresult, the power, Py, of the plasma actuators operated in the duty-
cycled mode becomes:

P =1 / RZCRCUS n]—R / RACRIGE: (5)

where V;(t) and [;(t) are the instantaneous voltage and current
applied on the duty-cycled plasma actuator (when the actuator is
“on”). In the present study, since the duty cycle was selected to
be 7 =50%, the power of the duty-cycled plasma actuation, P; can
be calculated as:

Pk /7 Vi) h(bde .

In order to keep the power the same between the continuous
plasma actuation and the duty-cycled plasma actuation, i.e.,
Py = Py, the voltage applied to the DBD plasma actuators would
be increased in the duty-cycled mode so that the instantaneous
power of the duty-cycled plasma actuator during the “on” periods
can be twice of that in the continuous plasma actuation, i.e., V;(t)-
I(t) = 2 V(t)-Ip(t). As clearly shown in Fig. 4, in order to have the
same power input of P ~ 40 W for the anti-/de-icing test in the pre-
sent study, while the root mean square (RMS) of the input voltage
and current in the continuous mode (Vy_,, = 11.5 kV) are measured
to be Vp.ms=4.05KkV and Ip.ms = 0.078 A, respectively, the RMS
values of the input voltage and current during the “on” period
in the duty-cycle mode (V;,.,=14.0kV) are measured to be
Virms =4.68 kV and I;_ms = 0.118 A, respectively.

Based on the measured voltage and current traces of the AC-
DBD plasma actuator in the two different modes as given in
Fig. 4, both the instantaneous power and the cumulative power
of the plasma actuator during the discharge were calculated and
shown in Fig. 5. It can be seen clearly that, during the continuous
plasma actuation, while the instantaneous power fluctuates along
with the alternating positive/negative polarization of the actuator,
the cumulative power increases continuously as the time goes by
as shown in Fig. 5(a). For the plasma actuation under the duty-
cycle mode, it is found that while the cumulative power keeps
increasing during the “on” period, the power would be kept not
changed during the “off” period. However, due to the increased
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Fig. 5. Instantaneous and cumulative power of the AC-DBD plasma actuator in (a) the continuous mode and (b) duty-cycled mode (including both “on” and “off” periods in a

complete cycle).

voltage and current input during the “on” period in the duty-cycle
mode, the cumulative power is found to quickly increase over the
“on” period, with a value being almost the same with that in the
continuous plasma actuation over the whole cycle as shown in
Fig. 5(b). As a result, the measured power is found to be almost
the same between the continuous plasma actuation and the
duty-cycled plasma actuation, i.e., P =39.8 W vs. P; =40.1 W.

3.2. Thermal effects of DBD plasma actuation in the continuous mode
and duty-cycled mode

As mentioned above, DBD plasma actuation can induce a strong
thermal effect that has been utilized for anti-/de-icing applications
[12]. It was suggested that the thermal energy in DBD plasma actu-
ation is generated along with the formation of ionic airflow [42,43].
With the high-voltage signal applied to the exposed electrodes, a
high-intensity electric field is generated between the exposed elec-
trode and the grounded electrode separated by a dielectric layer.
Driven by the electric field, the free electrons and ions in the air
are responsible for energy transmission from the external power
source to gas [42,44]. The free electrons get energy from the elec-
tric field through acceleration, and then collide with neutrals and
ions in the air. If an elastic collision occurs, there is an immediate
but only a small portion of total energy release, while in inelastic
collisions, ionized particles and excited molecules can be produced,
which are the main sources of energy heating the gas [44]. Colli-
sion between ions and neutrals/electrons is another source that
contributes to the thermal energy generation in DBD plasma actu-
ation [45]. A recent study by Rodrigues et al. [46] also revealed that
the increase of input voltage to a DBD plasma actuator would
result in a significant increase of thermal energy generation.

Fig. 6 shows the time-evolution of the measured surface tem-
perature distribution over the airfoil model with the two arrays
of plasma actuators being turned on simultaneously (i.e., duty-
cycled plasma (faury-cyce =1Hz) on the left side vs. continuous
plasma actuation on the right side). The comparison was made
under a dry test condition of U,=40m/s, T..=-5°C and
LWC=0g/m>. To keep the power the same for the two arrays of
the plasma actuators, i.e., Po = P; =40 W, while the peak-to-peak
voltage applied to the plasma actuators in the continuous mode
was set at Vp_,,=11.5kV with a central frequency of f=10 kHz,
the input voltage to the plasma actuators in the duty-cycled mode
was increased to Vi,p,=14.0kV with the same frequency of
f=10KkHz. It is clearly seen that, after the two sets of plasma actu-
ators were switched on, the surface temperatures over the dielec-
tric layer and the exposed electrodes started to increase as shown
in Fig. 6(a). As the time goes by, t = 10.0 s, the surface temperature

distribution showed an evident temperature increase around the
exposed electrodes as indicated in Fig. 6(b). It should be noted that,
the temperatures over the airfoil surface with the duty-cycled
plasma actuation (i.e., left side of the airfoil model) increased much
faster than that with the continuous plasma actuation (i.e., right
side of the airfoil model), which was suggested to be caused by
the higher input voltage to the duty-cycled plasma actuator [46].
Though there would be thermal energy loss due to heat transfer
during the “off” periods in the duty-cycled plasma actuation, its
amount was relatively small in comparison to the amount of the
additional thermal energy generated at the increased input voltage
to the plasma actuators. As the time goes by, i.e., from t=20.0 s to
t =40.0 s, the temperature distributions on both sides were found
to become stable as shown in Fig. 6(c) and (d), indicating that ther-
mal equilibrium states were achieved over the two sides of the air-
foil surface.

Based on the measured surface temperature distributions over
the airfoil surface as shown in Fig. 6, the span-averaged tempera-
ture profiles along the airfoil chord at the different time instants
(i.e., t=1.0s,10.0s, 20.0 s, and 40.0 s) were extracted and plotted
in Fig. 7. The chordwise locations of the exposed/buried electrodes
were also illustrated in the plot. As clearly shown in Fig. 7, the tem-
perature profiles at the different time instances showed similar
distribution patterns on both sides of the airfoil model (i.e., plasma
actuation in the duty-cycled mode vs. plasma actuation in the con-
tinuous mode). While the temperature peaks are located at the
edges of the exposed electrodes, the temperatures over the sur-
faces of the exposed electrodes are higher than those over the
dielectric surfaces, which is essentially due to the difference in
thermal conductivities of the electrodes and the dielectric layer
[26]. By comparing the temperature profiles generated in the two
modes of plasma actuation, it can be clearly seen that the surface
temperatures around the plasma actuators increase much faster
in the duty-cycled mode than those in the case of the continuous
mode, i.e., while the maximum temperatures at the electrode
edges of the plasma actuators were found to be increased from
Tsur=—5 °C to 6 °C within 40 s in the duty-cycled actuation mode
(i.e.,, as given in Fig. 7(a)), the maximum temperature was only
increased to about Ty,s= 1 °C after 40 s of operation in the contin-
uous actuation mode (i.e., as given in Fig. 7(b)). The magnitude of
surface temperature increase caused by the duty-cycled plasma
actuation is found to be almost twice of that in the continuous
plasma actuation, which is consistent with the ratio of instanta-
neous power applied to the two plasma actuators.

In order to further evaluate the thermal characteristics of the
duty-cycled plasma actuation and the continuous plasma actuation
under the dry test condition (i.e., U, =40m/s, T,, =-5°C and
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Fig. 6. Time-evolution of the measured surface temperature distribution over the airfoil model during the DBD plasma actuation with a power of P=40W (i.e., left: plasma
actuation in the duty-cycled mode (fyuty-cycie = 1 Hz) vs. right: plasma actuation in the continuous mode) under a dry test condition of U.. =40 m/s and T, = —5°C.

Fig. 7. The spanwise-averaged temperature profiles along the airfoil chord with the plasma actuators being operated at the power of P =40 W, under a dry test condition of
U, =40m/s, T, = -5 °C and LWC = 0 g/m?>. (a) Plasma actuation in the duty-cycled mode (fiuzy-cycle = 1 Hz) at V., = 14 kV, f= 10 kHz; (b) plasma actuation in the continuous

mode at V,,=11.5kV, f=10kHz.

LWC=0g/m?), the time-histories of the “span-averaged” surface
temperature variations at different chordwise locations (i.e., loca-
tion A at 2% chord, B at 10% chord, C at 18% chord, D at 25% chord,
and E at 45% chord, as indicated in Fig. 8) on the two sides (i.e., the

plasma actuation in the duty-cycled mode at fyy¢y-cycie = 1 Hz vs. the
plasma actuation in the continuous mode) of the airfoil surface
were also extracted as shown in Fig. 8. It is seen clearly that,
while the temperature variations in the case of duty-cycled plasma
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Fig. 8. Time-histories of the “span-averaged” surface temperature variations at different chordwise locations on the two sides of the airfoil model: (a) left side with the
plasma actuation in the duty-cycled mode (fauty-cycle = 1 Hz) and (b) right side with the plasma actuation in the continuous mode, under a dry test condition of U.. =40 m/s,

T, = —5°C and LWC =0 g/m>.

actuation show evident zigzag profiles as given in Fig. 8(a), the
temperature profiles in the case of continuous plasma actuation
are much smoother as shown in Fig. 8(b). For the duty-cycled
plasma actuation in this case, since the modulating frequency of
duty cycles is relatively low, fiur-cyce =1Hz, the time interval
reserved for the heat transfer (i.e., convective and conductive heat
transfer) to freely dissipate the thermal energy is relatively large,
At =0.5s. During the “off” periods of the plasma actuation, while
no additional thermal energy would be generated over the airfoil
surface, the heat transfer can freely take away some of the remain-
ing thermal energy, resulting in an obvious decrease of the local
temperature. Once the plasma actuator is “on”, a large amount of
thermal energy would be generated immediately (which is much
faster in comparison to the rate of heat transfer to take away the
thermal energy), leading to a rapid temperature increase with a
larger magnitude. Thus, zigzag profiles of the local temperature
variations were formed during the alternate “on” and “off” cycles
of the plasma actuation as shown in Fig. 8(a).

Along with the dynamic fluctuation of the local temperatures in
the duty-cycled plasma actuation, the trends of the temperature
evolutions at the different chordwise locations (i.e., A, B, C and
D) are found to be very similar (i.e., the temperature increases first
and becomes stable later) to those in the case of continuous plasma
actuation. The “span-averaged” temperatures at the locations A, B,
and C (where double-sided plasma discharge exists) are higher
than that at the location D (where only one-side plasma discharge
is accomplished). By comparing the temperature variations in the
duty-cycled plasma actuation and the continuous plasma actua-
tion, it can be found that while the surface temperature increases
much faster in the duty-cycled plasma actuation, the temperature
evolution trends at the corresponding locations are almost the
same, which is essentially determined by the competing process
between the rate of heat generation in plasma actuation and the
rate of heat dissipation over the airfoil surface. As the time goes
by, the surface temperature would increase due to the thermal
energy generation, which in turn enhances the convective and con-
ductive heat transfer attributing to the larger temperature differ-
ence between the surface and the airflow. Eventually, the rate of
thermal energy generation and the rate of heat transfer would
become equal with the surface temperatures becoming constant,
which is called the thermal equilibrium state [26].

Fig. 9 shows the time-histories of the spatially-averaged tem-
perature over the plasma region (i.e., as indicated by the red
dashed rectangular in the temperature contour, ranging from the
leading edge to 30% chord, in Fig. 9(a)) during the plasma actua-

tions in the continuous mode and the duty-cycled modes with var-
ious modulating frequencies (i.e., fiuty-cyce=1Hz, 5Hz, 50 Hz,
100 Hz, and 200 Hz), under the same dry test condition (i.e., U,
=40m/s, T,, = —5 °C and LWC =0 g/m?). As can be seen clearly in
Fig. 9(b), the trends of the temperature variations at the different
plasma actuation modes are almost the same, with the tempera-
ture being increased quickly at first, and then gradually becoming
constant as the time goes by. The temperature increases during the
plasma actuation in the duty-cycled modes (at different modulat-
ing frequencies) are found to be obviously larger than that during
the plasma actuation in the continuous mode (i.e., at least twice in
amplitude), which is essentially due to the higher voltage input to
the plasma actuator in the duty-cycled mode (during the “on” peri-
ods). It is also found that, as the modulating frequency increases,
the surface temperature within the plasma region would increase
faster and have a higher thermal equilibrium value as shown in
Fig. 9(b). By zooming in the temperature variations within the first
2.5 s of plasma actuation as shown in Fig. 9(c), it is found that the
temperature fluctuation would become much smaller at the higher
modulating frequencies of duty cycles. For example, while the
temperature variation at fguy-cyce=1Hz shows an obvious
waveform with two and half cycles, the temperature profile at
fauty-cycie =5 Hz is found to have much smaller fluctuating ampli-
tude but more cycles of the small waveform (about 12.5 cycles).
As the modulating frequency of duty cycles further increases, i.e.,
fauty-cycie = 50 Hz, 100 Hz and 200 Hz, the temperature profiles are
found to become much smoother with no evident waveform being
observed.

As suggested by Tirumala et al. [42], the primary heating mech-
anism in plasma actuation is through heat transfer from the
plasma to the ambient gas, which then heats up the dielectric/elec-
trode surface through direct injection, convection and radiation.
While the duty-cycled plasma actuation could create a train of
co-rotating vortices, the size and vorticity of which are highly
dependent on the duty cycle frequency [30], i.e., the increase of
the modulating frequency of duty-cycled plasma actuation could
result in the generation of smaller scale vortices with more concen-
trated vorticity located more closer to the surface [33] as clearly
shown in Fig. 10. Since the larger vortices would lead to more heat
convection from the heated gas layer to the mainstream, the
increase of the modulating frequency of duty-cycled plasma actu-
ation actually promotes the thermal energy attachment to the sur-
face, with less heat being dissipated to the mainstream. As a result,
the surface temperature would increase more at the higher duty
cycle frequencies of the plasma actuation as shown in Fig. 9(b).
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Fig. 9. Time-histories of the spatially-averaged temperature over the plasma region during the DBD plasma actuation in the continuous mode and the duty-cycled modes
with different modulating frequencies (i.e., fauty-cycte = 1 Hz, 5 Hz, 50 Hz, 100 Hz, and 200 Hz), under a dry test condition of U,, =40 m/s, T, = —5°C and LWC=0 g/m’.

Fig. 10. Phased-locked vorticity field of duty-cycled DBD plasma actuation at ¢ = 127/13 with the duty-cycle frequencies being set at f=5 Hz and 60 Hz [33].

3.3. Anti-/de-icing performances of the plasma actuators in the
continuous mode and duty-cycled mode

In the present study, the ice accretion experiments were also
performed on the airfoil model to evaluate the anti-/de-icing per-
formances of the DBD plasma actuators in the two different actua-
tion modes (i.e., in duty-cycled actuation mode vs. in conventional
continuous actuation mode). Before the icing experiments were
started, the ISU-IRT was first operated at a prescribed frozen-cold
temperature level (e.g., T,, = —5 °C for the present study) for at
least 60 min to ensure a thermal steady state within the ISU-IRT.
Then, the AC-DBD plasma actuators embedded over the airfoil sur-
face were switched on for about 60 s to achieve a thermal equilib-
rium state before turning on the water spray system of the ISU-IRT.
The moment of switching on the water spray system was defined
as t=tp, after which the super-cooled water droplets would
impinge onto the surface of the airfoil model to start the ice accre-
tion process. During the icing experiments, the dynamic ice accre-
tion process and the corresponding surface temperature evolution
over the airfoil surface were recorded simultaneously by synchro-
nizing the high-speed imaging system and the IR thermal imaging
system. Figs. 11 and 12 give the time-evolutions of the dynamic ice
accretion process and the corresponding surface temperature dis-
tributions over the airfoil surface embedded with the two arrays
of DBD plasma actuators (i.e., the plasma actuator in the duty-
cycled mode at fgusy-cycte = 1 Hz on the left side vs. the plasma actu-
ators in the continuous mode on the right side) being operated at
the same power of P=40W. The box in red dashed lines in

Fig. 11(a) indicates the measurement window of the IR thermal
imaging system.

For the ice accretion process in this case, since the airfoil surface
had been heated up before the ice accretion process was started,
when the supercooled water droplets impinged onto the airfoil
surface, the impinged water droplets would be instantly heated
by absorbing the thermal energy generated in the plasma actua-
tion. As can be seen clearly in Fig. 11(a), at the beginning stage
of the ice accretion process, i.e., t =ty + 5.0 s, due to the warm sur-
face of the airfoil model, the impinged water droplets were kept in
the liquid state and transported downstream as driven by the
boundary layer airflow. The corresponding temperature distribu-
tion of the airfoil surface is shown in Fig. 12(a). It can be found that
while the temperature on the left side of the airfoil (i.e., with the
duty-cycled plasma actuation) is obviously above the freezing
point (i.e., Tfeeze = 0 °C), the temperature distribution on the right
side (i.e., with the continuous plasma actuation) is much lower,
with the local temperature around the leading edge being subzero.
As the time goes by, i.e., t = to+20.0 s, while the surface with the
duty-cycled plasma actuation was still free of ice, an ice film was
found to be formed over the surface with the continuous plasma
actuation as shown in Fig. 11(b). It is suggested that the thermal
energy generated in the duty-cycled plasma actuation was suffi-
cient to keep the impinged water droplets warm and in the liquid
state. However, for the continuous plasma actuation, though the
power input was kept the same, the thermal energy generated in
the plasma actuation was significantly reduced due to the lower
voltage input to the plasma actuators. Thus, the thermal energy



Y. Liu et al./International Journal of Heat and Mass Transfer 136 (2019) 864-876 873

Fig. 11. Time-evolution of the dynamic ice accretion process over the airfoil surface (i.e., the plasma actuators in the duty-cycled mode (fgury-cycle = 1 Hz) on the left side vs. the
plasma actuators in the continuous mode on the right side) under the icing condition of U, =40 m/s, T, = —5 °C and LWC = 1.0 g/m°.

generated over the plasma region was not enough to compensate
the heat transfer and the energy requirement to keep the impinged
water in the liquid state. As a result, the surface temperature
around the leading edge was found to be below zero as shown in
Fig. 12(b), leading to the formation of the ice film. As more and
more super-cooled water droplets impinged onto the airfoil sur-
face, while the plasma region on the left side (with duty-cycled
plasma actuation) was always kept free of ice, the ice film formed
on the right side (with continuous plasma actuation) was found to
become thicker and thicker and grow into a large ice structure as
shown in Fig. 11(c) to (f). It should be noted that, while the
upstream icing morphologies were different on the two sides of
the airfoil model, similar rivulets-shaped ice features were found
to be formed in the downstream locations on both sides as shown
in Fig. 11(b) to (f). The formation of these downstream ice features
was essentially caused by the heat transfer (i.e., convective and
conductive heat transfer) that can remove all of the latent heat of
fusion in the surface water rivulets as they transported down-
stream [35].

Based on the corresponding temperature distributions given in
Fig. 12, it can be found that the surface temperature distribution
over the airfoil surface with the duty-cycled plasma actuation
was always kept above zero throughout the dynamic ice accretion
process. While most of the high-temperature spots were still
located at the edges of the exposed electrodes, some “hot water”
channels were also found to be formed over the dielectric surfaces
between the exposed electrodes as clearly shown in Fig. 12(b). The
formation of these “hot water” channels was suggested to be
caused by the extended glow discharge at the edges of the surface
water rivulets as they traveled through the gaps between the
exposed electrodes [40]. As the time goes by, the further impinged
water droplets were found to form into water films and flush over

the plasma region showing a higher temperature distribution as
shown in Fig. 12(c) to (f). Different from that in the duty-cycled
plasma actuation, the temperature distribution on the right side
(i.e., with the continuous plasma actuation) was found to only
change slightly throughout the ice accretion process, with the tem-
perature around the leading edge being kept below zero.

In the present study, various modulating frequencies of duty
cycles (i.e., fauty-cycte =1Hz, 5Hz, 50 Hz, 100 Hz, and 200 Hz) in
the duty-cycled plasma actuation were tested in the ice accretion
experiments to examine the effect of the modulating frequency
of duty cycles on the anti-/de-icing performance of the DBD plasma
actuation. Fig. 13 shows a comparison of the icing morphologies
(after 140 s of ice accretion process) over the airfoil surfaces with
different operational modes of the DBD plasma actuators. It is
clearly seen that, the duty-cycled plasma actuation shows a much
better anti-/de-icing performance (i.e., with the plasma region in
upstream being completely free of ice) in comparison to that of
the continuous plasma actuation. By comparing the icing mor-
phologies formed at the different duty cycle frequencies, it can
be found that along with the increase of the modulating frequency
of duty cycles, less rivulets-shaped ice features would be formed in
the downstream locations as shown in Fig. 13.

Fig. 14 shows the corresponding temperature distributions of
the ice accreted airfoil surfaces given in Fig. 13. It can be found that
while the surface temperature distributions in the cases of the
duty-cycled plasma actuation are much higher than that in the
case of continuous plasma actuation, the increase of the modulat-
ing frequency of duty cycles would further enhance the thermal
effects of the duty-cycled plasma actuation, resulting in a higher
temperature distribution over the plasma region as clearly shown
in Fig. 14. The enhanced thermal effects induced in the duty-
cycled plasma actuation at the higher modulating frequencies are
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Fig. 12. Time-evolution of the temperature distributions over the airfoil surface (i.e., the plasma actuators in the duty-cycled mode on the left side vs. the plasma actuators in
the continuous mode on the right side) with the same power of P =40 W under the icing condition of U, =40 m/s, T, = —5 °C and LWC=1.0 g/m>.

Fig. 13. Comparison of the icing morphologies (after 140 s of ice accretion process) over the airfoil surfaces with different operational modes of the DBD plasma actuators.
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Fig. 14. Comparison of the surface temperature distributions over the ice accreted airfoil model (after 140 s of ice accretion process) with different operational modes of the

DBD plasma actuators.

suggested to be very beneficial in improving the anti-/de-icing per-
formance of AC-DBD plasma actuation to ensure the safer and
more efficient aircraft operations in atmospheric icing conditions.

4. Conclusion

A comprehensive experimental study was performed to investi-
gate the thermal effects induced by duty-cycled DBD plasma actu-
ation for aircraft icing mitigation. A NACAO0012 airfoil model
embedded with DBD plasma actuators was placed in the unique
Icing Research Tunnel available at lowa State University (i.e., ISU-
IRT) for the present study. During the experiments, the airfoil model
was exposed in a typical glaze icing condition (i.e., freestream air-
flow velocity U.. =40 m/s, LWC = 1.0 g/m?, and airflow temperature
of T, = —5 °C), the DBD plasma actuators were operated in two dif-
ferent modes for quantitative comparison, i.e., in duty-cycled actu-
ation mode vs. in conventional continuous actuation mode as the
comparison baseline. The transient thermal characteristics induced
by the DBD plasma actuations in two different actuation modes (i.e.,
duty-cycled actuation mode vs. conventional continuous actuation
mode) were examined quantitatively based on the time-resolved
surface temperature distributions acquired by using a high-speed
infrared (IR) thermal imaging system. The anti-/de-icing perfor-
mances of the DBD plasma actuators under different actuation
modes were also evaluated base on the side-by-side comparisons
of the snapshot images acquired by using a high-speed imaging sys-
tem along with the synchronized IR thermal imaging results over
the ice accreting airfoil surfaces. The effects of the modulating fre-
quency of the duty-cycle actuation on the thermal effects of DBD
plasma actuation as well as the resultant anti-/de-icing perfor-
mances were also explored in this study.

It was found that, with the same power input, the plasma actu-
ation in duty-cycled mode would have a much higher instanta-
neous voltage during the “on” periods of the cycles, in
comparison to the case in the continuous actuation mode. Corre-
sponding to the higher instantaneous voltage supplied to the
DBD plasma actuators, much more thermal energy was found to
be generated, as indicated by the higher surface temperature
increases over the ice accreting airfoil surface for the case with
the DBD plasma in duty-cycled actuation mode. The amount of
thermal energy loss during the “off” periods of the duty-cycles
was found to be rather small in comparison to the amount of the
additional thermal energy generated at the increased instanta-
neous voltage input of the plasma actuator.

By extracting the time-histories of the measured surface
temperature variations during the duty-cycled plasma actuations,

”

evident zigzag features were observed in the temperature
variation profiles for the test cases at low duty cycle frequencies
(e.g., fauty-cyce =1Hz and 5 Hz). It indicates that, while some of
the thermal energy can be freely dissipated by the heat transfer
during the “off” periods of the actuation duty-cycles, a larger
amount of thermal energy would be generated during the “on”
periods of the duty-cycles, resulting in the zigzag features in the
measured surface temperature profiles, corresponding to the alter-
nate “on” and “off” cycles of the plasma actuation. It was also
found that, as the modulating frequency of the duty cycle
increases, the surface temperatures within the plasma actuation
regions would increase faster and have higher temperature values
at the thermal equilibrium state. This is believed to be caused by
the generation of smaller vortices induced by the duty-cycled
plasma actuation at higher duty-cycle frequencies with more ther-
mal energy being concentrated along the surface (i.e., less heat
being dissipated to the mainstream in comparison to that with lar-
ger vortex structures generated at lower duty-cycle frequencies),
allowing more thermal energy to be used to heat up the dielectric/-
electrode surfaces.

In the present study, the ice accretion experiments were also
performed on the airfoil model to evaluate the anti-/de-icing per-
formances of the different plasma actuation modes (i.e., duty-
cycled plasma actuation vs. continuous plasma actuation). It was
demonstrated clearly that, for the same airfoil model embedded
with the same DBD plasm actuators, the anti-/de-icing perfor-
mance of the DBD plasma actuators was found to vary significantly
under different actuation modes (i.e., duty-cycled actuation mode
vs. continuous actuation mode). With the same power input, the
DBD plasma actuation in duty-cycled mode exhibited a much bet-
ter anti-/de-icing performance, in comparison to that in continuous
actuation mode. Since the thermal effects induced by the duty-
cycled plasma actuation can be further enhanced by increasing of
the modulating frequency of the duty cycles, it was utilized to fur-
ther improve the anti-/de-icing performance of DBD plasma actua-
tion. The findings derived from the present study could be used to
explore/optimize design paradigm for the development of novel
DBD-plasma-based anti-/de-icing strategies tailored specifically
for aircraft icing mitigation.
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