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ABSTRACT

A one-dimensional fluid model is developed to analyze the effects of temperature and pressure on the characteristics
of radiofrequency dielectric barrier discharge plasma. The model is run for an argon-helium mixture, in order to plot the
maximum peak values of electron temperature, electric field strength and various species densities including electrons,
atoms, ions and excited species as a function of plasma temperature in the range 300-550K, and as a function of plasma
pressure in the range 0.2-1atm. The results show that an increase in the plasma temperature leads to an increase in electron
temperature and electron density, and a decrease in electric field strength and non-electron species densities. In addition,
an increase the plasma pressure leads to a decrease in electron temperature, an increase in electric field strength, and an
increase in all species densities.
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in cold and non-equilibrium plasma generation®.Modeling and
simulation as well as experimental studies of discharge plasma have
been performed for a variety of working gases, including methane,
argon, oxygen, nitrogen, air, helium, and air!!?,

For example, Khadir N et al'll, studied a dielectric barrier
discharge at atmospheric pressure for methane conversion and
hydrogen production, and investigated some discharge parameters on
the methane DBD characteristic, they found that increasing the gas
pressure from 380 to 1520 Torr decreases the conversion and electron
density, and increasing the gas temperature from 250 to 400 K has
almost no effect on the conversion and slightly increases in the electron
density. Benmoussa A et al''?!, optimize the gas temperature along the
axial distance from the cathode in methane DBD, and suggests that the
discharge behavior and hydrogen production can be improved by
various methods such as, increasing the applied voltage, gas pressure,
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and dielectric capacitance, in a one-dimensional DBD model. Zhang Z et al'3], perform a fluid simulation of
a pure argon dielectric barrier discharge by increasing the temperature from 300 to 600 K. They found a
decrease in the ionization rate peak, the electron and ion densities, and an increase in the electron temperature
peak with increasing gas temperature. Baeva M et all' reported that due to the dissociation of oxygen
molecules, the energy lost by electrons in argon-oxygen mixture is important then in pure argon, which
decreases the electron density and temperature in a modeling study of microwave generated plasma.

In this paper, a one-dimensional fluid model of dielectric barrier discharge is presented to study the effect
of plasma pressure and plasma temperature on the properties of argon-helium mixture plasma. The
characteristics studied are electron temperature, electric field strength, and various species densities, including
electrons, argon atoms, argon ions, excited argon species, helium atoms, helium ions, and excited helium
species. Six simulations are performed for six temperature values of 300, 350, 400, 450, 500, and 550 K, and
nine simulations are performed for nine pressure values of 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, and 1 atm. There
are many studies of pure argon plasmas, but few of argon-helium mixtures. The contribution of this work is to
enrich the scarce studies of argon-helium mixture plasmas. In each simulation run, the properties of the argon-
helium mixture reach maximum values. These maxima are evaluated in terms of temperature in the range of
300-550 K and pressure in the range of 0.2-1 atm.

2. Materials and methods

2.1. Model presentation

Figure 1 (a) shows the two-dimensional configuration of the DBD reactor, and the corresponding one-
dimensional model is shown in Figure 1 (b). A high voltage is applied to the powered electrode, and the other
electrode is grounded. The plasma gap is sandwiched by two dielectrics, the dielectric associated with the
powered electrode is called the powered dielectric, and the dielectric associated with the grounded electrode
is called the grounded dielectric. The applied voltage is sinusoidal with a peak of 1kV and a frequency of 13.56
MHz frequency. The relative permittivity of the two dielectrics is 10. The thickness of the dielectrics and the
plasma gap is sited 0.1 mm. In the plasma gap, the densities of electrons, argon ions and helium ions are
initiated at 2x107* m3, 1x10"3 m?3, and 1x10""* m respectively.
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Figure 1. DBD model geometry: (a) Two-dimensional configuration of DBD ; (b) Corresponding one dimensional model.

2.2. Chemical reactions

The chemical reactions considered in the simulation are listed in Table 1. Where e is the electron, He is
the helium atom, He* is the excited helium, He+ is the helium ion, Ar is the argon atom, Ar* is the excited
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argon, and Ar+ is the argon ion. The symbol f(¢) refers to the collision cross section as a function of the electron
energy ¢ for the electron impact reactions.

Table 1. List of chemical reactions included in the model.

No Reaction Rate constant (cm?/s) Reference
R1 e+He —e+He f(e) [15,16]
R2 e+ He — ¢+ He" f(e) [15.16]
R3 e+ He — 2e + He" f(e) [15.16]
R4 e+ Ar —» e+ Ar f(e) [17]
R5 e+Ar—e+Ar f(e) 17
R6 e+ Ar" — e+ Ar f(e) 17
R7 e+ Ar — 2e+ Ar' f(e) 17
R8 e+ Ar" — 2e+ Ar' f(e) 17
R9 Ar'+ Ar" — e+ Ar+ Ar' 6.2x10°10 [18,19]
R10 Ar'+ Ar— Ar+ Ar 3%10°15 [18,19]

2.3. Model equations and boundary conditions

At the powered electrode, the applied voltage boundary condition formula is as follows:
V(t) = —VmaxSin(2nft) (1)
Where Vmax is the peak applied voltage, f'is the voltage frequency and t is the time.

At the powered dielectric surface and the grounded dielectric surface, the flux boundary conditions are
for ions J; and electrons J.:

Ji= uiniE (2)
Je:_'YJi_ksne (3)

Where v is the secondary electron emission coefficient, ks is the electron recombination coefficient, E is the
electric field, p; is the ion mobility, n; and n. are the ion and electron densities, respectively.

At the grounded electrode, the electric potential must be zero by the following boundary condition:
V=0 4)

The surface charge accumulation occurs at the interface between the dielectric layer and the plasma gap.
This phenomenon leads to a boundary condition on the dielectric barriers, which can be expressed as follows:

€r€0EDiclectric — €0EPlasma = Ps (5 )

Where Epiclectric and Eprsma are the electric fields at the dielectric interfaces, and € and g, are the vacuum
permittivity and dielectric relative permittivity, respectively, and ps is the surface charge density.

The continuity equation for electrons, ions and excited species is presented by:

on/ot+VI'=S8 (6)
Where n, I" and S are the species density, flux and source term, respectively.

The drift-diffusion equation for electrons and ions and is approximated by:
I' = —nuE — V(nD) @)
Where D is the species mobility.

The electric field is related to the electric potential using Poisson's Equation as follows:
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E=-VV (8)

3. Results and discussion

3.1. Calculated maximum values of Ar/He DBD characteristics

The calculated initial maximum values of the argon-helium plasma properties for the two scenarios are
tabulated in Table 2. The changes in these values as a function of temperature and pressure are discussed later.

Table 2. Calculated initial maximum values of Ar/He DBD characteristics.

Ar/He DBD characteristics T=300 K at 1 atm Pressure P= 0.2 atm at 400 K Temperature

Electron temperature (eV) 14.2 40.9
Electric field strength (kV/mm) 393 343

Electron density (m™) 1.57x10%0 4.45x10"°

Ar density (m) 2.45x10% 3.67x10%*

Ar" density (m™) 1.37x10%! 5.9x10%0

Ar* density (m) 2.26x10%0 5.09x10"

He density (m) 4.87x10"7 7.24x1016

He" density (m™) 2.45x10"7 5.9x10%0

He" density (m™) 1.15x10"3 1.03x10"3

3.1.1. Results of electron temperature

Figure 2 (a) shows the variation of electron temperature as a function of plasma temperature in the range
0f 300-550K at atmospheric pressure. The electron temperature increases as the plasma temperature increases,
which is in consistent with theoretical expectations. The electron temperature increases from 14.2 eV at 300
K to 20.1 eV at 550 K. Figure 2 (b) shows the electron temperature variation as a function of plasma pressure
in the range of 0.2-1atm at 400 K plasma temperature. The electron temperature decreases with increasing
plasma pressure. It drops from 40.9 eV at 0.2 atm to 17.3 eV at 1 atm.
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Figure 2. Results of electron temperature: (a) As a function of plasma temperature in range 300-550K at atmospheric pressure; (b) As
a function of plasma pressure in range 0.2-1atm at 400 K temperature.

3.1.2. Results of electric field strength

Figure 3 (a) shows the variation of the electric field strength as a function of plasma temperature. The
electric field strength value increases from 39.3 kV/mm to 33.8 kV/mm as the plasma temperature increases
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from 300 to 550 K. Figure 3 (b) shows the variation of the electric field strength as a function of plasma
pressure. The electric field strength increases from 24.3 kV/mm at 0.2 atm to 36.7 kV/mm at latm.
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Figure 3. Results of electric field strength: (a) As a function of plasma temperature in range 300-550 K at atmospheric pressure; (b)
As a function of plasma pressure in range 0.2-1atm at 400 K temperature.

3.1.3. Results of electron density

Figure 4 (a) shows the variation of the electron density value variation as a function of plasma
temperature. The electron density value decreases from 1.57x10% to 1.55x10?° m™ between 300 and 350 K,
increases from 1.55x10%° to 1.79x10% m? between 350 and 500 K, and remains stable at 1.79x10%° m
between 500 and 550 K. Figure 4 (b) shows the electron density value variation as a function of plasma
pressure. The electron density decreased slowly from 4.45x10" to 4.38x10' m™ between 0.2 and 0.3 atm,
increased rapidly from 4.38x10" to 1.81x10?° m™ between 0.3 and 0.8 atm , decreased from 1.81x10% to
1.67x10?° m™ between 0.8 and latm. The change in electron density is not expected to be monotonic with
temperature or pressure. Due to its unique properties compared to non-electron species, the electron has a
negative electric charge and a very small mass, which makes predicting changes in its density counterintuitive.
However, the electron density can be assumed to be directly proportional to temperature and pressure in certain
ranges, with the exception of others. The electron density variations depend mainly on the working gas and
pressure range in which the electron density is evaluated.
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Figure 4. Results of electron density: (a) As a function of plasma temperature in range 300-550 K at atmospheric pressure; (b) As a
function of plasma pressure in range 0.2-1atm at 400 K temperature.
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3.1.4. Results of argon atom density

Figure 5 (a) shows the variation of the Ar density value as a function of plasma temperature. The Ar
density value decreases from 2.45x10% to 1.33x10% m™ as the plasma temperature increases from 300 to 550
K. Figure 5 (b) shows the variation of Ar density as a function of plasma pressure. The Ar density is increased
from 3.67x10**m™ at 0.2 atm to 1.83x10* m™ at latm. There is a monotonic decrease in the density of Ar as
a function of temperature and a monotonic increase in the density of Ar as a function of pressure.
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Figure 5. Results of Ar density: (a) As a function of plasma temperature in range 300-550 K at atmospheric pressure; (b) As a function
of plasma pressure in range 0.2-1atm at 400 K temperature.

3.1.5. Results of excited argon density

Figure 6 (a) shows the variation of Ar" density value as a function of plasma temperature. The value of
Ar’ density decreases from 1.37x10%! to 9.15x10?° m™ as the plasma temperature increases from 300 to 550
K. Figure 6 (b) shows the variation of Ar" density as a function of plasma pressure. The Ar" density increases
as the plasma pressure increases, from 5.9x10%° m™ at 0.2 atm to reach the value of 1.15x10?! m? at 1 atm. The
excited specie Ar" is mainly produced by the reaction R5 between e and Ar , losses through the reactions R6,
R8-R10 to reform Ar and Ar*, which relate its density variation to the Ar density variation, it is decreased

when the Ar density decreased and vice versa.
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Figure 6. Results of Ar* density : (a) As a function of plasma temperature in range 300-550 K at atmospheric pressure ; (b) As a
function of plasma pressure in range 0.2-1atm at 400 K temperature.
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3.1.6. Results of argon ion density

Figure 7 (a) shows the variation of the Ar" density value as a function of plasma temperature. The value
of Ar" density decreases from 2.26x10%° to 1.76x10?° m™ between 300 and 450 K, increases from 1.76x10%
to 1.79x10% m™ between 450 and 550 K, and remains stable at 1.79x10?° m™ between 500 and 550 K. Figure
7 (b) shows the variation of Ar" density as a function of plasma pressure. The Ar® density increases from
5.09x10" to 1.81x10** m™ between 0.2 and 0.8 atm, decreases from 1.81x10%°to 1.76x10?° m= between 0.8
and 0.9 atm, and increases from 1.76x10% to 1.87x10?° m™ between 0.9 and 1 atm. As an ion, the change in
its number density is related to the change in the electron density and/or the density of the species formed from
it. The ion Ar" is formed by the reaction R7 between e and Ar, the reaction R8 between e and Ar", and the
reaction R9 between Ar" and Ar’. In the temperature range of 300-450K, the Ar" density increased as the
densities of Ar and Ar" well, but then it increased in the temperature range of 450-500 K, stable in the
temperature range of 500-550 K as the electrode density well. In the 0.2-0.8 atm pressure range, the Ar" density
increased as the densities of Ar and Ar” increased , but it decreased between 0.8 and 0.9 atm as the electron
density decreased , then increased between 0.9 and 0.1 atm as the densities of Ar and Ar” increased. This
contrast proves that there are certain temperature and pressure ranges where the change in ion density follows
the same path as the change in electron density rather than the change in the atoms or excited species from
which the ion is formed.
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Figure 7. Results of Ar* density: (a) As a function of plasma temperature in range 300-550 K at atmospheric pressure; (b) As a function
of plasma pressure in range 0.2-1atm at 400 K temperature.

3.1.7. Results of helium atom density

Figure 8 (a) shows the variation of the He density value as a function of plasma temperature. The value
of He density decreases from 4.87x10'7 to 2.65x10'"m™ as the plasma temperature increases from 300 to 550
K. The He density increases with the increase of plasma pressure, from 7.24x10' m? at 0.2 atm to 3.65x10"
m> at 1 atm as shown in Figure 8 (b). There is a monotonic decrease in the He density as a function of
temperature and a monotonic increase in the He density as a function of pressure. As in the case of the Ar
density, the densities of neutral species changes vary directly with the temperature and inversely with the
pressure.
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Figure 8. Results of He density: (a) as a function of plasma temperature in range 300-550 K at atmospheric pressure; (b) as a function
of plasma pressure in range 0.2-1atm at 400 K temperature.

3.1.8. Results of excited helium density

Figure 9 (a) shows the variation of the He" density value as a function of plasma temperature. The value
of He" density decreases from 2.45x10'7 to 1.33x10'7 m™ as the plasma temperature increases from 300 to 550
K. Figure 9 (b) shows the variation of He" density as a function of plasma pressure. The He" density increases
with increasing plasma pressure, from 3.67x10'® m at 0.2 atm to reach the value of 1.83x10'" m™ at latm.
The excited specie He" is produced by the reaction R2 between e and He, which directly relate the change of
its density directly to the change of the He density. It increases when the He density increases and vice versa.
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Figure 9. Results of He" density : (a) as a function of plasma temperature in range 300-550 K at atmospheric pressure ; (b) as a function
of plasma pressure in range 0.2-1atm at 400 K temperature.

3.1.9. Results of helium ion density

Figure 10 (a) shows the variation of the He* density value as a function of plasma temperature. The value
of He" density decreases from 1.15x103to 1.09x10'3 m™ as the plasma temperature increases from 300 to 550
K. Figure 10 (b) shows the variation of He" density as a function of plasma pressure. The He" density
increases between 0.2 and 0.4 atm from 1.03x10" to 1.08x10"3 m>, decreases between 0.4 and 0.5 atm from
1.08x10" to 1.06x10" m>, increases between 0.5 and 1 atm, from 1.06x10'3 to 1.12x10"* m. The ion He*
is produced by the reaction R3 between e and He. The He" density decreases as a function of temperature, as
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do the densities of He and He". The He" density is increased as a function of pressure, as the densities of He
and He" well, expect for the pressure range 0.4-0.5 atm in which the He" density is decreased.
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Figure 10. Results of He" density: (a) as a function of plasma temperature in range 300-550 K at atmospheric pressure; (b) as a function
of plasma pressure in range 0.2-1atm at 400 K temperature.

4. Conclusion

In this paper, a one-dimensional fluid model of dielectric barrier discharge operating in a mixture of argon
and helium is established. The aim was to investigate the effects of temperature and pressure, on the variations
of electron temperature, electric field strength and different species densities. The obtained results show that,
with increasing the temperature from 300 to 550 K, the electron temperature increases, the electric field
strength decreases, the electron density decreases between 300 and 350 K, then it increases between 350 and
500 K, stable between 500 and 500 K, the Ar* density decreases between 300 and 450 K, increases between
450 and 500 K, stable between 500 and 550 K, and the densities of Ar , Ar", He , He", and He" decrease.
With the increase of pressure from 0.2 to 1 atm, the electron temperature decreases, the electric field strength
increases, the electron density decreases slowly between 0.2 and 0.3 atm, increases rapidly between 0.3 and
0.8 atm, decreases between 0.8 and latm, the Ar" density increases between 0.2 and 0.8 atm, decreases
between 0.8 and 0.9 atm ,increases between 0.9 and 1 atm, the He* density increases between 0.2 and 0.4 atm,
decreases between 0.4 and 0.5 atm , increases between 0.5 and 1 atm, the densities of Ar, Ar", He, and He"
increase.
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