
Modeling of chemical reactions in an atmospheric pressure plasma:

towards an estimation of O, N, and OH radical production

A. Komuro1, R. Ono1, T. Oda2

1 Department of Advanced Energy, The University of Tokyo, 5-1-5 Kashiwanoha, Kashiwa,

Chiba, 227-8568, Japan
2Department of Electrical Engineering, The University of Tokyo, 7-3-1, Hongo, Bunkyo-ku,

Tokyo, 113-8656, Japan

Introduction

Non thermal plasma generated in an atmospheric pressure air has attracted great interest

because of its non thermal property and high reactivity [1]. The streamer discharge (e.g. corona

discharge and dielectric barrier discharge) is one of these non thermal plasmas. In the streamer

discharge, chemically active species such as O, N and OH are produced and play important

roles in many applications. However, the understanding of radical production in the streamer

discharge is still poor. The applications need to be optimized in a very scientific way to both

improve the energy efficiency and confirm the safety of the technologies.

Simulation model

The production process of O, N, and OH radicals in an atmospheric-pressure streamer dis-

charge is studied. A streamer discharge model is developed to analyze the characteristics of

a pulsed positive streamer discharge in point-to-plane electrodes filled with humid air at at-

mospheric pressure. To compute the propagation of a streamer in air, we use the first-order

electro-hydrodynamic model for electrons and positive and negative ions in the framework of

the drift-diffusion approximation. Thus, the equations involved in this model are as follows:

∂ns

∂ t
+div(nsvs(E/N)) = Ss(E/N), s= e, p,n (1)

neve(E/N) = neµe(E/N)E−De(E/N)grad(ne), (2)

npvp(E/N) = npµp(E/N)E, (3)

nnvn(E/N) = nnµn(E/N)E, (4)

divE =
e
ε0
(np−ne−nn), (5)

wherens, vs(E/N), Ss(E/N), µs(E/N), andDs(E/N) are the charged particle density, charged

particle velocity, particle chemical source term, mobility, and diffusion coefficient, respectively.

40th EPS Conference on Plasma Physics P4.309



-1 10

r - axis [mm]

0

1
0

0

2
0

0

3
0

0

4
0

0

5
0

0

6
0

0

7
0

0

8
0

0

1
0

1
4

1
0

1
5

1
0

1
6

0
1

2
3

4
5

6
7

8

E/N [Td]

Electron density [cm
-3

]

0

1

2

3

4

5

6

7

8

z
 -

 a
x

is
 [

m
m

]

(a) (b)

0 800

Reduced electric 
field E/N [Td]

z
 -

 a
x

is
 [

m
m

]

Propagating

Figure 1: (a) Cross sectional views of re-
duced electric field and (b) the axial distribu-
tion of reduced electric field (in Td) and elec-
tron density (in cm3) for 13 mm gap discharge.

The subscript “s” denotes electrons (e) or positive (p)

or negative (n) ions.E is the electric field,ε0 is the per-

mittivity of free space, ande is the absolute value of the

electronic charge. The transport and source parameters

involving electrons (such asve, De, and the reaction co-

efficients inSs) are calculated using Bolsig+ [2] with

published e-V cross sections [3]. We used a reduced re-

action model including electron impact reactions (ex-

citation, ionization, dissociation, re-combination, at-

tachment and detachment), ion recombi-nation and the

reactions of neutrals. A detailed description of the

chemical reaction model is given in our previous pa-

per [6]. In the charged-particle kinetics, three positive

ions: N+
2 , O+

2 , and H2O+, four negative ions: O−2 , O−,

OH−, and H−, and electrons are considered. Complex

ions such as O+4 , N+
4 , and O+2 N2 and the charge trans-

fer reactions are not considered in this simulation. The charged species transport equation (1) is

solved using the MUSCL superbee algorithm [4]. In (3) and (4), all ion mobilities are assumed

to be 2.2×10−4 m2V−1s−1 [5] and diffusion is neglected for the ionic species. It is assumed

that neutral molecules are stationary throughout the entire field.

Results

Discharge kinetics

Figure 1 shows calculated two-dimensional structures of the absolute value of the reduced

electric field (E/N) and the axial distributions ofE/N and the electron density. The distance

from the anode tip in the direction of the plane cathode is defined asz and that from the central

axis is defined asr, corresponding to our experimental configuration. Figure 1 indicates that

the streamer head propagates with a high electric field toward the cathode and that the streamer

channel acts as a highly conductive channel connecting the streamer head to the anode. The

reduced electric field is 20 Td in the streamer channel and approximately 800 Td at the streamer

head. Figure 1(b) shows that the electron density in the streamer channel is higher than 1015

cm−3.

O radical production

Figure 2 (a) shows the axial distributions of streamer luminous intensity for V = 32, 24, 16 kV.
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Figure 2:Axial distributions of (a) streamer
luminous intensity and (b) oxygen radical den-
sity at 200 ns for the voltageV = 32, 24, 16 kV
in O2(20%)/N2.

The shaded are-as in figure 2 (a) represent the lumines-

cence from the secondary streamer and the unshaded

areas represent that from the primary streamer [7]. The

broken line shows our experimental data obtained from

a streamer discharge reactor with 25 gaps under the

same conditions [8]. In the 25-gap reactor, monofila-

ment streamers are generated, similar to those appear-

ing under our simulation conditions. The ratios be-

tween the emission intensities from the primary and

secondary streamers in figure 2 (a) obtained experi-

mentally and by simulation atV = 24 kV are in good

agreement. Figure 2 (b) shows axial distributions of O

radical density att = 200 ns forV = 32, 24, and 16 kV. The axial distributions of streamer

luminous intensity in figure 2 (a) and those of oxygen radical density are in reasonably good

agreement. This agreement has already been observed in our experimental results [9]. In our

simulation, O radicals are mainly produced by both the electron impact dissociation process

and the dissociation of O2 by the excited nitrogen molecules N2(B
′3Σ−

u , C3Πu).

N radical production
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Figure 3:Axial distributions of nitrogen rad-
ical densities att = 200 ns in O2(2%)/N2.

Our previous experimental measurement shows that

nitrogen radicals are mainly produced in the sec-

ondary streamer region in O2(2%)/N2 [10]. Although

we could not give a clear explanation for the high

dissociation degree of N2 in the secondary streamer,

the experimental result that the production yield of ni-

trogen radicals is approximately proportional to the

square of the discharge energy strongly indicated the contribution of two-step dissociation re-

actions [10]. The following reactions have been proposed as a source of dissociation:

R1 : N2+e→ N(4S)+N(2D)+e

R2 :

{
N2+e→ N2(v)+e

N2(v)+e→ N(4S)+N(4S)+e

Figure 3 shows the simulated axial distributions of the N(4S) and N(2D) radical densities at

t=200 ns in an O2(2%)/N2 mixture. The excited N(2D) radicals are produced by the direct

dissociation reaction R6. The discrepancy between the axial distributions of N(4S) and N(2D)
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shows the contribution of the two step dissociation reaction R6 to the production of N(4S)

radicals. This result indicates that while reaction R6 is more prevalent than reaction R6 in the

primary streamer, reaction R6 is more prevalent than reaction R6 in the secondary streamer and

that most of the N(4S) radicals are produced by reaction R6.

OH radical production
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Figure 4:Total number of OH radicals at t =
3 µs as a function of H2O concentration. Ex-
perimental values were measured in our previ-
ous work [11].

The number of OH radicals produced in a single dis-

charge pulse is simulated as shown in figure 4. Then,

the effect of the humidity on the number of OH radi-

cals generated is compared with the experimental re-

sults [11]. Figure 4 indicates that the number of OH

radicals produced by the discharge is saturated with in-

creasing water vapor, and the simulation result is qual-

itatively consistent with the experiments except for a

difference in the total number of OH radicals within a factor of 2. Let me ex-plain the mech-

anism of OH radical production and loss processes. The OH radicals are mainly produced in

the secondary streamer, and the dissociation of H2O by O(1D) and N2(a) is predominant in the

production of OH. After the production of OH radicals, the OH radical density is rapidly de-

creased by the reactions of OH with O(3P). However, the H radicals resulting from the OH +

O(3P) and OH + N(4S) reactions are transformed into HO2, then the HO2 produces OH again

by the reaction with O(3P). Once the above“OH-cycle”reactions reach quasi-equilibrium, the

“OH-recombination”reaction comes into play. As a result, the produced OH change into H2O

or H2O2 by recombination reactions with water-related radicals. This is the reason why the OH

radicals produced are saturated with water vapor as shown in figure 4.
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