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Abstract
The work presented in this paper aims to study the chemical kinetics of some species previously chosen by corona 
discharge at atmospheric pressure P = 1 atm and at room temperature T = 300°K, carried out in wire–cylinder geometry 
in a pure gas O2. In this perspective, a computer program is designed, efficient in time and space, is used to solve the 
system of fluid dynamic classical equations based on the resolution of the Boltzmann equation. It participates also, in 
the chemical kinetics of the gas including the equations of continuity, momentum and energy. For numerical resolution, 
the flux-corrected transport method is applied successfully to electric discharge, and the generated species of pure gas 
O2 kinetics are obtained. The reactivity of the gas takes into account nine species that interact according to 23 reactions 
selected in a way calculated to favor the most dominant. The chosen reduced field values are 100, 120, 140,160, 180 and 
200 Td. The results obtained show an evolution closely related to the reduced electric field, and the production of ozone 
is accompanied by the appearance and disappearance of other species.
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1  Introduction

Plasma is a partially or totally ionized gas composed of 
charged particles (electrons and ions) and neutrals. This 
gas is recognized as the fourth state of matter. Laboratory 
plasma or plasma discharge can be generated by several 
energy sources ranging from cosmic rays to microwave 
sources. They can be classified according to the tempera-
ture, as they can be classified according to the pressure. 
Plasma applications are now used in high-technology 
sectors and scientific research where industrial issues 
and socioeconomic benefits are important. Their scope 
is very broad. Examples include the microelectronics 
industry, agronomy, metallurgy [1–4], etc. The discovery 
of new applications in biomedical, gas processing and 
space propulsion has guided advent of miniaturization of 
plasma sources [5–7]. Plasma techniques are generated 

most of the time by the electrical rupture of neutral gas 
in the presence of an external electric field. In addition, 
the fundamental problems of gas discharges concern the 
interaction between the carrier gas (neutral particles) and 
the ionized gas (electrons and ions). Indeed, the transfer of 
energy from the charged particles to the neutral particles 
plays a decisive role in the evolution of the discharge. The 
corona discharge is developed between two asymmetrical 
electrodes in a gaseous medium with a non-uniform field 
[8, 9]. Through its propagation, the electric field discharge 
leaves behind a plasma trail (ionized channel), consisting 
of neutral and charged species. Several studies have been 
conducted in order to explain the different mechanisms 
involved in the formation, development of these spe-
cies. The corona discharge is used for several interesting 
purposes such as electrostatic painting [10], commercial 
ozone generation [11] and depollution [12]. Ozone has 
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been studied and applied in a remarkable way for the 
treatment of water because of its high oxidation power 
and the ability to participate in many chemical reactions 
with organic or inorganic substances [13, 14]. Small con-
centrations of ozone can be produced by radiation (UV), 
or by the chemical method, etc. However, large amounts 
of ozone can be produced by high-voltage electrical dis-
charges. Moreover, the generation of ozone O3 by electric 
discharge, in particular the corona type in industrial quan-
tities in a dry gas containing oxygen, constitutes a very 
interesting nonthermal plasma process and most used 
compared with other processes [15, 16]. The complexity 
of the phenomena and their coupling induce the high 
difficulty describing completely the behavior of the elec-
tric discharge. Many experimental methods may give the 
essential elements to the comprehension of physical phe-
nomena due to the electric discharge confined in a plasma 
reactor, respectively, to different neutral and charged 
chemical species in the case of partial ionization. These 
experimental observations induce two theories where 
mathematic equations are formulated. Otherwise, this 
approach is limited where one principal parameter may 
not be analyzed directly and may be agreed by an addi-
tional simple hypothesis. Globally, the electric discharge 
dynamic study is complex and its numerical simulation 
in gases is a difficult task, since many equations must be 
simultaneously solved. Therefore, different simplifications 
are usually introduced in order to reduce the complexity of 
the problem. For example, wire–cylinder streamer corona 
discharge has been simulated in [17–19] assuming that 
electronic injections, with azimuthal symmetry, occurred 
at certain sites along the corona wire. The injected electron 
density was given as an empirical law, and the depend-
ence of reaction rate constants with the electric field was 
not taken into account. In [20, 21], the authors have used 
a corona plasma model to determine the electron and ion 
densities. A similar approach has recently been used in [22] 
to investigate ozone generation in air using wire–cylinder 
corona discharge. Otherwise, the authors in [23–25] have 
investigated the generation of ozone in wire–cylinder 
geometry using negative and positive corona. The electri-
cal discharge was modeled as stationary and symmetrical 
around the corona wire, as done by other investigators 
[20–22]. Then, in this paper appropriate codes were devel-
oped and many numerical simulations are given in order 
to complete the analytic and experimental research of the 
particles. The analysis method developed here in order to 
describe qualitatively and quantitatively the chemical 

kinetic of species generated in a corona discharge is based 
on the resolution of the Boltzmann equation. The hydrody-
namics-related macroscopic equations are expanded and 
implemented numerically (density, energy, quantity of 
movement, etc.). Since the flux-corrected transport (FCT) 
method is applied successfully to electric discharge, the 
generated species of pure gas O2 kinetics are obtained.

2 � Background and mathematical equations

2.1 � Boltzmann equation

The analysis method developed here to describe qualita-
tively and quantitatively the chemical kinetic of species 
generated in a corona discharge is based on the resolution 
of the Boltzmann equation. The hydrodynamics-related 
macroscopic equations are expanded and implemented 
numerically (density, energy, quantity of movement, etc.). 
In order to follow the kinetic evolution of the plasma parti-
cles (electrons, ions and neutrals), a local function f⃗

(

r⃗, w⃗ , t
)

 
represents the velocity distribution function of a collection 
of n particles of mass m. The evolution of such function in 
space is given by the Boltzmann equation (1) [26]:

where f⃗
(

r⃗, w⃗ , t
)

 is the distribution function of velocities of 
a collection of n particles of mass m; w⃗ , the particle veloc-
ity; F⃗

m
 , the external force acceleration to particles of mass 

m; �⃗
�
 , the position gradient in space; �⃗

�
 , the velocity gra-

dient; and 𝜕
𝜕t
f⃗
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)

 , the collision distribution function 
variation ratio.
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If the number of interactions between particles is con-
stant, then S = 0. In the other case, which is the discharge 
in the gas, S is the number of creation and disappear-
ance of particles by ionization, attachment and charge 
exchanges.

2.3 � Conservation equation of each species density

The evolution equation of the jth species density is given 
by

with nj being the jth species density; 
�nj

�t
 , the time rate vari-

ation of the jth species density in gas mixture; T, the gas 
temperature; div

{

njVj(T )
}

 , the transport at diffusion veloc-
ity Vj(T ) of the jth species in gas mixture; Sj(T ) , the varia-
tion rate of nj due to chemical kinetics.

2.4 � Chemical kinetics equations

The reactivity of the gas (i.e., chemical kinetics) is taken 
into account in the source term Sj(T ) of each density con-
servation equation. In the case where the chemical reac-
tions are reactions with two bodies, Sj(T ) is given at time 
t by the relation:

where ka(T ) is the reaction coefficient for chemical reaction 
number a and 

(

nqnl
)

 is the product of the densities of the 
species q and l which interact in the reaction.

The relation (4) shows that certain reaction coefficients 
can depend exponentially on the temperature of the gas. 
Under these conditions, the source term is very sensitive 
to any change in temperature and can therefore lead to 
large variations in the production and disappearance rates 
of the species j concerned. This has direct repercussions 
on the whole dynamics of the gas because of the very 
strong interconnection between the equations of conser-
vation. The complexity of the chemical kinetics model also 
comes from the very different characteristic timescales of 
each chemical reaction. Therefore, the coherent evolution 
of the whole system of equations must be based on the 

(3)
�nj

�t
+ div

{

nj Vj(T )
}

= Sj(T )

(4)Sj(T ) =
∑

a

±ka(T )
(

nqnl
)

a
,

lowest timescales to integrate the rapid variations of cer-
tain species.

3 � Numerical method for transport equation 
resolution

For each particle, a transport equation is given by Eq. (5):

where �(r, z, t) is the transported value (density, movement 
quantity or energy) and S�(r, z, t) is the transport equation 
corresponding source term.

The transport equations are closely coupled and are 
discretized by finite volume method [27] and corrected 
by the method developed in [28–30]. The numerical treat-
ment of Eq. (5) needs the discretization of the continued 
space which leads to defining the size of control volume 
or cell. Otherwise, the cell’s dimensions vary according to 
the whole of the fluid (~ microns for micro-systems to kilo-
meters for atmospheric phenomena) and upon precision 
required. Therefore, the exact density computation in con-
trol volume assumes that there is no significant particle 
at any point in this volume. The time discretization is to 
move from time t to time (t + Δt) assuming a linear evolu-
tion of transport phenomena between these two times. 
The spatial discretization is given by spatial finite volume 
elements and integrating Eq. (5) in such elements [27]. The 
equations of discretization ensure much lossless in infor-
mation, which are responsible for numerical fluctuations 
(dissipation, oscillation and numerical diffusion). Hence, 
there are many numerical methods which limit these 
fluctuations. For more precision in computation, the FCT 
method [28–30] is applied for flux correction. Thus, the FCT 
tehnique is efficient in order to counter the numerical dif-
fusion, higher gradients and higher amplification. Actually, 
this method is very efficient for the numerical treatment 
of macroscopic equations.

3.1 � FCT technique principle

The main idea of the method (FCT) is to apply corrective 
scattering to a dispersive transport scheme, locating scat-
tering only in regions where meaningless oscillations tend 

(5)
��

�t
+ ∇ ⋅

(

�w
)

= S�,
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to form as a result of scattering. This corrective diffusion is 
nonlinear because its value depends on the values of the 
charge or mass density ρ. Diffusion is applied conserva-
tively, so that when an amount of fluid is subtracted from 
a point, it is offset by an equal amount added elsewhere. 
Thus, small quantities of densities are extracted locally 
from one point to another without, however, altering the 
overall system by gains or losses. In summary, the cor-
rection technique (FCT) comprises two main stages: a 
transport stage (Step I) followed by the anti-diffusion or 
correction stage (Step II). The two stages are conservative 
(i.e., no creation or disappearance of particles in a non-
physical way) and strictly positive. Their interaction allows 
the treatment of strong gradients without generating the 
usual dispersive oscillations [28–30].

4 � Numerical results and discussion

A corona discharge traversing a pure O2 gas is applied 
which depends on electrode geometries (anode = wire, 
cathode = cylinder), magnitude and frequency of the 
voltage, electrical space charges, materials and gas 
parameters. The initial pressure is 105 Pa and the tem-
perature is 300°K. The reactivity of the gas takes into 
account nine species, namely the electrons, the O2, O3 
molecules, the O atom, the O2 excited states, O(1D), O2 
(A1), and the O−negative ions, O2

− and O3
− reacting with 

each other following 23 previously selected chemical 
reactions. The reduced electric field 

(

E

N

)

 varies between 

100 and 200 Td (1 Td = 10−21 V m2).

4.1 � Time Evolution of pure gas O2 species

In this section, numerical resolution of the Boltzmann 
equation, space and time evolution along discharge axis 
of species densities versus the reduced field 

(

E

N

)

 values 

are performed. The obtained results for O, O3, O2 (A1), 
O2

−, O− and O3
− species are illustrated, respectively, in 

Fig. 1. Otherwise, Fig. 1a, b shows the density evolution 
of primary radicals (O, O3) and their chemical reactivity 
evolution. The radical O is created abundantly by elec-
tronic impact with O2 molecules by the dominant reac-
tion after discharge crossing in the pure gas: 
e + O2 → e + O + O [31]. The species is generated quickly 
but is consumed rapidly too in gain of ozone O3. This is 

quite possible only to a limit voltage and a reduced field 
(

E

N

)

 = 120 Td (Fig. 1a). For ozone molecule O3, we notice 

an intensive creation followed by its quiet concentration 
stability. This is favorable by the reduced field high inten-
sity according to O + O2 + O2 → O3 + O2 [19] and 
O + O3 → O2 + O2 [31]. This phenomenon is inversed in 
the case of less reduced field intensity because there is 
O less ratio creation. And, it is favorable to O3 apparition 
until the reverse equation takes place (Fig. 1b). For the 
excited state O2 (A1), we notice that it is created with a 
stable manner at 100 Td. Otherwise, upon this field 
intensity, the generation is followed by a direct consum-
mation. This excited state contributes to the regenera-
tion of O2 and O when applying high voltage with the 
r e a c t i o n s :  O2

(

A1

)

→ O2 + 2O2  a n d 
O2

(

A1

)

→ O2 + 2O2 + O . The negative ions have an 
important interest in the gas comportment because the 
particle is dedicated to the generation or degradation of 
each other directly or indirectly (Fig. 1c). The O3

− species, 
which are created by electronic impact, are closely 
attached to O species. Then, the O3

− species are produced 
abundantly since the reduced electric field is increased 
in order to create O2

− particles according to the reaction: 
O−
3
+ O → O−

2
+ O2 . The increase in 

(

E

N

)

 is closely related 

since these species appear at 120 Td (Fig. 1d). The O− spe-
cies are recombined to gas O2 molecules or to ozone in 
order  to  produce O 2

− species  according to 
O− + O2 → O−

2
+ O and O− + O3 → O−

2
+ 2O (Fig. 1e). The 

O2
− species are responsible for O− or O2 creation accord-

ing to O−
2
+ O → O− + O2 . This case appears at 100 Td, 

begins at 120 Td and increases for higher reduced field. 
The density of this particle is important compared to 
that of the other ions (Fig. 1f ).

4.2 � Time evolution of each species 
versus the reduced electric field 

(

E

N

)

In this section, the time evolution of each species versus 
the reduced electric field 

(

E

N

)

 in the range [100 Td, 200 Td] 

is illustrated in Fig. 2. The density conservation histograms 
of each species upon the reduced electric field are shown 
in Fig. 3. At 100 Td, the production and consummation pro-
cesses are inexistent for O−, O2(A1), O, O3

− species and 
quite sensible for O3 and O3

− components (Fig. 2a). At 
120 Td, it is followed by the stability of ozone O3 reaction 
and the excited state O2(A1), but it is favorable for the crea-
tion O (Fig. 2b). At 140 Td, the behavior is inversed and it 
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Fig. 1   O, O3, O2(A1), O3
−, O− and O2

− species’ density time evolution



Vol:.(1234567890)

Research Article	 SN Applied Sciences (2020) 2:695 | https://doi.org/10.1007/s42452-020-2433-9

represents a critical voltage for the O3
− production. It is 

also good to view better the creation of other species and 
consequently the consummation of each other (Fig. 2c). 
The density conservation histograms of O2

−, O, O3
− species 

upon the reduced electric field are given (Fig. 3a–c). The 
O3 density conservation begins to appear with the first 

reduced field values and increases exponentially for higher 
values (Fig. 3d). At 160, 180, 200 Td, the electronic impact 
is very important where all the species are created and 
consequently are consumed continually unless the ozone 
O3 whose density increases exponentially upon 

(

E

N

)

 higher 

(Fig. 4a–c).  

Fig. 2   Species’ density time evolution at 100 Td, 120 Td and 140 Td
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Fig. 3   Reduced field versus O2
−, O, O3

− and O3 species conservation histograms
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5 � Conclusion

The effect of the reduced field values on the creation of 
the species studied by the method exposed in this paper 
is clearly noted and explained. The simulation was per-
formed using a computer program, the results obtained 
show an evolution closely related to the reduced electric 
field 

(

E

N

)

 , and the production of ozone is accompanied by 

the appearance and disappearance of other species. Then, 
the exact voltage for the evolution of each of the neutral, 
ionic and excited states is evaluated. Thus, this study per-
mits one to follow their chemical kinetics. Otherwise, it is 
showed clearly, for the O2 pure gas, the importance of the 
primary radical O and the secondary O−. These last are 

mainly responsible for ozone O3 creation. The O is created 
abundantly by electronic impact with O2 molecules. This 
species is generated quickly but is consumed rapidly too 
in gain of ozone molecule O3. This is quite possible only to 
a limit voltage and a reduced field 

(

E

N

)

 = 120 Td. For ozone 

molecule O3, we notice an intensive creation followed by 
its quiet concentration stability. The O3 density conserva-
tion begins to appear with the first reduced field values 
and increase exponentially for higher values. At 160, 180 
and 200 Td, the electronic impact is very important where 
all the species are created and consequently are consumed 
continually unless the ozone O3 whose density increases 
exponentially for higher 

(

E

N

)

 increases.

Fig. 4   Species’ density time evolution at 160 Td, 180 Td and 200 Td
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