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Abstract

Several methods can be used to model the plasma, especially to solve the Max-
well-Boltzmann equation. In fact, the plasma is treated as a charged fluid in or-
der to have an alternative solution for the resolution of the Maxwell-Boltzmann
equation. This macroscopic model according to the complexity admits two
approximations called Local Field Approximation and Local Energy Approxi-
mation. Consequently, the major objective of this article is to realize a compar-
ative study between these two macroscopic approximations while highlighting
the use of each one. A two-dimensional model of the non-equilibrium discharge
is realized, with the presence of a dielectric barrier while using the COMSOL
Multiphysics program. The results of the numerical simulations showed a re-
markable effect in making the function that relates the average electronic
energy with the reduced field in the case of a Local Field Approximation well
specified. From the study realized, it is shown that when the frequency is in-
creased, the results obtained by the Local Field Approximation diverge at
high frequency, it is also shown that this leads to a Townsend transition to the
streamer discharge mode. Moreover, the results obtained by the Local Energy
Approximation are consistent with those existing in the literature.
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1. Introduction

Cold plasma technology has attracted the attention of several researchers due to
its importance in many fields such as medicine, the industry as well as agricul-
ture and biotechnology, and others [1] [2] [3] [4]. Due to its important chemical
and physical properties, plasma is a micro discharge created by an electric field
between two electrodes that are separated by a dielectric [3]; if a very high cur-
rent is applied to the electrodes, the dielectric’s function is to accumulate charges
on its surface to prevent the formation of an electric arc by weakening the elec-
tric field between the two electrodes [5] [6]. This process is called a dielectric
barrier discharge. This discharge has some interesting characteristics including
the excitation frequency being around kHz, the inter-electrode distance being
around a few millimeters, at least one or both electrodes being covered by a dielec-
tric and the applied voltage being around a few kV. To better understand the influ-
ence of these parameters, a simulation of a two-dimensional model is required.
In addition, there are several research works whose objective is to carry out a
parametric study of the influence of pressure, applied voltage, distance between the
two metal electrodes, frequency or gas [3] [7] [8]. However, before carrying out these
studies, it is necessary to choose the physical model, and in this sense, our work
focuses on how to choose the appropriate approximation to model the discharge

in question, as well as the advantages and disadvantages of each.

2. Modeling of a Dielectric Barrier Discharge

A two-dimensional model of a dielectric barrier discharge is used in this work,
with a single dielectric, in order to better understand the evolution of different
parameters that characterize this type of discharge. Simulations are performed
for different pressures ranging from 60 Torr to 760 Torr equivalent of 1 atm, a
discharge inter-electrode gap equal to 3 mm, and a 1 kV sinusoidal applied vol-

tage at various frequencies between 200 Hz to 50 Hz (Figure 1).
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Figure 1. Simulation model.

The macroscopic model allows treating the plasma as a charged fluid. The
fluid model is more efficient in solving the resulting equations since it describes
the plasma in terms of macroscopic parameters based on a specific form of the

distribution function while taking into consideration the velocity moments of
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the Boltzmann equation, it is also easy to couple the electron dynamics to the
electric field. However, we end up with a set of coupled differential equations
that can be solved using numerical methods. Depending on the desired applica-
tion, this model admits two approximations called “Local Field Approximation”
and “Local Energy Approximation”, which are characterized by physical quanti-
ties such as the density, the average velocity and the average energy of particles

(7] [8] [9].

2.1. Local Energy Approximation

In order to solve the Boltzmann equation, a system composed of three fluid equ-
ations called the moment of Boltzmann equation will be solved to expose the
physical characteristics in terms of mean quantities such as mean density, energy
and velocity to better understand the behavior of the plasma based on the di-
electric barrier discharge [10]. This numerical model of the dielectric barrier
discharge allows solving the second moment of the Boltzmann equation, which
is the conservation equation of mean electronic energy, in a self-consistent way
with the conservation equation of momentum and Poisson and the continuity
equations. Furthermore, this model allows using the mean electronic energy of
the particles to parameterize the transport coefficients, the mean collision fre-
quencies and the electronic energy distribution functions. This is the most de-
manding option in numerical terms, to find the average electronic energy because
of the strong link between the mean electronic energy and the electric fields [7]
[10] [11] [12].

—£+V(T,)=S, (1)
o(n,m.u,)
ot

The continuity Equation (1) can be used to represent the variation rates of the

+V-nmu, =—(V-p,)+an,E-nm.u.yv, (2)

density of charged species, where 7y is the volume mass, S is the source term
that depends on the ionization and T'x is the k-particle flux (k= e, 7refers to elec-
trons and positive ions).

The rate of variation of the electron momentum is described by Equation (2):
where m. is the electron mass, p. is the electron pressure tensor, u. is the electron
drift velocity, E is the electric field, ¢ is the electron charge and v, is the mo-
mentum transfer frequency.

To find the flux term in Equation (2), a different simplification known as the
drift-diffusion approximation is employed in place of the explicit solution of the
first moment of the Boltzmann equation. The ionization and attachment fre-
quencies and the angular frequency are much lower than the angular momen-
tum transfer frequency, the first term on the left side of Equation (2) can be
neglected alternatively, and the second term in Equation (2) can be ignored, by
assuming that the electron drift velocity is less than the thermal velocity. In the
case of a Maxwellian distribution, the pressure term, p., can be replaced by the

Equation (3), where /is the identity matrix and 7. is the electron temperature.
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pe = nekBTEI (3)

Finally, the charged particle flux is given by Equation (4) with ,, D, and F
are the mobility of charged species, the diffusion coefficient and the electric field

respectively

I, =nu, =B-(nu4E-VnD,) (4)

-1 for electrons
+1 forions

The energy conservation Equation (5) is exploited to establish the final ex-
pression for the electron energy density, including the drift-diffusion approxi-

mation. With & the mean electron energy, S_ the energy of the electrons lost

by collisions, I', the mean electron flux energy, u, the electron mobility and
D, the electron flux diffusion coefficient.
o(n.e
(—E)+V(F€)+E-FE:SE (5)
ot
With:

r(‘: = _nSﬂSE _Vé'DS
By applying the Maxwellian electron energy distribution function, the energy

diffusivity Equation (6), energy mobility Equation (7), and electron diffusivity
Equation (8) are determined from the electron mobility.

De = /ueTe (6)
5

=2 7

/'lg 3ﬂe ( )

D, = 4T, )

The following boundary condition results from the concentration of charges
on the dielectric surface, where ¢, and & are the gas’s and the dielectric’s re-

spective relative permittivities.
n-(D,-D,)=p 9)
n-(E —Ee)=p (10)
The fluid equations, where V is the electrostatic potential, &, is the space

permittivity and ¢ is the electron charge, are used to determine the electric field

using Poisson’s Equation (11).

AV =—(n,—n;) (11)

2.2. Local Field Approximation

This approximation is based on the solution of the two Boltzmann transport eq-
uations, the continuity equation and the momentum conservation equation, which

are coupled to the Poisson equation, without needing to solve the energy density
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equation, since this approximation consists of supposing that the distribution
function of the charged particles at a given time and position is the same as that
obtained for a uniform electric field, which corresponds to the value of the field
existing at that time and position, and this considerably reduces the complexity
of the numerical problem. However, when the Local Field Approximation is used;
a function that relates the mean electron energy and the reduced electric field must

be provided (Equation (12)), or it is possible to fix the mean electron energy at

its initial value [7] [9] [11] [13].
E
= F e
& [Nj (12)

In this case, this approximation is conditioned by a balance between the elec-
tron energy gain rate and the energy loss rate; i.e. the energy gained by the elec-
trons due to the electric field is exactly compensated by the losses due to colli-
sions. This is equivalent to an energy equation composed of only the electric
force term and the collisional energy loss term. When this condition is satisfied,
the electrons are in local equilibrium with the electric field, and the mean prop-
erties of the electrons can be expressed as a function of the reduced electric field
[14] [15] [16].

3. Results and Discussion

The results of the simulations carried out in this work are based on the two ap-
proximations that of the local energy and the local field in order to compare them.
The simulations were executed for different values of pressures varying from 60
Torr to 760 Torr, a band of frequencies varying between 200 Hz and 10 kHz,
space of discharge between the electrodes equal to 3 millimeters with a voltage
applied of 1 kV, a temperature of 300 K, the gas used in these studies is the he-
lium, a coefficient of secondary emission of 0.01.

3.1. Low-Pressure Discharge

In a low-pressure discharge, the densities of neutral particles and charged species
are weak, which minimizes the number of collisions between the particles, and
makes the mean free path quite important. This generates a weak or negligible
electric field. This type of discharge is described by the “Townsend mechanism”.
Figure 2 shows the temporal evolution of the electrical characteristics calculated
during two cycles of applied voltage at a low pressure of 60 Torr, a frequency of
the applied voltage equal to 200 Hz and a discharge distance between the elec-
trodes of 3 mm. The results obtained by the two approximations, local energy (a)
and local field (b), show that the current and voltage waveforms present several
peaks per half cycle of applied voltage. The breakdown voltage equals 488V for
LEA while it is less than 100 V for LFA. Indeed, each micro-discharge induces a
current pulse with an average duration of a few tens of microseconds.

Figure 3 and Figure 4 present the results of simulations obtained for fre-

quencies of the applied voltage of 1 kHz and 10 kHz respectively, (a) by the Local
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Figure 2. Calculated discharge current profile (blue) and gas voltage (red) at an applied
voltage of 1 kV (green) at a low frequency of 200 Hz, d= 3 mm and P= 60 Torr.

Energy Approximation (LEA) and (b) by the Local Field Approximation (LFA).
According to the results, the increase of the frequency leads to a decrease of the
number of current peaks at each half-cycle of the applied voltage, in fact, this in-
crease allows the passage from the filamentary regime to the homogeneous re-
gime. With the LEA, more the frequency increases, more the multi-peaks of the
current and of the breakdown voltage are reduced to two peaks for the first
half-cycle and three peaks for the rest. Moreover, the current intensity increases
from 0.15 mA to 5 mA, and the breakdown voltage amplitude reaches 600 V.
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Figure 3. Calculated discharge current profile (blue) and gas voltage (red) at an applied
voltage of 1 kV (green) at a low frequency of 1 kHz, d=3 mm and P= 60 Torr.

Regarding LFA with average electronic energy fixed at its initial value, with the
increase of the frequency of the applied voltage, the current peaks disappear for
the first half-cycle and decrease for the rest, even for the breakdown voltage the
number of peaks decreases during time. However, when increasing the frequen-
cy to 10 kHz the results diverge.

We conclude that the simulation based on the Local Energy Approximation
permits to have results whatever the frequency of the applied voltage, but the Local
Field Approximation diverges at high frequencies.
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Figure 4. Calculated discharge current profile (blue) and gas voltage (red) at an applied
voltage of 1 kV (green) at a low frequency of 10 kHz, d=3 mm and P= 60 Torr.

3.2. High-Pressure Discharge

With more interactions between particles and a smaller mean free path, the
high-pressure discharge produces larger species densities. Because of this, the
electric field is significant and has a big impact on how the gas breaks down.
This is known as the “streamer mechanism”. Figure 5 presents the electrical
characteristics calculated when applying two cycles of the voltage at atmospheric
pressure (760 torr). The simulation results with an inter-electrode distance of

3mm diverge with the Local Field Approximation. For this reason, the rest of the
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Figure 5. Calculated discharge current profile (blue) and gas voltage (red) at an applied
voltage of 1 kV (green) at a low frequency of 200 Hz, d= 0.1 mm and P= 760 Torr.

simulations are done with a discharge distance equal to 0.1 mm. per each half
cycle of applied voltage, the electric current obtained by the two approximations
admits a single peak.

Figure 5 and Figure 6 show the results of simulations with an applied voltage
frequency of 200 Hz and 1 kHz, respectively. These results demonstrate that as
the applied voltage frequency rises, the intensity of the discharge current pro-
duced by the two approximations of local energy (a) and local field (b) also rises.

whereas the breakdown voltage keeps the same shape with the same amplitude.
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Figure 6. Calculated discharge current profile (blue) and gas voltage (red) at an applied
voltage of 1 kV (green) at a low frequency of 1 kHz, d= 0.1 mm and P= 760 Torr.

Generally, the triggering of a discharge occurs when its voltage exceeds the
breakdown voltage imposed by the gas (here helium), and ends when its voltage
becomes lower than the rupture voltage. The peaks are exposed due to the ac-
cumulation of several discharges in the same voltage cycle as shown in Figure 7,
However, the voltage goes to the rupture voltage. As the voltage increases, the
applied voltage also increases with each cycle due to the surcharge at the barrier
dielectric. Therefore, the previous treatment improves the gap and involves sev-
eral peaks in a single cycle. On the other hand, the voltage cycle time interval al-
so plays an important role at higher frequencies and exactly when the time be-

tween cycles is insufficient so the discharge does not show multiple breakdowns.
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Figure 7. Calculated discharge current profile (blue) and gas voltage (red) at an applied
voltage of 1 kV (green) at a low frequency of 10 kHz, d= 0.1 mm and P= 760 Torr.

4. Conclusions

A numerical analysis of a dielectric barrier discharge is carried out using a 2D
fluid model in this work. The principal objective of this work is to compare the
two macroscopic approximations, the local energy and the local field, as well as
the influence of the applied voltage frequency and pressure on the electrical
characteristics of this discharge. The results of the simulations obtained show how
important it is to take the energy equation into consideration. However, the choice

between the two approximations depends on several parameters such as the cal-
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culation time, the precision of the desired results and many others.

Additionally, it has been discovered that when the applied voltage frequency
rises, the maximum amplitude of the discharge current likewise rises. This in-
crease also leads to a decrease in the number of peaks per half cycle of applied
voltage; thus, leading to a transition from the filamentary to the homogeneous
regime. Furthermore, the inability of the Local Field Approximation to produce
results for high frequencies can be explained by the loss of the critical condition
for its performance during the simulation, which is local equilibrium. The elec-
tronic energy gain rate caused by the electric field is not in balance with the

energy loss rate.
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