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Introduction

Pulsed corona discharge is known to be an effective tool for various plasma chemical
applications such as ozone generation from air and oxygen, removal of toxic agents from
flue gases and polluted air, etc. [1]. Chemically active particles are produced in thin
plasma channels (streamers) propagating in discharge gap. For prediction of the efficiency
of plasma chemical processes in various experimental situations the modeling of streamer
parameters is of great importance.

A streamer is a kind of ionization wave. In front of the wave (in streamer head) the sep-
aration of positive and negative charged particles occurs that causes sharp enhancement of
electric field. In this region of enhanced field vigorous ionization of gas molecules by elec-
tron impact takes place supporting propagation of the wave. The description of streamer
dynamics is a complex problem due to the strong nonlinearity of coupling of charged par-
ticles transport and spatial distribution of electric field. The most reliable way for solving
this problem is numerical simulation. A suitable numerical model of a single streamer
propagating along the line of symmetry of applied electric field is two-dimensional (2D)
axially symmetrical model. This paper is devoted to 2D numerical simulation of positive
and negative streamers in air at atmospheric pressure.

The model

The development of streamers starting from the charged sphere with radius R,Ph and
potential U,ph is considered. Streamer propagation in two kinds of electric field is studied.
The first kind is nonuniform field of sphere-plate gap (the plate with potential Upi — 0 is
located at the distance d from the sphere surface). The second kind corresponds to the case
when the sphere is placed in uniform electric field Eo. This case models the arrangement
of experiment [2] where streamers form in the region of strong electric field near the point
electrode and then propagate in weak uniform field between plane parallel electrodes.
Streamer propagation is examined along the axis of symmetry z passing through the
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center of the spherical electrode in the direction normal to the plate (or in the direction
of applied uniform electric field).

Streamer dynamics is described by the coupled system of equations for electric field
and for concentrations of charged particles. The distribution of electric field E inside the
gap is given by the Poisson equation for potential U

E = -VU, V2U = -Avp, (1)

where p = e(np — nn — ne) is the volume charge density, np, nn and ne are the concentrations
of positive and negative ions and electrons. The values of np,nn and ne are determined in
frame of drift-diffusion approximation

dnj/dt + Vfav,-) = Fj + Sjt v,- = fXjE - 2?, V Info), (2)

where fij and Dj are the mobility and diffusion coefficients for particles of sort j , Fj
is the sum of contributions of local kinetic processes (ionization, attachment, ion-ion and
electron-ion recombination). Term Sj describes the generation of precursor electrons ahead
of the front of the ionization wave due to volume photoionization by radiation of streamer
head and channel. Equations analogous to (2) (without transport terms) are used for cal-
culation of concentrations of nitrogen and oxygen atoms produced by dissociation of N2

and O2 molecules in collisions with electrons (for generation of oxygen atoms the process
of dissociation of 02 molecules in collisions with electronically excited N2 molecules is also
taken into account). The values of rate constants of the processes with participation of
electrons are taken as functions of the local value of electric field. As initial condition the
distributions of the densities of charged particles are taken in Gaussian form with maxima
on the axis of symmetry at the vicinity of the sphere. Detailed description of the model
and the methods used for numerical solution of equations (1) and (2) is given in [3].

Results

Calculations of positive streamers in sphere-plane gap have been performed for values
of sphere (anode) radius Riph = 0.05 - 0.5 cm and the ratio of the gap length to the
sphere radius d/R,ph = 5-10. In Fig.l the distribution of electric field at the streamer
axis for Rsph = 0.2 cm, d = 1 cm, Uaph = 14 kV is presented corresponding to streamer
length L = 0.7 cm. In Fig.2 the axial profiles of linear number densities (integrals of the
concentrations in the radial direction — normal to the direction of streamer propagation z)
of electrons, nitrogen and oxygen atoms are given for conditions of Fig.l. Active particles
are produced mainly in the region of high electric field in streamer head. An appreciable
deposit in radical production gives also the region near the anode where the field stays
high enough during all the time of streamer propagation.

The dependencies of the maximal value of electric field in streamer head E\ on the
streamer length L obtained for R,ph = 0.05 (line 1), 0.2 (2,3) and 0.5 (4) cm, d = 0.5 (1),
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1 (2,3) and 4 (4) cm, U,ph = 6 (1), 20 (2), 14 (3) and 40 (4) kV are given in Fig.3. It
is seen that after the streamer has passed the region of high applied (Laplacian) electric
field near the sphere and moves in the weak field (at L > R,ph) the value of Eh does not
change appreciably with L and is nearly the same for different parameters of the gap and
applied voltages. The weak dependence of Eh on L leads to the rate of radical production
being almost independent on L (see Fig.2).

Calculated spatial-temporal distributions of concentrations of 0 and N atoms in stream-
er channel have been used for obtaining corresponding G-values (number of atoms per 100
eV of input energy) depending on time t or on the streamer length L(t)

a'•<«> = W

I

W(t) = jusphl(t')dt', (3)

where Nj are integrated over the streamer volume the number densities of particles of sort
j , W is the energy input (in 100 eV), / is the discharge current. In Fig.4 the G-values for
oxygen atoms generation Go calculated for conditions of Fig.3 are presented. It is seen
that for streamers with L ;> R,ph the values of Go weakly depend both on L and on the
discharge conditions (applied voltage and parameters of the gap). Calculated G-values
for nitrogen atoms production GN are about one order of magnitude less than Go • The
values GN and Go are in reasonable agreement with experimental data on nitrogen atoms
(NO molecules) [4] - [5] and ozone molecules [5] - [6] generation in air and nitrogen corona
discharges.

The character of streamer propagation in uniform fields depends on the field magni-
tude Eo. In strong fields streamers propagate with velocity V linearly growing with the
streamer length L, the value dV/dL increasing with Eo [7]. If Eo is less than some value
E,t then streamer velocity decreases during its propagation. The calculated value E,t
(corresponding to streamer propagation with constant velocity, dVjdL = 0) for positive
streamers in atmospheric air [7], about 5 kV cm"1, agrees with experiment [2]. Below the
numerical results of comparison of negative and positive streamers propagation from the



131

E
o

LU

200

6.0

100ft

0.0 0.5 1.0
streamer length (cm)

Fig.3

2.0 -

0.0
0.0 0.5 1.0 1.5

streamer length (cm)
Fig.4

sphere placed in uniform fields are presented.
In Fig.5 the dependence of streamer velocity on the length is shown for R,ph = 0.05

cm and different values of Eo. Solid lines correspond to positive streamers, broken lines
— to negative streamers. For all variants the value of electric field at the sphere surface
E,ph = U,Ph/R,ph + 3£0 is the same, equal to 135 kV cm"1. The value of uniform field
Eo is 25 (lines 1,4), 15 (2,5) and 5 (3) kV cm"1. It is seen that streamer velocity changes
almost linearly with streamer length (the length exponentially grows with time).

The results of calculations show that the slope dV/dL is almost the same for different
values of R,ph, Uaph, and the size of initial Gaussian distribution and is determined only
by the polarity of applied field and the value of Eo- In Fig.6 the dependence of dV/dL
on EQ for positive (line 1) and negative (2) streamers is presented. Intersections of the
curves with the broken line dV/dL = 0 give the values of the field Eti corresponding to
stationary streamer propagation with constant velocity. Calculated value of E,t for neg-
ative streamers is about 2-3 times greater than for positive streamers, in agreement with
observations (see [8]). With increase of Eo the curves dVjdL for positive and negative
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streamers approach each other.

Summary

The results of 2D simulation of streamer propagation in atmospheric air show that:

• the (3-values for radical production by positive streamers in short sphere-plane gaps
weakly depend on discharge conditions, the value GN being an order of magnitude
less than Go',

• streamer velocity V in uniform fields linearly depends on its length L, the value
dV/dL being determined by the magnitude and polarity of applied field Eo;

• the field corresponding to negative streamer propagation with constant velocity is
about 2-3 times greater than to positive one.
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