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In order to better analyze the characteristics of particle distribution and its influencing factors in the ionized space
during the process of coaxial dielectric barrier discharge, a self-designed two-dimensional axisymmetric structure exciter
was used to carry out optical diagnosis, with the electron temperature calculated through Gaussian fitting. A plasma model
was applied to conduct research on the discharge process through numerical simulation, with the changes in electron density
and electron temperature were analyzed by using different discharge parameters. The research results show that with an
increase in discharge voltage, pressure inside the reactor and relative permittivity, the discharge process is promoted. In
addition, a rise in current density leads to an increase in the number of charged particles on the surface of the medium during
the discharge process, while a rise in discharge intensity causes an increase in the electron density. Electron temperature
decreases due to the increased loss of collision energy between particles. These results were confirmed by comparing

experimental data with simulation results.

Keywords: dielectric barrier discharge, particle distribution properties, electron density, electron temperature
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1. Introduction

According to some research, non-equilibrium plasmas
are applicable in a wide range of fields such as medical ser-
vices, aerospace, environmental protection and agricultural
production.!"? They can be generated by glow discharge,
corona discharge, dielectric barrier discharge (DBD) and so
on.331 Among various discharge technologies, DBD provides
one of the most effective solutions to the generation of low-
temperature non-equilibrium plasma under atmospheric pres-
sure. Capable of working under high pressure and at a wide
frequency range, it meets the requirement for use of plasma
discharge technology under high pressures, playing an im-
portant role in the industrial application of low-temperature
plasma. [©-8] Therefore, many scholars have already carried out
research on how the characteristics of a DBD would be af-
fected by the parameters of the DBD actuator structure, dis-
charge parameters, working conditions and other factors.[*-!1]

In the process of DBD, it is worth paying attention to the
selection of dielectric materials, the structure of the discharge
space and the size of the input voltage as these factors can
affect the ionization characteristics of particles.!'?! Judée et
al.'"3) compared the plasma parameters of the jet part of the
exciter of a single dielectric layer DBD and a double dielec-
tric layer DBD so as to analyze their ionization characteris-
tics and the factors influencing plasma jet length and ioniza-
tion velocity. However, no consideration was given to the law
governing the influence of different parameters on the charac-

fCorresponding author. E-mail: chenlei @sau.edu.cn
© 2023 Chinese Physical Society and IOP Publishing Ltd
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teristics of ionization inside the exciter.!'3] Barkaoui et al.l'¥]
studied the effects of aerodynamic parameters and input volt-
age of gas on a plasma jet to analyze the effect of gas veloc-
ity on the electric field and electron density in the course of
propagation. Despite this, no analysis was conducted on the
characteristics of particle ionization in the exciter.l'* Bai et
al.'" investigated the thermodynamic reaction process of a
nanosecond pulsed DBD to analyze how to produce important
substances when methane and carbon dioxide are introduced,
with the generation of these substances described in detail.
However, little attention was paid to analyzing the final re-
sult of ionization.!'> Wang et al.['®) conducted a study on the
characteristics of multi-current pulse dielectric layer discharge
with a ring electrode under atmospheric pressure. In this study,
the effects of different current pulses on ionization charac-
teristics in the same cycle were described. They analyzed
the patterns of variation in discharge mode, current density,
electron density and electric field when the number of current
pulses was changed. However, they did not take into account
how the structural parameters of the physical model would af-
fect the characteristics of ionization.!'®) Wang et al.!'”l used a
one-dimensional fluid simulation model of a He/N, dielectric
blocking discharge with parallel plate electrodes to investigate
the law of the effect of different gap widths, secondary electron
emission coefficients and driving frequencies on the charac-
teristics of the multi-current pulse discharge and transition of

the discharge mode. The process of discharge mode transition
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was further explored when the parameters changed, but the ef-
fect on the particle discharge characteristics was ignored.!!”]
Apart from assisting the effort to establish the correlation be-
tween the structural parameters, working parameters and per-
formance indices of the discharge exciter, the results of quali-
tative and quantitative analyses of the internal working process
and its influencing factors also provide a crucial reference for
the design and development of the discharge exciter and ac-
celerate the development cycle. It is thus necessary to reveal
the rationale of the DBD exciter and identify its influencing
factors. In addition, simulation of the plasma must be per-
formed progressively because setting the actual working con-
ditions directly often leads to error and hampers troubleshoot-
ing. Given the relative simplicity of the reaction kinetics of Ar,
we first study Ar in this paper to summarize the law applied to
setting the practical conditions of simulation and application
for reference.!'8] However, most of the current plasma sim-
ulations are one-dimensional. Unlike two-dimensional sim-
ulations, they ignore the distribution of particles in the axial
direction, which results in inaccurate simulation results. 19211

To solve this problem, the internal discharge process and
operating characteristics of a DBD exciter are taken as the re-
search object of this paper, with Ar as the carrier gas. The
purpose is to explore the effect of different voltages, pressures
inside the reactor and relative permittivities on the character-
istics of ionization under atmospheric pressure. The distribu-
tion laws of electron density, potential and electron tempera-
ture are also analyzed. This helps address the shortcoming of
one-dimensional simulations.

2. Experimental details
2.1. Experimental setup

The experimental setup is illustrated in Fig. 1. The plasma
generator shown in the figure is a coaxial DBD device inde-
pendently developed by our group. As its components, the
central electrode is made of purple copper with a diameter of
7 mm and a length of 65 mm, the insulation layer is made of
polytetrafluoroethylene (PTFE) with a relative dielectric con-
stant of 2.55, the shell is made of 304 stainless steel with a
discharge gap of 2 mm and the CPT-2000K low-temperature

r L_
— ~— Computer
Probe

Plasma generator
Pl
) 0
a Oscilloscpe

Power Spectrometer

Fig. 1. Schematic diagram of the experimental setup.

plasma power supply produced by Nanjing Suman is purposed
to power the DBD device. The voltage and current wave-
forms generated during the experiment were recorded using a
Tektronix-TDS1002 digital oscilloscope. A MX2500+ multi-
channel spectrometer was employed to record the spectral in-
formation and transmit the spectral data to the computer in real

time, facilitating both observation and recording.

2.2. Spectral diagnostic method and calculation of electron
density

Figure 2 illustrates how spectral acquisition was per-
formed. With the fiber optic probe fixed at a distance of 30 mm
from the DBD device, the axis of the fiber optic probe and the
DBD device were kept aligned during the experiment. Also,
the spectral information on the plasma generated by the DBD
was collected by the spectrometer.

Gas pipeline

a gen erator

Probe

Fig. 2. Physical diagram of spectral acquisition.

For the spectral lines of non-hydrogen-like atoms, the
Boltzmann slope method was used. For the two emission spec-
tral lines at wavelengths A; and A;, the ratio of their intensities
is expressed as

Ey—Ey

exp e, ey

h_JagAr
L g4

where [ is the intensity of the emitted light, k is the Boltzmann
constant, g is the statistical weight, A is the Einstein coefficient
of the spontaneous radiation, E is the excitation energy of the
spectral line and 7; is the electron excitation temperature. By
taking logarithms for both sides of the above equation, the col-

lation yield is obtained as

5040(E, — E») @
¢ A b A
A2 b X

where the values of excitation energy E are obtained from
the atomic spectra database, g and A are obtained from the
National Institute of Standards and Technology table of leap
odds and the spectral intensity / is measured using a spec-
trometer. Thus, the electron excitation temperature can be cal-
culated by measuring only the spectral intensities of the two
emitted lights with wavelengths A; and A,. To calculate the
electron excitation temperature using Eq. (2), the following re-
quirements need to be met. Firstly, the light emission of both
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spectral lines must be proportional to the ground state Bour-
get number. Secondly, the two excited states undergo a known
electron collisional excitation process. Thirdly, the leap is sub-
jected to no radiative capture. Fourthly, the two excitation en-
ergies are basically identical. Fifthly, there is no variation in
the leap probabilities and other de-activation steps of the two
spectral lines with the change of the plasma. Lastly, the ex-
citation processes of the two spectral lines are related to the
electron energy at the same level. By introducing the natural
logarithm of the intensity relationship of the emitted light and
inputting the values of k, the following formula is obtained:

I 5040
(=) =-="E+C.
n(gA) T +C 3)

According to Eq. (3), if a series of In(IA/(gA)) values corre-
sponding to the excitation energy E of each spectral line are
plotted as coordinates, it is theoretically possible to obtain a
straight line with a slope of —5040/T;. Thus, the electron ex-
citation temperature 7; can be calculated.

3. Simulation model
3.1. Physical model

Figure 3 shows a three-dimensional model of the coaxial
dielectric blocking discharge. As can be seen from the fig-
ure, the AC is connected to the central electrode, the dielectric
layer covers the surface of the central electrode and the ground
electrode is connected to the metal shell. The diameter of the
central electrode is 2 mm, the thickness of the dielectric layer
is 1 mm, the thickness of the metal shell is 1 mm and the dis-
charge gap between the dielectric layer and the metal shell is
2 mm. PTFE is taken as the dielectric material, and has a rel-
ative dielectric constant of 2.55. A sinusoidal AC voltage is
applied between the central electrode and the metal housing

U = 10000[V] x sin (27 fot) . (4)

The discharge frequency fy =10* Hz. The discharge gap is
filled with pure Ar gas, the temperature of which is set to
300 K, and the pressure inside the reactor is set to 1 atm. The
initial electron density is set to 10'® m~3 and the initial average

electron energy is set to 4 V. Due to the large computational
volume of the actual three-dimensional model, the model is
simplified into a two-dimensional axisymmetric model in this
paper for improved efficiency of computation. Figure 4 shows
the simulation model used in this study. According to the fig-
ure, the dielectric layer width x = 1 mm, the discharge gap
d =2 mm and the length L = 8 mm.

Central electrode

Media material Metal shell

Discharge gap

Fig. 3. Three-dimensional model of the coaxial medium blocking discharge.

Dielectric layer

d

Fig. 4. Simulation model.

3.2. Chemical model

The kinetic reactions that occur when the dielectric bar-
rier is infused with gas discharges are highly complex. At
present, there remains a lack of clarity on the influence of the
interactions between different particles on the results. The re-
action kinetics of Ar plasma is far less complex than the reac-
tions of gas in the ionization process. The mechanism of Ar
plasma reaction is shown in Table 1, with four types of parti-
cles, namely, e, Ar, Ars and Ar™, involved in a total of seven
different reactions.

Table 1. Argon plasma reaction mechanism.

Reaction no. Reaction Collision type Rate constant®” Energy loss A€ (eV)
1 e+ Ar=e + Ar elastic ke
2 e+ Ar=¢ + Ars excitation ken 11.50
3 e+ Ars=e + Ar excitation ke3 -11.50
4 e+ Ar=2e + Ar" ionization kea 15.80
5 e + Ars=2e + Ar" ionization kes 4.427
6 Ars + Ars=e + Ar + Art penning ionization 3.3734 x 108
7 Ars + Ar= Ar + Ar metastable quenching 1807

aRate coefficients ke _s are computed from the cross section ¢ and electron energy distribution function!?? and the unit is m3-s~!.

1

bRate coefficients of reactions 6 and 7 are in units of m3-s~'-mol .
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3.3. Mathematical models

The transport equations for electrons during the model
calculation are formulated as follows:

dane
%+V.Q:Re—(u-V)ne, 5
one
= +V-IL+E-Tz =Re — (u-V)ng, (©)

where n. and ng are the electron number density and electron
energy density, E is the electric field strength in the discharge
space, R. is the electron rate expression, R; is the energy loss
due to inelastic collisions, u is to the mass-averaged flow rate,
I; is the electron flux and I is the electron energy. The R, and
R are calculated as

M
Re = Z Cjkeannea (7N
j=

—_

R: = cjkeanneAsj, (8)

~
I

where k.; is the reaction rate coefficient, c¢; is the molar con-
centration of reactants in the jth reaction, N, is the number
density of neutral particles and Ag; is the energy loss during
the reaction.

Based on the drift-diffusion approximation, the electron
flux and energy flux are calculated as

I_é:_(.uve'E)ne_De'Vnev )
Ie = —(Ue-E)ng —De - Ve, (10)

where L. is the electron mobility, . is the electron energy
mobility, D, is the diffusion coefficient of electrons and Dg is
the energy diffusivity of electrons.
The electron temperature is calculated with the equation

of conservation of electron energy

on

= TV e =S (11)
The electric field E is governed by Poisson’s equation, which
is related to the potential V

E=-VV. 12)
The boundary conditions for the electrons on the solid wall are

1 8kT:
L2 0 Y 0m) + e, (13
i

ne-I'e =
A ) e

where n is the unit normal vector on the surface of the medium,
% is the secondary electron emission coefficient, ¢ is the
switching function associated with E and o being the switch-
ing function associated with n.

4. Results and analysis

In this paper, finite element analysis is conducted to ex-
plore the discharge characteristics of a coaxial DBD. To begin
with, the particle discharge process is studied under a specific
working condition. Then, the effect on the particle distribu-
tion in the DBD process is analyzed by changing the discharge
voltage, dielectric layer material and air pressure, respectively,
through the control variable method.

4.1. Discharge characteristics of particles in four cycles

In an atmosphere of pure Ar gas, the AC voltage is set to
10 kV and PTFE is taken as the dielectric layer material (rela-
tive permittivity 2.55). On this basis, the voltage and current,
and electron density and electron temperature distribution are
studied in one cycle to analyze the connection between them.

Figure 5 shows the voltage and current waveforms in four
cycles. According to the figure, there is a one-off change in
the direction of the sinusoidal AC voltage and current in one
cycle, and the numerical magnitude of the voltage and current
first increases and then decreases over time in the same direc-
tion as the discharge. Since the voltage and current waveforms
in the four cycles are identical, the laws of electron density and
electron temperature changes are studied for only one cycle in
the following sections. Figure 6 shows the spatial distribu-
tion of electron density at a certain point in time. Since the
electron density and electron temperature at any moment vary
in each position in space, the average of electron density and
electron temperature in space at each moment is taken as the
electron density and electron temperature at that moment. This
method is used to calculate the magnitude of electron density
and electron temperature in the numerical simulation section
of this paper. Figure 7 shows the variation of electron density
and electron temperature in four cycles over time. As shown
in the figure, electron density increases sharply and reaches its
maximum in the initial stage of the discharge; this is because
the electrons absorb energy and collide with Ar atoms under
the action of an electric field, thus producing a large number of
sub-stable Ar atoms. The density of sub-stable Ar atoms also
increases rapidly. When the voltage decreases gradually, the
energy absorbed by the electrons diminishes, which causes a
gradual decline in the number density of sub-stable Ar atoms.
During the period 80—100 us, the particles increasingly aggre-
gate on one side of the discharge. When the voltage is applied
continuously, the energy absorbed by the electrons increases
and the number of particles produced becomes larger, which
means the electron density rises. In the initial stage of the dis-
charge, the electron temperature rises at an extremely fast pace
because of the energy generated after numerous electron colli-
sions. However, in the period 60-80 ps, the energy consumed
by the collisions between particles exceeds the energy released
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by ionization, which reduces the electron temperature.'>3! Fig-
ure 8 shows curves of the electron density and total capacitive
power deposition with time. It can be seen from the figure that
fluctuation of total capacitive power deposition occurs twice
per cycle. The discharge process provides the energy required
to excite the DBD, the discharge energy drives the generation
of plasma active material in the discharge air gap and the en-
ergy is partly stored in the dielectric layer. The particles col-
lide with each other due to the applied electric field, with a
large number of free electrons and ions generated. As a result,
electron density increases.

— Applied voltage
— Current, terminal

1.0 FL.O
> <
S 051 05 =
g 01 o
) 3
> 0.5 -
= —0.51 =22 5
=2 5
2, g
& 1.0 =10 5

0 100 200 300 400
Time (ps)

Fig. 5. Voltage and current waveforms.

X106
o”? - 3.5
CDE 3.51 :2_8
:C.i 3.0 i
< 25 2.1
2.0 1.4
20 [
< 1.5 -0.71
5 1.0 -0
v 0.5 )
2
& 0

Fig. 6. Spatial distribution of electron density.
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© 1<
=) L2.0 2
2 3 =
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Fig. 7. Change in electron density and electron temperature.
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g L0.05
E
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Fig. 8. Change in electron density and total capacitance power deposition.

4.2. Effect of voltage on discharge characteristics

With other conditions unchanged, a study was conducted
on the effect of voltage on electron density and electron tem-
perature when the AC voltage increases from 10 kV to 15 kV.
Figure 9 shows the variation of electron density with voltage.
As can be seen, the energy absorbed by the particles in the
electric field increases with the gradual rise in voltage. Mean-
while, the collisions become more violent, the number of elec-
trons produced increases and the maximum value of electron
density rises from 6.36 x 10" m—3 to 8.31 x 10'® m—3.

— U=10 kV
8.0r — U=11kV

— U=12 kV

— U=13kV
6.0 - — U=14 kV

— U=15kV
4.0F

Electron density (106 m—3)
n
o
T

e
T

1
0 20 40 60 80 100
Time (us)

Fig. 9. Change in electron density at different voltages.
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. — U=11kV
N — U=12kV
o 20F — U=13 kV
g —U:14kV
E —U=15kV
8 1.5F

)

[o})

g

)

< 1.0F

[=]

o

i

2

Ej 0.5 :‘

0 20 40 60 80 100
Time (us)

Fig. 10. Change in electron temperature at different voltages.
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Figure 10 shows the change in electron temperature with
voltage. As can be seen, with the increase in input voltage,
the electron temperature shows an overall increasing trend and
its maximum value also rises gradually. This is because the
collisions between the particles absorbing energy intensifies
continuously, thus leading to a rise in temperature.

4.3. Effect of dielectric layer material on discharge char-
acteristics

With other conditions unchanged, variations of discharge
characteristics were analyzed by changing the dielectric layer
material. For teflon, silica and quartz as dielectric layer mate-
rials, the relative permittivities are €efon = 2.55, Esilica = 3.9
and €guar, = 4.3.

Figure 11 shows the variation of electron density with
relative permittivity. It can be seen from the figure that the
electron-dense region expands with increase in the relative
permittivity. This is because when the dielectric blocks dis-
charge, the dielectric layer acts as a capacitive element in the
circuit to store the electric field energy, and the capacitance
of the capacitive element increases when the relative permit-
tivity increases. The relationship between the capacitance C,
the charge ¢ and the voltage u of the capacitive element is ex-
pressed as

(14)

8.0r

6.0r

4.0

20r

Electron density (10'6 m~3)

20 40 60 80 100

ot

Time (ps)

Fig. 11. Variation of electron density at different relative permittivities.

Given a certain through voltage, the larger the capacitance
C, the higher the charge ¢ and the greater the current density.
Therefore, the current density increases with increase in the
relative permittivity, which increases the number of charged
particles on the surface of the dielectric during the discharge
process, thus expanding the range of electron density distri-
butions for which the dielectric blocks discharge. Figure 12
shows the variation of electron temperature with relative per-
mittivity, and Fig. 13 shows the spatial distribution of electron
temperature given different relative permittivities. It can be
seen from the figures that the high-temperature region grad-
ually approaches the cathode region with increase in relative
permittivity, while the maximum value of electron temperature

gradually decreases. This is because the intensity of electric
field in the cathode region rises as the relative permittivity in-
creases. In this case, the electrons have more energy to collide
with each other, and power loss increases accordingly. Also,
there is a gradual decrease not only in the width of the cath-
ode glow region but also in the maximum value of electron
temperature.

1.5

0.5

Electron temperature (eV)

0 20 40 60 80 100
Time (us)

Fig. 12. Variation of electron temperature at different relative permit-
tivities.
€ =2.55
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Fig. 13. Spatial distribution of electron temperature at different relative
permittivities.

4.4. Effect of pressure inside the reactor on discharge
characteristics

With the other parameters unchanged, the effect of air
pressure on electron density and electron temperature distri-
bution was analyzed by changing only the pressure inside the
reactor. Figure 14 shows the change of electron density with
discharge pressure inside the reactor. According to this figure,
the electron density increases significantly when the discharge
pressure inside the reactor is raised from 1.0 atm to 1.2 atm.
This is because when the density of the gas rises, the free range
between the particles is narrowed, the number of collisions be-
tween individual particles increases and the collision leads to
the generation of more particles. That is to say, the electron
density increases.

The variation of electron temperature with discharge time
is shown in Fig. 15. As the discharge pressure inside reactor
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increases from 1.0 atm to 1.2 atm, the electron temperature
shows a decreasing trend. This is because the rise in the num-
ber of collisions between individual particles increases energy
consumption, thus reducing the electron temperature.

P=1.0
1.0F P=1.1 atm
P=1.2

0.8}

04}

0.2}

W

Electron density (107 m~3)

0 20 40 60 80 100
Time (us)

Fig. 14. Change in electron density under different pressures inside the
reactor.

Electron temperature (eV)

0 20 40 60 80 100

Time (us)

Fig. 15. Change in electron temperature under different pressures inside
reactor.

4.5. Processing of experimental results

The spectral data for a DBD can be obtained by using a
spectrometer and plotting a characteristic spectral map. Since
the distribution of Ar atoms ranges between 680 and 850,
some of the data are selected for Gaussian fitting, as shown
in Fig. 16. The slope of this image is clearly observable, and
has a value of —5040/T;. Furthermore, the numerical mag-
nitude of the electron excitation temperature can be obtained.
With the other parameters related to the experiment kept con-
stant, the discharge voltage is adjusted to determine the varia-
tion of electron excitation temperature with discharge voltage,
as shown in Fig. 17. Through a comparison with the simula-
tion results, it is found that the experimentally measured elec-
tron excitation temperature changes with voltage in the same
way as in the simulation, so the temperature of electron excita-
tion increases with increase in the voltage. However, there is a
disparity between the experimental and simulation data due to
errors in the process of experimental measurement. The errors
are within the allowable range.

Equation y=a+bx
—1+ . Weight No weighting
Intercept 16.71579+4.50757
™} Slope —1.46192+0.33084
—21 Residual sum of squares 1.9862
Pearson’s r —0.84224
—~ R-square (COD) 0.70937
g —34 " Adj. R-square 0.67304
~ n
,<
= 4
= -
=
_5-
n
— 6
T T T
13 14 15
E
Fig. 16. Gaussian fitting diagram.
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Fig. 17. Trend of changes in electron excitation temperature with voltage.

5. Conclusion

In the present work an investigation was conducted into
the effects of voltage, pressure inside the reactor and dielectric
layer material on the characteristics of particle discharge dur-
ing the course of a coaxial dielectric blocking discharge. The
main conclusions of this study are as follows.

(1) As the input voltage rises, the potential of the dis-
charge gap increases, the particles absorb more and more en-
ergy, the collisions become intensified, the number of particles
generated increases with more energy released and there is an
increase in both electron density and electron temperature.

(2) With change in the dielectric layer material, the num-
ber of charged particles in the dielectric layer increases with
the relative permittivity, the electron density rises and the elec-
tron temperature decreases due to the increase in energy loss
caused by the collisions.

(3) With a gradual rise in pressure inside reactor, the gas
density increases, which causes the number of particle colli-
sions to increase. Meanwhile, the electron density increases,
while the electron temperature gradually declines due to en-
ergy consumption between the particles.
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