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ABSTRACT

The deicing process and its status characteristics of dual-side pulsed surface dielectric barrier discharge (SDBD) are studied via electro-optical
diagnostics, thermal properties, and numerical simulation. Experimental results show that the dual-side pulsed SDBD can remove the glaze
ice compared to the traditional pulsed SDBD under the applied pulse voltage of 8 kV and a pulse frequency of 1 kHz. The maximal tempera-
ture of dual-side pulsed SDBD reaches 39.5 °C under the discharge time of 800 s, while the maximal temperature of traditional pulsed SDBD
is still below ice point about —7.8 °C. Surface temperatures of dual-side pulsed SDBD demonstrate that the SDBD with a gap of 1 mm pos-
sesses prospects in deicing. The maximal surface temperature reaches 37.1 °C under the pulse of 8kV after the discharge time of 90s.
Focusing on the thermal effect, a two-dimensional plasma fluid model is implemented, and the results also indicate that the dual-side pulsed
SDBD with a gap of 1 mm produces a highest heat density among the three different configurations. Comparing the spatial-temporal evolu-
tions of plasma on both dielectric sides, primary positive streamer has a longer propagation length of 8.6 mm than the secondary negative
streamer, the primary negative streamer, and the secondary positive streamer, which induces a long heat covered area. Four stages of deicing
process are analyzed through a series of electrical parameters under different covered ice conditions.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0191124

NOMENCLATURE 2D  Two-dimensional

AC  Alternating current

D; Diffusion coefficient of species, m?/s Greek symbols

D,  Diffusion coefficient of mean electron energy, m?/s I';  Species flux, 1 /(m?s)
GE  Grounded electrode I'.  Power lost by the electrons in collisions, eV/s
HV  High voltage 0s  Kronecker delta function
LMEA  Local mean energy approximation & Relative permittivity
Neparge  Number of charged species &  Vacuum permittivity
Niotar Number of all species i Mobility coefficient of species, m*/V s
n;  Species number density, m™> . Mobility coefficient of mean electron energy, m*/V's
PASSKEy  Parallel Streamer Solver with Kinetics p. Charge density on dielectric surface, C/m*
q;i  Charge, C ®  Electrical potential, V

SDBD  Surface dielectric barrier discharge
Si  Source of species generation and consumption, 1/(m’s)
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Subscripts
Syn Photoionization sources, 1/ (m3s) P
Tgos  Gas temperature, K e  Electron
T. Electron temperature, K i Species
t  Time,s m  Mean electron energy, eV
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I. INTRODUCTION

Ice accretion on the surfaces of aircrafts and wind turbines may
be occurring, when they operate in low temperature and high humidity
environment, which has been widely recognized as a significant safety
hazard.' ” The ice formed on the equipment’s surface will dramatically
alter the original aerodynamic characteristics, which can affect its nor-
mal operation.”” Although a series of strategies has been proposed for
icing mitigation, various drawbacks are still far from being completely
resolved. For example, the electrical heating and gas heating can make
the surface temperature above the freezing point of water, but it
requires much energy.” The aqueous solution may cause environmen-
tal pollutions to soil and water.” The hydrophobic and ice phobic coat-
ing material has been shown that it is inefficient and disabled after
long time operation.” Moreover, the mechanical deicing system may
damage the material and structure.” As a result, it is desperately desir-
able to develop a novel deicing method characterized with low power
requirement, environmentally friendly, and simple design.

Discharge plasma can be generated by the accelerated electrons
collision with neutral species under the effect of applied electric field,
which induces the ionization, excitation, dissociation, and related reac-
tion processes.'”'" Physical and chemical effects are also formed with
the plasma generation, which have been attracted attention in different
application fields, including environmental protection,12 flow control,"”
assisted combustion,'” energy conversion,”” and biomedicine.'® In
recent years, the discharge plasma has been developed to become a novel
anti-/deicing technique based on its thermal effect’” ™’ or shock
wave.”' ** The feasibility of the anti-icing and deicing via surface dielec-
tric barrier discharge (SDBD) is first demonstrated by Meng et al. in the
year of 2016.” Then, a series of experiments indicate that the heat pro-
duced by the SDBD possesses better anti-/deicing performance than the
traditional electric heating film effect due to the extended heated domain
in air.”” Through the modulated voltage waveform,” it is believed that
the modulated alternating current (AC) SDBD possesses an better anti-/
deicing performance than that of the continuous actuation mode under
the same power input due to the high instantaneous voltage. Compared
to the AC power supply in SDBD, the nanosecond pulse shows a better
deicing prospect under the same deposited energy due to the large heat-
ing region.”” To improve the deicing performances, a “stream-wise
plasma heat knife” configuration driven by nanosecond pulse is pro-
posed for anti-icing. The result shows that the novel configuration has a
better performance than the traditional spanwise actuator array.”
SDBD combining with superhydrophobic coatings reveals that the
instantaneous energy utilization rate of the coated actuator at 60s of
deicing process is about 54% higher compared to the uncoated actua-
tor.”” Moreover, the microelectromechanical systems present a clear
advantage for anti-icing than that of traditional SDBD.”” For the mecha-
nism of deicing, an ice bead accumulated on dielectric surface found
that the ice melted faster on the side close to the high voltage (HV) elec-
trode in AC-DBD plasma actuator.” It also found that the thermal
effects and the aerodynamic force play dominant role on the mecha-
nisms of nanosecond pulsed SDBD deicing,”* Furthermore, the DBD-
based plasma analyzed by numerical simulation indicates that the direct
fast gas heating energy transfer from gas to ice/water accumulated on
the surface in each duty cycle plays a key role on icing prevention.”
According to the shock wave effect, a HV electrode and a grounded elec-
trode (GE) are placed inside the ice, which can induce a pulsed spark
discharge and form a strong shock wave to break the covered glaze ice.”
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Furthermore, a shock wave generated by the plasma synthetic jet also
can induce the ice-breaking,” Despite the low energy requirement for
the ice-breaking based on shock wave, there is a limitation in the appli-
cation field. For example, the broken ice may directly enter the aircraft
engine and result in fatal damage. According to these works, it is
believed that the SDBD based on thermal effect shows a prospect for
application in deicing.

Generally, there are three different ice accretion models corre-
sponding to rime ice, mixed ice, and glaze ice. In particular, the glaze
ice is considered to be the most dangerous for normal operation, which
is difficult to remove due to its strong adhesion ability.”” When the tra-
ditional pulsed SDBD is covered by glaze ice, the plasma cannot be
produced on the HV electrode side due to the fact that there is no
enough air inside the ice, and the ice plays a role of dielectric.”® As a
result, the glaze ice covered on traditional pulsed SDBD cannot be
removed effectively. Fortunately, a dual-side pulsed SDBD character-
ized with exposed GE is proposed to address the problem of traditional
SDBD. When the HV electrode is covered with glaze ice, the plasma
can be produced on the GE side. According to the heat generation and
conduction from the GE side, the glaze ice is melted and forms an air
gap. As a result, the plasma can be induced on the HV electrode side,
and the plasma can interact with the glaze ice directly. Therefore, the
covered glaze ice can be melted effectively and rapidly.

Plasma numerical simulation is a suitable method to describe the
micro-characteristics of single pulse discharge including the species evo-
lution and heat generation, which is difficult to be measured via the
experiments.” Although the three-dimension model should have a deep
insight into the visual physical phenomenon, a large computational bur-
den should be addressed.”’ Therefore, a series of two-dimensional (2D)
numerical models is implemented to reveal some puzzles of the dis-
charge process, which has shown prospect in revealing physical mecha-
nism of plasma.’’ For example, a pulsed pin-to-plate discharge
characterized with primary and secondary streamers is studied in the
2D plasma fluid model.”” The various discharge modes of surface dis-
charge and volume discharge in the packed-bed discharge are also ana-
lyzed via the fluid model."” In the SDBD configuration, the traditional
SDBD configuration with plasma evolution has been studied.”
Furthermore, the heat generation and distribution of dual-side pulsed
SDBD should be studied to analyze its effect on the deicing, which can
contribute to improving the selection of SDBD configuration.

In the present work, the experimental and numerical methodolo-
gies are introduced in Sec. I1. In Sec. 1], the deicing process and ther-
mal variation of the traditional pulsed SDBD and dual-side pulsed
SDBD are analyzed. In addition, spatial-temporal evolutions of surface
temperature for the dual-side pulsed SDBD with the three different
gaps are measured to determine the optimal configuration. Then, a 2D
plasma fluid model is built to reveal the thermal effect and plasma pro-
cess on the HV electrode and GE sides. Furthermore, the deicing pro-
cess and its status characteristics are discussed according to the
electrical properties, and methods of single and double phase analysis.
Finally, the main features and future works are summarized in Sec. I'V.

Il. EXPERIMENTAL AND NUMERICAL
METHODOLOGIES
A. Experimental methodology

In order to have a deep insight into the plasma characteristics
and deicing process by dual-side pulsed SDBD, a scheme of
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experimental setup is built, as presented in Fig. 1. A nanosecond pulsed
generator (HVP-20P, Xi'an Smart Maple Electronic Technology Co.
Ltd., China) is utilized to produce plasma. The electrical characteristics
of applied voltage and discharge current are measured via a HV probe
(Tektronix P6015A) and a current probe (Tektronix P6021A), respec-
tively. An infrared imager (FOTRIC 222S) is utilized to monitor the
spatial-temporal evolution of surface temperature for SDBD with a
vertical distance of 20 cm. Also, a digital camera located at a vertical
distance of 30 cm is used to record the plasma morphology, the deicing
process, and the plasma interaction with ice. The detailed description
of dual-side pulsed SDBD configuration is shown in Fig. 1(b). The
configuration consists of a dielectric film arranged with an exposed
HYV electrode and an exposed GE on the two dielectric surfaces. The
dielectric film is made of polyimide with a thickness of 0.25 mm. The
HYV electrode and GE are made of rectangular aluminum foils charac-
terized with dimensions x x y X z=10 x 60 x 0.1 mm. Furthermore,
three gaps (—1, 0, and 1 mm) between the edge of HV electrode and
the edge of GE are developed to analyze the thermal characteristics of
different dual-side pulsed SDBD configurations. The covered glaze ice
can be melted into water during the deicing process. Then, the air will
enter the ice after the water flow out the dielectric surface. In order to
analyze the effect of different phases on deicing status, the whole dis-
charge region in HV electrode side is separated into different domains
with a certain proportion (0%, 12.5%, 25%, 50%, 75%, and 100%) in
Fig. 1(b). These current proportions can indicate the variation trend
effectively. The different proportion in air-water mixture, air-ice mix-
ture, and water—ice mixture can be developed to analyze the effect of
phase proportion on plasma characteristics. For example, the propor-
tion of water-ice mixture is set as 50%, which means that the half
region is filled with water, and another region is filled with ice on the
HV electrode side. The whole deicing process of pulsed SDBD is
implemented inside a refrigerator [Fig. 1(c)], which is utilized to simu-
late the actual ambient temperature. Here, the glaze ice, as a most
harmed ice type, is formed on the HV electrode surface. The glaze ice
is prepared advance, a certain amount of water is put into the corre-
sponding domain of the separated region, and then the whole configu-
ration is placed into the refrigerator to form glaze ice with about 2 mm
or 4 mm in thickness.
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B. Numerical methodology

To get a deep understanding of the heat distribution in the dual-
side SDBD configuration with three gaps (—1, 0, and 1 mm), a 2D
plasma fluid model is proposed. The plasma fluid model is imple-
mented by an open source code of Parallel Streamer Solver with
Kinetics (PASSKEy),”” which has been verified by a series of experi-
mental results, including plasma process, voltage—current characteris-
tics, and electric field evolutions.’® The detailed description of the
simulation model can be seen in Refs. 46 and 47. Here, the drift-diffu-
sion-reaction equations for species, the electron energy equation for
mean electron energy, and Poisson’s equations are shown as follows:*’

8}’1,’ .
E‘FV‘F,‘:S,“FSP;,, l=1,2,...,1\],50,3a]7 (1)
ri=- (%) ,uiniv(p = DiVn;, i=1,2, ~~~7Ncharge> (2)
9 (teem) + VT, = 4T, . V0 - P(e,) (3)
at et-m € |qt‘ e m)s
I'c = pnee,, VO — DV (n.€), (4)
Nenarge
V(a0 V@) = = 3 qini — p.ds, 5)
i=1

where n; and I'; are the number density and species flux of species i,
respectively. S; indicates the source of species generation and con-
sumption from the selected 40 reactions with 18 species (see Table I).
For the selection of kinetic reactions, there are a large number of spe-
cies collision reactions in air discharge plasma. The numerical model
coupled with whole reaction will significantly consume more computa-
tional time. As a result, a reduced kinetic reaction scheme is selected
based on the corresponding pre-simulation and published works. S,
is the photoionization sources, which is calculated through the three-
exponential Helmholtz model. Based on the photoionization, the sur-
face streamer can be described more accurate.”” qi 4> Di, p,, and D,
are the charge, mobility coefficient of species i, diffusion coefficient of
species 7, and rate coefficients of electron impact reactions represented
as explicit functions of mean electron energy (¢,,) based on local mean
energy approximation (LMEA), respectively. @ and P(e,,) are the

A |
(@) e g +(b) HYV electrode y Plaia © 7 7 ©
000 HV pulse O—J g ‘ / , Y
A e © © 1§ 1 g%‘ Kapton //'o / S
Oscilloscope - - = Plasma 10 l_ ‘Y?}rounded
Gap=-1, 0, 1 mm >+ = electrode
: ]Hilq T—M —) 0% Dual-side pulsed SDBD
12.5%
. Ipfra(ried' 25%
imaging devices =
/ Plasma / = ; 2 ; =
/ = 50%
/ y .
y ; — 3
A Digital 75%
:l camera %%
Current probe . \ 4 100%
L Refrigerator o

FIG. 1. Schematic diagram of experimental setup: (a) scheme of the dual-side pulsed SDBD, (b) detail configuration of dual-side pulsed SDBD and different proportion separa-

tion, and (c) deicing system.
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TABLE I. Kinetic reaction scheme of the numerical model.

No. Reaction Rate constant References

R1 e+ N, > Nf +e+te flo, em) 49

R2 e+0,—0f +ete flo, &) 50

R3 e+0,—-0 +0 flo, &m) 50

R4 e+ N, — e + N,(C’I1,) (o, &m) 49

R5 e+0,—e+0+0 flo, &m) 50

R6 e+ 0,—e+0+0(D) f(o, em) 50

R7 e+ N, — e+ N,y(A’S,) 1o, &m) 49

RS e+ N, — e + Ny(B’II,) f(o, em) 49

R9 Ny + N, +N, = Ny + N, 5% 10°% 51

R10 NS + N, +0, = Nj +0, 5% 107% 51

R11 N +0,—0f + N, + N, 25x1071° 51

R12 N +0,— 0 +N, 6 x 107 "1(300/Tgay)™” 52

R13 Of + N, +N, — OIN, + N, 9 x 10°1(300/ Tgs)” 52

R14 OfN, + N, — O +N, + N, 43 x 1071 53

R15 OF N, + 0,—0] + N, 1x107° 53

R16 0y +0,+ N, —Of +N, 24 x 107°%(300/ Tgae)*? 52

R17 0 +0,+0,— 0} + 0, 24 % 107°(300/ Tges)*? 52

R18 e+0f —0+0+0, 1.4 x 107%(300/T.)°° 51

R19 e+0; —0+0 2 x 1077(300/T,) 51

R20 e+0,+0,—0;, +0, 2 x 107*°(300/T.) 53

R21 0, +0; - 0,+0,+0, 1x1077 53

R22 0; +0f + N, = 0, + 0, + 0, + N, 2 % 107 %(300/ Tge)*? 53 g
R23 0, +0; +0,— 0, +0,+ 0, + 0, 2 X 1072°(300/ Tgae)*? 53 ‘%
R24 0, +0f +N,— 0, + 0, + N, 2 X 1072°(300/ Tgae)*? 53 8
R25 0; 4+ 0f +0, — 0, + 0, + 0, 2 x 1072°(300/ Tgye) ™ 53 8
R26 O +Nf =O+N+N 1% 1077 52 3
R27 e+ N — N, + Ny(C’I1,) 2 x 10%(300/T,)** 52 ©
R28 e+ NS = N+N 2.8 x 1077(300/T.)"° 52

R29 N,(C’I,) — Ny(B’Tly) + hv 2.38 x 107 52

R30 N,(C’I,) + N, — Ny(B’TI,) + N, 0.13 x 1071° 51

R31 N,(C’T1,) + O, — N, + 0 + O('D) 3% 10710 51

R32 N*+0,—- 0] +N 28 %1071 52

R33 0" 4+0,— 05 +0 2x 107" 54

R34 O +0—-0,+e 5% 10710 52

R35 0;, +40—-0,+0+e 1.5 x 1071 52

R36 Ny(A’Z) + 0, =N, + 0+ 0 2.5 % 107 ¥(T4,s/300)°° 51

R37 N,(B’Ily) + 0, = N, + 0+ O 3x 10710 51

R38 N,(B'TIy) + N, — NL(A’Z,) + N, 1x107" 51

R39 O('D) +0,— 0+ 0, 3.3 x 10" 'exp(67/Tyas) 51

R40 O('D)+ N, -0 +N, 1.8 x 10~ Mexp(107/Tgy,) 51

electrical potential and the power lost by the electrons in collisions,

respectively. & and &, indicate the vacuum permittivity and relative
permittivity, respectively. p. and J, denote the charge density on
dielectric surface and Kronecker delta function (equal to 1 on the
plasma/dielectric interfaces), respectively. Niop and Nipgge are the
number of all species and charged species, respectively.

Rate constants are given in cm ™%, cm >, and s~ ' for three-body
reaction, two-body reaction, and single-body reaction, respectively.

Tgos and T, indicate the gas temperature and electron temperature
with the unit of K, respectively. The rate constants of electron collision
reaction (R1-R8) are calculated by BOLSIG+.”

A 2D computational domain with a length of 20 mm and a thick-
ness of 5mm for dual-side SDBD with a gap of 1 mm is shown in
Fig. 2. The dielectric is set as 0.25 mm in thickness and a relative per-
mittivity of 4. The HV electrode and GE located on the two dielectric
surfaces are in the same dimension of x x y=10 x 0.1 mm®. For the
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0 5 10 15 20 25 30

0 5 10 15 20 25 30
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FIG. 2. Geometrical model: (a) computational domain and (b) meshes.

selection of mesh, a finer mesh has been adopted for the simulation,
and it consumes more time. The results agree well with the current
works. Considering the computing source and time, A finer mesh of
6 um is used to discretize the domain around the surfaces of electrode
and dielectric because of the large electric field and high species den-
sity. A coarse mesh of 15 um is adopted to the other domain, which
aims to decrease the computational resource. As a result, 691564
meshes are formed in our model of dual-side SDBD. Suitable bound-
ary conditions are required for the numerical simulation. The gas tem-
perature and pressure are set as 300 K and 1 atm, respectively, which
are consisting with experimental conditions. The initial electron den-
sity and electron energy are assumed to be 1 x 10'° m™—> and 0.5eV,
respectively. Furthermore, the pulse voltage for HV electrode is
extracted from the oscilloscope and applied on the HV electrode.

I1l. RESULTS AND DISCUSSION

A. Comparison on the deicing of two pulsed SDBD
configurations

To have a deep insight into the effect of discharge on GE side, a
series of experiments including deicing images, plasma morphology,
and voltage—current characteristics from two configurations of tradi-
tional pulsed SDBD and dual-side pulsed SDBD are presented in
Fig. 3. It can be seen that there is no discharge in the traditional pulsed
SDBD, when the HV electrode is covered by glaze ice [see Fig. 3(a)].
Therefore, the glaze ice is still covered on the surface of SDBD configu-
ration. The reason is that there is no gap inside the covered glaze ice,
and the glaze ice can be regarded as a dielectric.”® As a result, the dis-
charge is difficult to be ignited inside the glaze ice. Therefore, there is
no heat generation in the absence of discharge, which is unable to melt
the glaze ice. Fortunately, the dual-side pulsed SDBD can make an
effective deicing. Because the plasma can be produced on the GE side,
then, the generated heat will transfer into the HV electrode side
through the dielectric. As a result, the covered glaze ice can be melted,
and, thus, air gap will be formed around the edge of HV electrode.
Also, when the ice is melted into the water, some water covered on the
dielectric surface will inhibit the surface plasma. After the water run
away, the air gap will enlarge, and the plasma can be generated. Under
the effect of applied pulse voltage, the plasma can be induced from the
HYV electrode side [see Fig. 3(b)]. After that, the discharge plasma not
only produced on the GE side but also generated on the HV electrode

ARTICLE pubs.aip.org/aip/pof

side. The generated plasma can act directly on the glaze ice, resulting
in the ice melting around the HV electrode more effectively.

In order to have a further insight on the deicing process of two
pulsed SDBD configurations, the electrical characteristics are analyzed,
as shown in Fig. 4. In which, the temporal evolution of discharge
power is calculated from the real-time measured voltage and current
during the deicing process. Compared the discharge current and dis-
charge power of these two pulsed SDBD configurations, the discharge
power almost remains stable for the whole deicing process through the
traditional pulsed SDBD. This phenomenon also indicates that the tra-
ditional pulsed SDBD is unable to realize deicing. Furthermore, the
low discharge power is caused by the slight micro-discharge inside the
covered ice. However, the discharge filaments are not sufficient for
deicing due to the low energy input. It is due to the fact that the dis-
charge is inhibited by the covered glaze ice in the absence of air gap.
Therefore, the current measured by the probe is mainly consisting of
displacement current.”® As a result, the glaze ice is still covered on the
surface of SDBD. However, the dual-side pulsed SDBD shows different
changing rule. The discharge power remains unchanged at the early
stage (before 100s) because the plasma is only produced on the GE
side. As the development of discharge, the covered ice on HV electrode
is melted. As a result, the HV electrode exposed to the air, which can
generate the plasma on the HV electrode side. The discharge power
increases with the increase in plasma area of HV electrode side.

B. Temporal evolution of surface temperature
during deicing process

The thermodynamic images and maximal temperature of deicing
process for two pulsed SDBD configuration are shown in Figs. 5 and 6,
respectively. To deal with the effect of light reflection from the electrode,
the infrared imaging is obtained under the dark environment. The
experimental results show that the maximal temperature is still below
0°C (ice point) from 0 to 500s in the traditional pulsed SDBD, which
indicates that the traditional pulsed SDBD is unable to remove the ice.
Because the traditional SDBD covered by the glaze ice does not possess
an enough air gap, and the ice also plays a role of dielectric. As a result,
the plasma is not easy to be produced, and the glaze ice is unable to be
removed. For the dual-side pulsed SDBD, the maximal temperature
increases into 39.5°C with the discharge time of 800s. It also can be
noted that there is no plasma generation after the glaze ice covered the
HYV electrode side during the initial stage of deicing. The plasma is pro-
duced on the GE side when it is exposed to the air. Based on the fast gas
heating of pulsed plasma in grounded side, the heat can be converted to
the HV electrode side and melt the ice near the HV electrode. It also
noted that a hot spot appears at the edge of HV electrode at the time of
100 s, which indicates that plasma is produced in this region and produ-
ces fast gas heating. As a result, the ice is melted, and the area of high
temperature region increases with the time. According to the direct
interaction of plasma, the covered ice can be melted quickly. As the ice
melts, more plasma is generated in the HV electrode region.

C. Surface temperature distribution in the dual-side
SDBD with three gaps

The heat generated by the dual-side pulsed SDBD plays a critical
role in the deicing performance. Furthermore, it is important to make
high temperature and large heat region on the HV electrode side,

Phys. Fluids 36, 037144 (2024); doi: 10.1063/5.0191124
Published under an exclusive license by AIP Publishing

36, 037144-5

61:62:60 ¥202 Iudy 0¢


pubs.aip.org/aip/phf

Physics of Fluids

(a) De-icing by traditional pulsed SDBD
HYV electrode

ARTICLE pubs.aip.org/aip/pof

10
- 8 Voltage 4
gmmmoicanrdl Grounded side | Covered ice side S 6l Current ‘2¥ 2
Insulation | gﬂ ;‘ 0 g
20 -
o) .
200 0 200 400 600 800 1000
10 Time (ns) -
: 8 Voltage
Covered ice S 6 Current ; -
- = ~
54 05
g2 i
>0 =
Before de-icing 2
0s -200 0 200 400 600 800 1000
Eamsme Time (ns)
10 l6
5 8 Voltage
Covered ice S Current [+ 2
? - =~ r2 e
22 25
3 > 01 L 4
After de-icing ] »

500 s

200 0 200 400 600 800 1000

FIG. 3. Comparison of deicing process,
plasma morphology, and electrical charac-

Time (ns) B o
.. . teristics at 8kV and 1 kHz by (a) traditional
LV eloctiod (b) De-icing by dual-side pulsed SDBD pused SDBD and (b) dual-side pulsed
electrode
Ice . 5 : : lg Voltage B SDED.
, ] Grounded side Covered ice side P L4
Dielectric s > 6 Current z
R R e ey < 4 F2 =
Gap —L 2" 0 B
=2 28
>0 4
Plasma -2 F-6
-200 0 200 400 600 800 1000
Time (ns)
10 ,
3 8 Voltage [
Covered ice S ——Current [4 2
EVVEE R EAAT ) = 2<
o 4 [0 §
g :
e 2 23
AR S >0 L4
Befor e de;—;cmg D) L6
-200 0 200 400 600 800 1000
Time (ns)
10
8 Voltage -
q S Current ; g
EERAV R A AT -
L 05
E
.26
-4

After de-teing

500 s

which is favorable for melting the covered glazed ice. The surface tem-
perature distributions of the dual-side pulsed SDBD with a gap of —1,
0, and 1 mm are shown in . From the results, it can be noted that
the SDBD characterized with a 1 mm gap between the HV electrode

=200 0 200 400 600 800 1000

Time (ns)

and GE possesses a maximal temperature on the HV electrode side
among the three different configurations. The reason is that the surface
plasma produced on the GE side also can generate a fast gas heating

and transfer to the HV electrode side. In addition, a longer plasma
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FIG. 4. Temporal evolution of current peak and discharge power in traditional
pulsed SDBD and dual-side pulsed SDBD.

channel can be formed in the dual-side SDBD with 1 mm gap, which
is favor for the heat generation (see Sec. I1I D in numerical simulation).
Based on the thermal effect of plasma on the HV electrode and GE
sides, a high temperature is obtained in the HV electrode region. It
also shows that the temperature decreases along the streamer propaga-
tion direction. Because a high electric field strength is induced near the
HYV electrode, which is favorable to the ionization and excitation pro-
cesses.”” As a result, more heat is generated around the HV electrode.
The temporal evolution of temperature for five points along the
HYV electrode side is shown in Fig. 8. It can be seen that the tempera-
ture increases with the time and reaches a stable status. The reason is
that more electrical energy is injected into the SDBD configuration
through the fast gas heating of pulse discharge. Furthermore, the heat
accumulation and heat dissipation achieve a dynamic equilibrium in

100 s 200 s

200 s

Max=5‘C S mm | Max=35C

Max=35C

(a) Thermodynamic images of de-icing process by traditional pulsed SDBD
: 300’5 | 200 5 PTIERE
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FIG. 6. Temporal evolution of maximal surface temperature during deicing process
of the traditional pulsed SDBD and dual-side pulsed SDBD.

the pulsed SDBD. The first point possesses a maximal temperature
during the whole discharge process because of the strong ionization
and excitation processes around the HV electrode domain.” The evo-
lution of maximal temperature along the dielectric surface for three
SDBD configurations under different applied pulse voltages is also
studied and shown in Fig. 8. It can be noted that the double-side
pulsed SDBD with a gap of 1 mm possesses a maximal temperature
among the three SDBD configurations. The maximal temperature
reaches 37.1°C at the pulse voltage of 8 kV. Based on the aforemen-
tioned descriptions, the double-side pulsed SDBD with a gap of 1 mm
is selected to deicing in our work due to its high surface temperature
and large covered region.

-13°C

(b) Thermodynamic images of de-icing process by Dual-side pulsed SDBD

Max=35C

FIG. 5. Thermodynamic images during the deicing process via (a) traditional pulsed SDBD and (b) dual-side pulsed SDBD.
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FIG. 7. Spatial-temporal evolution of surface temperature under the pulse voltage of 8kV and pulse frequency of 1kHz for the dual-side pulsed SDBD with the three gaps of

(@) =1 mm, (b) 0mm, and (c) 1 mm.

D. Heat distribution and discharge evolution
of dual-side pulsed SDBD

In order to have a deep insight into the heat generation and dis-
tribution of the dual-side pulsed SDBD with the three gaps, a 2D
plasma fluid model is implemented to study the heat density distribu-
tion after single pulse, as shown in Fig. 9. From the results, it can be
noted that the dual-side pulsed SDBD with a gap of 1 mm shows the
high and large heat density on the HV electrode side. The heat genera-
tion from GE shows a similar distribution along the dielectric surface

among the three different SDBD configurations. This phenomenon is
agreement with experimental measurement in Fig. 7. Furthermore, a
high heat density occurs around the GE, which should be favorable for
the deicing through the heat conduction. The heat produced on HV
electrode side is mainly caused by two discharge processes character-
ized with primary positive streamer and secondary negative streamer.
Furthermore, the heat produced on GE side is also caused by two dis-
charge processes, including primary negative streamer and secondary
positive streamer. These two different discharge processes on HV
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FIG. 8. Temporal evolution of maximal temperature under different applied pulse voltage

(b) GE side.

electrode and GE sides have been measured in Ref. 59, which can be
demonstrated the validity of the plasma fluid model. Here, the relation
between the heat density and plasma process is studied via the numeri-
cal simulation. The spatial-temporal evolution of N,(C’I1) is utilized
to describe the plasma process of dual-side pulsed SDBD, as shown in
Fig. 10. Compared with these two discharge processes, it can be noted
that plasma channel in the HV electrode region possesses a longer
propagation length than that produced in the GE region. The reason is
that the primary positive streamer on the HV electrode side can propa-
gate a longer distance than that the primary negative streamer on the
GE side at the rising edge of pulse. As a result, the HV electrode side
possesses a long heat density and surface temperature domain.
However, the secondary positive streamer produced on the GE side
also occurs after the primary negative streamer. At this time, the
dielectric surface accumulated with a negative charge is regarded as the
cathode, and the GE is regarded as anode.”” When the reversed electric
field reaches the threshold of ionization, the secondary positive
streamer is produced on the GE side.
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for dual-side pulsed SDBD with the two dielectric sides of (a) HV electrode side and

E. Electrical characteristics during deicing process

It is a complex process for the deicing through the dual-side
pulsed SDBD, which involves the plasma interactions and dynamic
evolutions of four phases, including ice phase, water phase, air phase,
and plasma phase. Furthermore, an actual deicing status is difficult to
be monitored during the plasma deicing process in real application. It
should need a series of sensors to monitor the status of covered ice,
which will increase the cost of deicing. As a result, it is meaningful to
determine the deicing status through the simple parameters including
the electrical characteristics. Based on the relative permittivity of differ-
ent medium and experimental measurements of electrical properties,
the methods of single phase and double phases are developed to ana-
lyze the deicing status characteristics.”"

1. Method of single phase analysis

A method of single phase analysis is utilized to reveal the relation
between the discharge status and electrical characteristics, when the

1 (d) .
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FIG. 9. Spatial distribution of heat density after single pulse discharge for the dual-side pulsed SDBD with the three gaps of (a) —1 mm, (b) 0 mm, (c) 1 mm, and (d) spatial evo-

lution of heat density at line of y = 4.05 mm in the HV electrode side and GE side.
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FIG. 10. Spatial-temporal evolution of Ny(C®IT) in the dual-side pulse SDBD with a gap of 1 mm during the discharge process for (a) HV electrode side and (b) GE side.

individual media of air, water, or ice is covered on the HV electrode
side (as seen in Fig. 11). According to the typical variation of electrical
characteristics under different single phase, the deicing status can be
obtained through the corresponding electrical properties. The mea-
sured current and discharge power under air, ice, or water are shown
in Fig. 11. It can be seen that the discharge covered with water pos-
sesses a maximal current peak among the three experimental condi-
tions. It is due to the fact that the water has a largest relative
permittivity (80), which can induce a high displacement current.
However, the discharge power obtained with air has a largest value due
to the reason that the plasma is generated in the two dielectric surfaces.
When the HV electrode is covered with ice, the peak current and dis-
charge power have minimal value under the different pulse voltage.
The relative permittivity of ice is about 3.2,°*"" which is lower than
that of water with 80.°*°” A high relative permittivity will induce a
high electric field. The plasma is only generated on the GE side, when
the ice is covered on the HV electrode side. As a result, the peak

current and discharge power are low under the low relative permittiv-
ity. According to the aforementioned results, it is indicated that the
evolution of discharge power and peak current can be utilized to
describe the deicing status in single phase. However, the electrical char-
acteristics are just obtained in single phase, which cannot reflect the
actual deicing process including the variation of different phases. As a
result, the electrical properties for the mixture of different phases
should be further analyzed.

2. Method of double phase analysis

During the deicing process of dual-side pulsed SDBD, the covered
glaze ice can be melted effectively. Thus, the air, water, or ice could
appear on the HV electrode side. Here, the method of double phase
analysis is developed to analyze the relationship between the electrical
characteristics and deicing status. Plasma deicing is a gradual process,
which indicates that the plasma area on the HV electrode side
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FIG. 11. Evolution of discharge power and peak current for single phase in dual-side pulsed SDBD.
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increases with time. As a result, the whole discharge region of the HV
electrode side can be divided into different domains, which is utilized
to analyze the effect for different proportion of different phases on
electrical characteristics. The proportion of air, water, and ice is
assumed to be 0%, 12.5%, 25%, 50%, 75%, and 100% in double phase
analysis of the whole discharge domain [as seen in Fig. 1(b)]. It can be
noted that the whole model is divided into two parts. These two parts
are covered with different media, resulting in three combinations,
including water—ice double phases, water—air double phases, and ice-
air double phases. When the HV electrode is covered with water and
ice, there is no plasma produced on the HV electrode side due to the
lack of gas environment. Thus, it is similar to that of the single phase
which covered with water or ice. However, the different parts covered

ARTICLE pubs.aip.org/aip/pof

with ice or water possess the different characteristics. Because the rela-
tive permittivity of ice is different from that of water under the differ-
ent frequency, the different relative permittivity induces a different
polarized degree, which can produce various discharge plasma inten-
sity. When the partial domain of HV electrode is exposed to the air,
the plasma can be produced in this region. As a result, the electrical
characteristics of this domain should be similar to that of the single
phase of air. Figure 12 shows the evolutions of discharge power, cur-
rent peak, and reactor capacity under the different proportions in dou-
ble phase mixture status. For the water—air mixture, it can be noted
that the discharge power decreases with the increase in water phase
proportion. It is caused by the fact that the increase in water area leads
to the decrease in discharge plasma area. For the current peak, it
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FIG. 12. Evolution of electrical characteristics under different double mixture of (a) water—air mixture, (b) ice-air mixture, and (c) ice-water mixture.
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decreases before the water proportion is less than 25%. When the
water proportion is greater than 25%, the current peak increases grad-
ually [as seen in Fig. 12(a)]. The reason is that the water possesses a
large relative permittivity (80), which can induce a large reactor capaci-
tor. As a result, the reactor can produce a large displacement current
when the water proportion is greater than 25%. When the water pro-
portion is less than 25%, the plasma area plays a critical role. When
some area of HV electrode is covered by the glaze ice, the discharge
power also decreases with the increase in ice phase proportion in ice-
air mixture status [Fig. 12(b)]. This phenomenon is also caused by the
decrease in discharge plasma area. Furthermore, the current peak
decreases with the increase in ice phase proportion. At this time, the
reactor capacitor does not change significantly under the different ice
phase proportion. The discharge plasma plays a dominant role on the
current peak. When the ice and water are covered on the HV electrode
side [Fig. 12(c)], the discharge power decreases slightly with the
increase in ice phase proportion because more ice covered on the HV
electrode side will reduce the discharge intensity in ground electrode.
At this time, the measured current peak decreases with the high ice
phase proportion due to the reason that the reactor capacity decreases
with the increase in ice phase proportion.

F. Analysis between deicing status and electrical
characteristics

According to the aforementioned single phase analysis and dou-
ble phase analysis, an obvious variation of electrical characteristics for
deicing process in dual-side puled SDBD can be obtained. In order to
analyze the relation between the deicing status and the electrical prop-
erty, a typical temporal evolution of discharge power, peak current,
and maximal temperature is shown in Fig. 13. From the results, it can
be seen that there are four stages during the deicing process. For the
first stage, the plasma is generated in the ground electrode side, while
the HV electrode is covered with glaze ice. At this time, the peak
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current and discharge power are unchanged, and the maximal temper-
ature increases gradually to the ice point (0°C). When the maximal
temperature exceeds 0°C, it transforms into second stage, which con-
tains ice-water mixture. The covered glaze ice is melted into water
through the thermal effect from the plasma in ground electrode side.
At this stage, the peak current and discharge power are enhanced
under the mixture of ice and water. More water covered on the HV
electrode is beneficial for the generation of discharge plasma on GE
side, which can induce high discharge power and current peak.
Furthermore, more water covered on the HV electrode surface will
possess a high reactor capacity,”” which can produce a high displace-
ment current. This variation is according to the aforementioned sec-
tions of water—ice mixture phase. After some water flow away from the
HYV electrode side, the deicing process enters the third stage, including
ice, water, and air mixture. At this stage, the current peak decreases
sharply because the reactor capacity decreases with the reduction of
water. Moreover, the discharge power rises due to the increase in
plasma region. With the increase in plasma domain, the deicing pro-
cess enters fourth stage characterized with increased current peak and
discharge power slightly, which is caused by the fact that the discharge
area reaches a steady state.

IV. CONCLUSIONS

The deicing process and its status characteristics of dual-side
pulsed SDBD are studied through the evolutions of plasma morphol-
ogy, electric properties, surface temperature, and numerical simulation.
The main features are as follows:

(1) When the HV electrode is covered with glaze ice, the maximal
temperature of traditional pulsed SDBD is still below 0°C dur-
ing the deicing process, which indicates that it is unable to pro-
duce the plasma and remove the ice. Compared to the
traditional pulsed SDBD, the maximal temperature of dual-side
pulsed SDBD increases and reaches to 0°C after the operation
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time of 100 s, which means that it can remove the covered glaze
ice effectively. The maximal temperature of the dual-side pulsed
SDBD reaches 39.5°C under the discharge time of 800 s, while
the maximal temperature of traditional pulsed SDBD is still
below ice point about —7.8 °C.

(2) Among the results of dual-side pulsed SDBD with the three
gaps, the SDBD of 1 mm gap shows a high surface temperature
and large covered area through the experiment and numerical
simulation. The maximal surface temperature reaches 37.1°C
under the pulse of 8 kV after the discharge duration of 90 s.
From the analysis of numerical simulation, the long primary
positive streamer of 8.6 mm plays a critical role on the lager
temperature region on the HV electrode side.

(3) Combining the temporal evolution of electrical characteristics
and phase analysis, it indicates that there are four typical stages,
including ice phase, ice-water mixture, air-ice-water mixture,
and air phase in the deicing process of dual-side pulsed SDBD.
The water covered on the HV electrode side induces a high
reactor capacity, which can enhance the current peak through
the displacement current. However, the covered glaze ice does
not have a significant effect on the current peak due to the low
relative permittivity. The plasma area plays a critical role on dis-
charge power and peak current.

This work focuses on the electrical-optical properties and status
characteristics of deicing process by dual-side pulsed SDBD. In the
future work, the mechanism of plasma interacting with ice and water
will be investigated through the experimental measurements and
numerical simulation. Also, the environmental conditions of real anti-
icing and deicing including gas temperature, gas velocity, and gas flow
direction should be considered in the further research, which can pro-
vide references for the practical application.
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