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: Abstract:

i This research investigates the effect of dielectric constant
: variations of insulating materials on the plasma
i characteristics of a dielectric barrier discharge reactor at
i atmospheric pressure. Numerical simulations demonstrate
i that changes in the dielectric constant can significantly
i influence the spatial distribution of the plasma, electric field
i strength, and other key discharge parameters. The results of
i this study are crucial for the optimal design of DBD reactors
i inawide range of applications, including plasma processing,
i ozone generation, and water treatment.
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INTRODUCTION

Cold plasma is a state of matter generated by applying an electrical source to a
gas. In this state, the gas becomes partially or fully ionized, containing particles
such as free electrons, free radicals, ions, and excited atoms [1]. In cold plasma,
electrons accelerated by the applied electric field collide with gas molecules,
leading to ionization, excitation, or dissociation. These collisions result in the
release of secondary electrons from the electrode surfaces, which are accelerated
towards the cathode and reinforce the ionization process. This self-sustaining
mechanism gives rise to a stable plasma [2]. One of the defining characteristics
of plasma is the exceptionally high temperature of its electrons, which can reach
temperatures as high as 10> degrees Celsius. This temperature imbalance is the
defining characteristic of cold plasma and the reason for its name [3].

(DBD)' reactors have emerged as powerful tools for generating cold plasmas
and find diverse applications including air purification, surface coating, and
plasma medicine [4-9]. In these reactors, an alternating electric field is applied
between two electrodes separated by one or more dielectric layers. This electric
field induces localized plasma discharges where various chemical reactions
occur. One of the key parameters that directly influences the performance and
characteristics of these reactors is the dielectric constant of the insulating
materials placed between the electrodes. The dielectric constant, defined as a
measure of a material's ability to store electrical energy, directly affects the
electric field distribution, plasma formation, and other physical phenomena
within the DBD reactor [10].

In this research, the impact of variations in the dielectric constant of insulating
materials on the plasma characteristics generated in a DBD reactor has been
investigated using a detailed numerical simulation model. By altering the
dielectric constant value in the simulation model, the induced changes in the
spatial distribution of plasma, electric field intensity, electron density, electron
temperature, and other key discharge parameters have been analyzed. To achieve
the research objective, the dielectric permittivity was varied within a range of 8
to 12.

' Dielectric barrier discharge
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1. MATH

To accurately estimate the equivalent capacitances in a parallel-plate (DBD)
reactor, two equations are used to calculate the capacitance of the dielectric

barrier, g, and the capacitance of the discharge gap, Cy. These equations are
respectively as follows [11]:

gk, A
c =201 €]
g dg

ok, A
Cy = 2
47 d, @

Equation (3) calculates the gas voltage V, (t) based on the dielectric constants,
the plasma area A, the dielectric thickness d, and the permittivity of free space
(€0)-

Cq
Cq +C,

V(®) = V(0 )

Where V, (t) represents the external excitation voltage.

Electron density and average energy in the plasma can be calculated using an
equivalent electrical network model and solving diffusion-drift equations.

%(ne) + V- ne[-(y.-E)—D,-Vn,] =R, ©))

%(ns) +V-[-(n.(us- E) =D, Vn ]+ E-I, =R, (5)

Equations 4 and 5 introduce the electron density n,, diffusion coefficient D,,
source term R,, flux I}, and energy terms (E - I, and R,). The electron flux is
driven by both the applied electric field and density gradients. The term E - I,
quantifies the energy transferred to electrons from the electric field, while
R represents energy losses due to inelastic collisions as calculated in equation 6
[12].

Q+Qgen

Re = Sen+ (6)
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In which S., is the power loss, Qg is the total heat generation rate per unit
volume, and q is the electron charge [12]. Convective effects of electrons are
neglected.

Electron diffusion, energy dynamics, and energy diffusion are calculated from
the following relations:

D, = T, ™
He = 5/3p, )]
DS = uSTE (9)

In a system characterized by M reactions governing electron population
dynamics and a considerably larger number of inelastic electron collisions P, the
electron source term can be generally defined as [13]:

M
Re = Z Xj k]Nn (10)

j=1

The symbols x;, k;, and N,, respectively denote the mole fraction of the target
species in the jth reaction, the corresponding rate coefficient (in units of m?*/s),
and the total neutral number density (in units of m—)

P
RE = Z X]' ijnneAEj (11)
j=1

where Ag; represents the energy loss of reaction j. By integrating the expression
derived from Equation (12) over the cross-section data, we can determine the
rate coefficients:

[oe]

ke =y f £ 0, ()f (e)de (12)

0

where v = /ZQ/me The equation includes the electron mass m., energy e,

collision cross section ok, and electron energy distribution function f.

The equation below allows us to determine the electrostatic field:
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-V - g0, VV
—) (13)

&o the permittivity of vacuum, and e, the relative permittivity, are used in this
equation.

Equation (14) calculates charge density p, taking into account the specific
plasma chemistry outlined in the model.

Zs qsns = e(Zni - ne) (14)

where g indicates the ionization state of particle s, Z is the atomic number, and
n; refers to the concentration of ions.

When an electron collides with a wall, it can lose energy and become absorbed
by the wall surface. This phenomenon is known as electron absorption.
Additionally, the electron can interact with the atoms of the wall, causing
changes in their atomic structure and resulting in the loss of the primary electron.
In some cases, an electron collision with the wall can cause other electrons to be
ejected from the wall surface and launched into the chamber. This phenomenon
is called secondary emission. The kinetic energy of the primary electron must
be sufficient to detach other electrons from the wall surface. Equations 15 and
16 precisely describe how the electron flux changes as a result of these physical
phenomena. These equations typically include terms that describe the rate of
electron absorption, the rate of production of new electrons, and also the flux of
electrons moving towards the wall [12]:

ne Iy = (1/2Vemne = ) Vo (p1) (15)
P
By solving equation 16,

n- Iy = (5/6Wemntte = ) £p¥p(Ipm) (16)
P
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The additional electrons produced via secondary emission are quantified by the
second term on the right-hand side of equation (15). The symbol yp and V, ;p,
represents the secondary emission coefficient, and denotes the thermal velocity
of electrons. The energy flux associated with secondary emission is represented
by the second term in equation (16), where €p is the average energy of the
secondary electrons.Regarding heavy particles, ions, due to their larger mass
compared to electrons, are less influenced by electric fields. Surface charge
accumulation can also affect the potential distribution near the surfaces and
consequently influence the motion of both electrons and ions.

n - (D; —D;) = ps 17)

Equation (17) provides the differential equation that we solve to find the surface
charge density p, distributed across the surfaces.

dps
dt

=7’l']i+7’l']e (18)

Equation (18) defines the normal components of the total ion and electron current
densities at the boundary, denoted by n - J; and n - J,.

Given that the discharge gap in the studied DBD reactor is significantly smaller
than the dimensions of the electrode plates, a one-dimensional modeling
approach is adopted for simplicity in analysis. By extending the one-
dimensional solution to two dimensions (adding the time dimension) and
employing the finite element method and the one-dimensional parametric
extraction technique (3D visualization of one-dimensional results), the ability to
examine changes in various parameters over time is enabled.

This research examined the effects of varying dielectric barrier constants from
8 to 12 on the physical profiles of a DBD reactor operating at a 740-volt, 51Hz
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sinusoidal voltage.
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Figure 1. Electric field strength as a function of distance (x-axis) versus time (y-axis)
for various dielectric constants: (a) dielectric constant of 6, (b) dielectric constant of 8,
(c) dielectric constant of 10, and (d) dielectric constant of 12.

As observed in Figure 1, the electric field within the dielectric material is
considerably stronger than in the discharge region. The reason for this is that the
surface charges on the dielectric plates hinder the complete penetration of the
electric field into the dielectric material, causing the electric field intensity
within the dielectric to be lower than in the discharge region. In essence, the
surface charges act as a shield, preventing the electric field from fully entering
the dielectric material.
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Figure 2: shows electron density profiles in the discharge area for different dielectric
constants from 6 to 12.

Figure 2 shows two electrical discharges per voltage cycle, one in each half-
cycle. Increasing the dielectric constant from 6 to 12 significantly increases the
maximum electron density within the discharge region to approximately16°to
1710 electrons per cubic meter.
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Figure 3 plots the correlation between the electron current density profiles and the
dielectric constant, showcasing data for values of 6, 8, 10, and 12.

The dielectric constant directly influences electron current density, as
demonstrated in Figure 3. A higher dielectric constant results in increased
electron current density, thereby improving plasma conductivity.

A higher dielectric constant signifies increased material polarization. This
polarization induces an electric field that opposes the external field The decrease
in the effective electric field results in increased electron mobility. Electrons can
move more freely within the material. Enhanced electron mobility corresponds
to a higher electrical current density.
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Figure 4: A comparison of ion current density profiles across the discharge gap for
various dielectric constants from 6 to 12.

The direct proportionality between ion generation rate and ion current density
within a plasma is a fundamental principle.

As the plasma produces more ions, there is a corresponding increase in the
number of charge carriers available to contribute to the overall electric current.
Figure 4 visually supports this assertion by demonstrating a positive correlation
between the dielectric constant of the insulating material and the resulting ion
current density. In essence, a higher dielectric constant facilitates enhanced ion
generation within the plasma, thereby augmenting the ion current density.
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Figure 5 provides extruded visualizations of the average electron energy distribution in
the discharge gap for dielectric constants ranging from 6 to 12.
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Figure 6 presents graphical representations of electron density distribution within the
discharge gap at various time intervals, considering dielectric constants of 7, 8, 9, and

10.
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Despite influencing the electric field intensity and other processes, variations in
the dielectric constant have a minimal impact on the average electron energy. As
depicted in Figure 5, the consistency of the average electron energy suggests
that mechanisms affecting electron energy counteract the effects of changes in
the dielectric constant.

A numerical study was conducted to examine how changing the
dielectric constants of insulating materials affects the properties of plasma
in an atmospheric pressure DBD reactor. The findings revealed that the
dielectric constant is a key factor that significantly influences the spatial
distribution of plasma, electric field intensity, electron density, and other
discharge characteristics.Substantial changes in plasma properties were
observed with alterations in the dielectric constant value. These findings
underscore the critical role of selecting suitable insulating materials with
optimal dielectric constants in the design and performance of (DBD)
reactors. Considering the outcomes of this research, (DBD) reactors can
be designed to achieve enhanced performance in various applications. For
instance, by choosing insulating materials with appropriate dielectric
constants, plasma distribution can be optimized, electric field intensity
can be controlled, and consequently, the efficiency of plasma processes
can be improved. Overall, the results of this study represent a significant
step toward a better understanding of the physical mechanisms governing
(DBD) reactor plasmas and the optimal design of these reactors for
diverse applications.
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