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ABSTRACT

This work presents a chemical kinetic analysis of different species involved in
nitrogen-oxygen mixed gas by a Corona Discharge (CD) at room temperature and
atmospheric pressure. This study takes into account 20 different chemical species reacting
following 150 selected chemicals reactions. The reaction rate coefficients are taken from the
literature and the density is analyzed by the continuity equation without the diffusion term.
Many works have study removal NOy and they have showing the role of N, O and Osradicals.
So the aim of this simulation is to complete these studies by analyse of various plasma species
under different reduced electric field: 100-200 Td. We analyse especially, the temporal
depopulation rate evolution (10° — 107 s) of NOx. We have found that the rate depopulation
of NO and NOz is substantially affected by the reduced electric field rise from the initial value
of 100 Td up to 200 Td. Thus, we have obtained in our simulation 2% of NO removal for 100
Td against 96% for 200 Td. This allows us the important role played by the reduced electric
field.
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1. INTRODUCTION

It is well known that gas discharge plasmas are able to initiate chemical reactions in normally
inert gas mixtures. A corona discharge is widely used in many applications such as the
decomposition of gaseous pollutants [1,2], water treatment [3], ozone production [4-6]
surface treatment [7,8] and medical applications [9].

In plasma discharges, the electrons gain energy through an external electric field, and lose via
elastic and inelastic collisions with gas molecules [10]. The large difference of mass between
electrons and gas species makes elastic collisions inefficient, and the rate of transfer of
electron energy to translational degrees of freedom of the gas is slow. On the other hand,
inelastic collisions of high energy electrons with gas molecules cause rapid excitation of
internal energy modes as well as dissociation and ionization. The reduced electric field, E/N
(ratio of electric field to gas number density) is a critical parameter governing the electron
energy. Depending on the E/N value, the plasma physics and chemistry can be vastly different
[11].

For plasma part, which aims at characterizing plasma phenomena ionization, recombination,
evolution of electric field, etc, a large number of experimental and modelling papers
describing the Kkinetics and characteristics of plasma have been published. Kossyi et al.
developed in 1992 a zero-dimensional physical based model which considers 46 species and
450 reactions to research gas discharge in N>—O2 mixtures in all time scales [12].

Recently, with the help of sensitivity analysis, Poggie et al. filtered 16 species and 51
reactions suitable for nanosecond pulse discharge and built a one-dimensional kinetic model
in low pressure [13,14]. As demonstrated in previous researches, it is the heating effect rather
than tiny body force generated by nanosecond plasma actuator that plays a dominate role.
Thus, revealing the mechanism for rapid gas heating in nanosecond pulse discharges is an
important issue.

Popov [15] has made a detailed investigation on the heating effect of nitrogen—oxygen
mixtures excited by microwave discharges and concluded that the gas is heated mainly in the
reactions of preliminary dissociation of highly excited electronic states of oxygen molecules.

Flitti et al. introduced a state-specific plasma-chemical model and an energy conservation
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equation to analyse the dynamics of gas heating in fast-pulsed discharges in nitrogen—oxygen
mixtures and found that higher electron density, electric field or partial pressure of oxygen
leads to a faster gas heating [16].

In this technique, the process of eliminating pollutants passes through two main phases. The
phase of discharge which lasts few tens of nanoseconds, on the formation of excited species
and ionized radical species (such as O, N, and O3) these radicals are created by the
electron-molecule interaction then by ion-molecule interaction [17-19].

Although the asymptotical study has been done using the simplified model given by Lowke
[20], one can suppose that it carries through to more complex ionization kinetics.

The phase of post-discharge induced chemical reactivity which able to transform the toxic
molecule into inoffensive particles (such as N2, O or N) or created acids (such as the nitric
acid) to the plasma inside, which can be transformed in turn to salt (by addition of a base).

In this study we simulate, for different values of reduced electric field (100 Td, 200 Td), the
evolution of neutral species (molecules N2, Oz, Ozatoms N, O, and nitrogen oxides NO, NO,
N20, N20s, NOg, ), ions positive (NO*, N*2, O%2), ion negative (O, O3, NO3, NO~, O,
O—2) metastable species (N(?D), O(*D), N2(A3), 02(B1),02(A1)) and electron in a mixture (N2
85% and O 15%). This simulation must consider the various effects induced by the passage
of a DC in a gas. However, and for the sake of simplification, we assume that the gas has no

convective gradients movement and the pressure is non-existent.

2. MATHEMATICAL MODEL

The mathematical model used consists of a system of equations that takes into account the
variation of the density and the chemical kinetics of the environment.

To model the nonthermal plasma, we have developed a zero-order kinetic model for solving
neutral, radical and ion equations. It is based on the numerical integration of the system of
coupled differential equations accounting for the time evolution of the various species to the
study state.

2.1 The Conservation Equations of The Density of Each Species

The equation for the density of species j in the mixture can be written:
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By

ni : the density of species i, —

: the time rate of change of density, S;(T): sources term.

n: the total density of the gas is given by the classical equation of a perfect gas:

P =nkgT @)

Where P represents the pressure in Pascal, ks Boltzmann constant and T the absolute
temperature (in Kelvin).
2.2 Modelling of Chemical Kinetics
The reactivity of the gas is taken into account in the source term of each equation Sj(T)
conservation density (equation (1)).
In the case where chemical reactions where two body Sj(T) are given a time by the relation:
5T =Eat Ko(T(ngny)a @)

K.(T) is the coefficient of the chemical reaction number a and (nqnp) the product of densities
of species p and g interacting in response to the reaction a, positive and negative signs that are
similar to the reactions of formation or disappearance of specie j.
And if we have three bodies so the term source is given by the product of the density of the
former.
The coefficients of reactions are made under the form of Arrhénus:

Ko(T)=KT"exp(—8/T) (4)
K, n, 6, are three coefficients of adjustment, 6 is the activation of the T is the absolute
temperature of the species involved in the warm rain that has left the chemical reaction .
2.3 Basic Condition
We have developed zero-dimensional time-dependent kinetic model to describe the NOx
processing in exhaust synthetic gases containing N2 /Oz. It allows us to consider the evolution
of a large number of species (electrons, ions, excited states, radicals, neutrals, etc...).
The mixture studied is synthetic air, considered at atmospheric pressure and room temperature.
Gas chemistry considers 20 neutral species (molecules N2, Oz, Ozatoms N, O, and oxides NO,

NO2, N20, N20s, NOgs), positive ions (NO*, N*;, O*), negative ions (O, O3, NO73)
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metastable species (N(°D), O(*D),N2(A3)) and electron responsive there between following

150 chemical reaction selected.

Table 1. The main plasma reactions to generate the main radical to remove NOx and their rate

constants
Reactions Rate constants References
R1 NO + NO3 — NO2 + NO2 ki=2.0x 1071 [12]
R. NO + O3 — Oz + NO; ko=1.8x 1012 [11]
Rs NO + O3 — NO 2+ O ks=2.0 x 10712 [12]
R4 NO+0O3— NO3+ 0O ks=1.0x 10710 [12]
Rs NO + 04— NO3+ O ks= 2.5 x 10710 [12]
Re NO + HO2 — NO2 + OH ke=13.5x 107 [12]
Ry NO2 + 02 — NO 2+ O k7= 7.0 x 10710 [11]
Rs NO; + OH — HNOs ke= 13.5 x 1071 [11]
Ro NO2 + 03— NO 7 + O3 ke =7.0x 1071 [11]
Rio NOz + N — NO + NO kio=2.3x10712 [11]
Ru1 NOs + OH — HOz+ NO; k= 2.35 x 1071 [11]
Ri2 NOsz + HO2 — HNOs+ O k1= 4.05 x 10712 [11]
Rizs  NOs+NOs— Oz +NOz+NO; kiz= 1.2 x 1075 [21]
Rus NOsz + O — Oz + NOz kie=1.7x 101 [21]
Ris N+0O; > O+NO kis=8.9x 107 [12]
Ris N +NO; — N2 + Oz kie=7.0x 107 [12]
Ri7 N +NO3— NO+NOz +e ki7=5.0 x 1071 [12]
Ris NO, + NO3 +O2 — N20s5 + O2 kig = 3.7 x 1070 [12]
Rig O3 +H — OH + 02 kio= 2.8 x 1071 [18]

The 20 species and 150 reactions between these species were chosen because of their relative

importance, more particularly nitrogen oxides (Tablel).

3. RESULTS AND DISCUSSION

In this section we will calculate the rate of depopulation given by equation (No-N)/Ng for

species NO, NOz, NOs, N2Os, N, O, Oz and to see their variation over time (10°— 107 s) will

facilitate this analysis we study the evolution of nitrogen oxides for 6 values of the reduced
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field (100 , 120, 140, 160, 180, 200 Td) and see how they react with each other for different
values of the applied field, and for a better understanding of the chemical kinetics of NOx.
Under these conditions were added primary radicals (O, N and Os3) that affect significantly the
reduction of oxides. 100 Td is noted for the creation of NO> between 10 and 107" s which can
reach 40% and NOs creation is between 107 and 107 s, which will reach 64%. We respect the
NO reduction of 50% is from 10® s. Radicals for it will be consumed in the creation of oxides
NO2, NOs and N2Os following reactions:

Creating oxides NO2, NOs and N2Os to 120 Td:

NOj3 reached 86% att =3.10"'s .

The N2Os equal to 97% from 10 s. we also note that the ozone created from 107 s, it reaches
97% from 10° s. 140 Td nitrogen mono-oxide reached 25% from 108s followed by a 74%
reduction from 10°s.

For 160, 180 and 200 Td is always a creation for N2Os which occurs faster with increasing the
reduced field. The same goes for other oxides and NO, NOs followed by reduction revenue is

that 10% of NO.. Regarding NO reduction is faster to reach 200 Td is 56% from 2x107s.

Rate evolution (N-N)/N)

10° 10° 107 10° 10° 10 107

Time (s)

Fig.1. Depopulation of NO, NO2, NOs, N2Os, N, O, Oz species in dry air at atmospheric
pressure under corona discharge and constant room temperature for the 100 Td reduced

electric field
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Fig.2. Depopulation of NO, NO2, NOs, N20Os, N, O, Ogs, species in dry air at atmospheric
pressure under corona discharge and constant room temperature for the 120 Td reduced

electric field

1,5

Rate evolution ((N-N)/N )

Fig.3. Depopulation of NO, NO2, NO3, N2Os, N, O, Os species in dry air at atmospheric
pressure under corona discharge and constant room temperature for the 140 Td reduced

electric field
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Rate evolution ((N-N)/N )
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Fig.4. Depopulation of NO, NO2, NO3, N2Os, N, O, Os species in dry air at atmospheric
pressure under corona discharge and constant room temperature for the 160 Td reduced

electric field

Rate evolution ((N-N)/N,)

Time (s)

Fig.5. Depopulation of NO, NO2, NOs, N2Os, N, O, Oz species in dry air at atmospheric
pressure under corona discharge and constant room temperature for the 180 Td reduced

electric field
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Rate evolution ((N-N)/N )

10° 10° 10" 10°

Fig.6. Depopulation of NO, NO2, NOs, N2Os, N, O, O3 species in dry air at atmospheric
pressure under corona discharge and constant room temperature for the 200 Td reduced
electric field

4. CONCLUSION
In general, in the literature It has been emphasized that certain radicals influences the NO or
NO- removal. In this work, the results obtained show the significance role played by the high
reduced electric field.
v" The time evolution of (NO, NO2, NOs, N20s, N, O, Os) species, two types of evolution
strongly dependent increase of reduced electric field:
- creation for Oz, N2Os.
-reduction for NO, NO2, NOgz, N, O.
v' This reaction contrebalances by reaction of creation Against by the formation of NO is

provided by the radicals O and N was crossing the following reaction:
0;" +N->NO+0,+E andN +0, = 0+ NO.

In fact, the simulation results demonstrated that the reduced electric field influences the NOx

removal. We obtained 23% for 100 Td at t=10"s against 56% for 200Td at t= 10s.
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