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Two-Dimensional Modeling of Positive Streamer
Propagation in Flue Gases in Sphere-Plane Gaps
Natalya Yu. Babaeva and George V. Naidis

Abstract— The results of two-dimensional numerical simulation of positive streamer dynamics in flue gases in sphere-plane
electrode configuration are presented. The G-values (numbers
of radicals produced per 100 eV of input electrical energy) for
the production of chemically active particles participating in flue
gas cleaning from toxic components are calculated. Obtained
G-values are almost independent on the discharge conditions.
Simple estimates for G-values, based on analytical streamer theory, are shown to agree with the results of numerical simulation.
Index Terms— Corona discharge, flue gas cleaning, positive
streamer.

I. INTRODUCTION

P

ULSED positive corona discharges in flue gases are
actively studied in connection with their use for gas
cleaning from toxic components NO and CO [1]. Such
discharges have a structure of a number of streamers—thin
plasma channels propagating in discharge gap. Active particles
taking part in the removal of toxic components are produced in
the regions of high electric field—in the streamer heads. The
problem of simulation of the cleaning process includes two
stages. The first stage is calculation of the rates of primary
active particles production by streamers, the second is the
modeling of subsequent chemical transformations in the flue
gas mixture. The chemical part of the problem has been
considered in a number of works [2]–[8]. In most of these
works, some assumptions are made about initial concentrations
of radicals, because available information about the efficiency
of generation of active particles by streamers is rather poor.
In previous works [9]–[11], calculations of radical production
by streamers in flue gases have been done with the use of
one-dimensional (1-D) streamer models. In the frame of 1D models, the results depend on the choice of the value of
streamer radius which is an input parameter of the model. A
more rigorous approach is based on two-dimensional (2-D)
streamer modeling. In the present paper, the results of 2-D
simulation of positive streamer propagation in flue gas are
given. The -values (numbers of particles produced per 100
eV of input electrical energy) for the production of primary
chemically active components are obtained.
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II. SIMULATIONS
The 2-D streamer model is analogous to that used earlier
for air, and is described in detail in [12] and [13]. Streamer
propagation in the sphere-plane gap (the sphere radius
–
cm, the ratio of the gap length to the sphere radius
–
in the mixture N
O
CO
H O
at the molecule number density
cm
and the gas temperature
K
has been simulated. As it has been shown in [9], the electron
energy distribution function (EEDF) in flue gas mixtures is
close (at the values of reduced electric field
typical for
streamer propagation) to the EEDF in air. So in our model for
flue gases, the rate constants of excitation and dissociation of
gas components have been taken calculated with EEDF in air.
Approximations of the excitation rate constants of nitrogen
triplet electronic states and the rate constants of oxygen
dissociation and dissociative excitation presented in [14] have
been used. The data on the nitrogen dissociation rate constant
have been taken from [15]. Calculation of carbon dioxide
dissociation and water dissociative attachment rate constants
has been made with the use of cross sections presented in
[16] and [17]. The dependencies of the ionization coefficient
and the drift velocity of electrons on
in flue gas have
been taken the same as in air, in accordance with [9]. The
photoionization model derived in [18] for nitrogen-oxygen
mixtures has been used modified by the additional account
of absorption of ionizing photons by H O and CO molecules
(corresponding absorption coefficients are taken from [19] and
[20]). The attachment coefficient in flue gas differs from that
in air, but the role of attachment is not essential for short
streamers considered here (see [12]). The difference between
parameters of streamers in air and flue gases is caused mainly
by the shortening of the path length of ionizing photons in flue
gases in comparison with air due to the strong absorption by
H O and CO molecules.
In Fig. 1, the distributions of the electric field
and the
electron number density
along the streamer axis
are
compared for streamers propagating in flue gas and in air.
The value of the electric field in the streamer head
in
flue gas is greater than in air. Correspondingly, the electron
number density in the streamer channel
in flue gas is also
greater than in air (correlation of
and
obtained by 2D simulation agrees with the results of analytical streamer
theory; see [12]).
The dependencies of the velocity of streamer propagation
and current on streamer length in flue gas and in air
are shown in Fig. 2. The values of
and in flue gas are
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(a)
(a)

(b)
Fig. 1. (a) Electric field and (b) electron number density distributions along
the streamer axis in air (lines 1) and flue gas (lines 2), for sphere radius
Rsph = 0:2 cm, gap length d = 1 cm, applied voltage U = 14 kV.

slightly greater than in air (for the same external conditions).
Streamer radius in flue gas is about 10–20% less than in air.
The results of simulation show that, as for streamers in air
and
are almost independent on the
[12], the values of
external conditions of the discharge (the applied voltage, the
sphere radius, and the gap length). Streamer radius, velocity,
and current increase with the applied voltage.
Concentrations have been calculated of chemically active
components generated in the flue gas mixture: electronically
excited nitrogen molecules N (producing radicals in collisions
with O CO and H O molecules), nitrogen atoms N, oxygen
atoms in ground state O P , and in excited state O D
CO and OH radicals. In Fig. 3, axial values of concentrations
and linear number densities
(concentrations
integrated in radial direction) of electrons and nitrogen atoms
in streamer channel are presented for two time moments of
streamer propagation in flue gas. It is seen that atoms are
generated mainly in streamer head, their concentration in
the channel does not change during streamer propagation.
Concentration of electrons in the channel slightly decreases
with time due to three-body attachment to oxygen molecules.
The ratio
is greater than
It means that the

(b)
Fig. 2. (a) Dependencies of streamer velocity and (b) current on its length
in air (lines 1, 3) and flue gas (lines 2, 4), for Rsph = 0:05 cm, d = 0:5
cm, U = 6 kV (lines 1, 2) and for Rsph = 0:2 cm, d = 1 cm, U = 14
kV (lines 3, 4).

effective width of the radial distribution of electrons [which
can be estimated as
is smaller than that of
nitrogen atoms. This fact is caused by stronger dependence
of ionization coefficient on
in comparison with the
dissociation coefficient (the electric field in the streamer head
is maximal at the axis and decreases in radial direction).
The results of calculation show that, as in air [21], the
dependence of the -values on external conditions in flue gas
is weak. As an example, in Fig. 4, the -values for nitrogen
atoms production are given corresponding to various parameters of the gap and applied voltages. They slowly decrease with
growth of streamer length. Calculated -values for production
of chemically active components are given in Table I. Also,
estimations of the -values are presented in the table obtained
with the use of analytical streamer theory (see below).
III. DISCUSSION
It is interesting to compare the -values obtained by 2D modeling and estimated with the use of simple analytical

BABAEVA AND NAIDIS: 2-D MODELING OF POSITIVE STREAMER PROPAGATION IN FLUE GASES

43

(a)

Fig. 4. Dependence of the G-factor for nitrogen atoms production on
streamer length in flue gas, for Rsph = 0:05 cm, d = 0:5 cm, U = 6 kV
(line 1); Rsph = 0:2 cm, d = 1 cm, U = 20 kV (line 2) and 14 kV (line
3); Rsph = 0:1 cm, d = 1 cm, U = 8 kV (line 4).

(b)
Fig. 3. (a) Distributions of concentrations and (b) linear number densities of
electrons (lines 1, 2) and nitrogen atoms (lines 3, 4) along the streamer axis,
for Rsph = 0:05 cm, d = 0:5 cm, U = 6 kV, at two time moments t: 2:4
ns (lines 1, 3) and 5.6 ns (lines 2, 4).

relations [21] based on the analytical streamer theory [22]. The
value
corresponding to the production of active particles of
sort in reactions with high enough energy thresholds (when
particles are generated mainly in streamer head) is given by
the expression
(1)
is the numerical factor of the order of 1,
is the
where
relative concentration of molecules of sort in the mixture,
and the values
are

(2)
is the reaction rate constant for the production of
Here
is
particles in collisions of electrons with molecules
the drift velocity of electrons. The upper limit of the integral
in (2) is the maximal value of the reduced electric field in the

Fig. 5. Dependencies of the values F for the production of active particles in
flue gas mixtures on the reduced electric field in streamer head (see the text).

streamer head
the lower limit is the reduced field in
(note that the dependence of the
the streamer channel
integral on the lower limit is very weak).
In Fig. 5, the values for the production of active particles
in flue gas mixtures (calculated with the use of EEDF for air)
value. Lines marked
are presented as functions of the
“O(3P),” “O(1-D),” “CO,” “N,” “N2*,” and “OH” correspond
to generation of these particles at dissociation and dissociative
excitation of O molecules, dissociation of CO and N
molecules, excitation of triplet states of N , and dissociative
attachment to H O respectively. At calculating -factors
with the use of (1), these -values must be multiplied by
corresponding concentrations of molecules in the mixture. The
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TABLE I
-VALUES IN THE MIXTURE
N2 : O2 : CO2 : H2 O = 0:71 : 0:05 : 0:08 : 0:16
G

-values for radical production) are almost constant. The values in a given flue gas mixture can be estimated with the
use of a simple analytical expression (1).
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line marked “e” in Fig. 5 describes generation of electrons
and takes into account all ionization channels in the flue gas
mixture (it is assumed that the ionization rate in flue gases is
the same as in air; see above). Note that in the range of
,
typical for streamer propagation in flue gases (800–900 Td),
the dependencies of -values on
are rather weak. So
the inaccuracy at calculation of -values related with the use
of EEDF in air instead of real EEDF in the flue gas mixture
is small enough, and the -values given in Fig. 5 can be used
for flue mixtures with various relative concentrations of main
components.
The -values estimated in accordance with (1) for the
considered mixture N
O
CO
H O
are presented in Table I (for
Td and
the ratio
in (1) taken equal to 1). The -value for
oxygen atoms O P includes deposits of both O and CO
dissociation. Comparison of these estimates with the results of
2-D simulation shows their reasonable agreement.
For the modeling of chemical transformations in the mixture
after streamer discharge, the knowledge of not only -factors
but also of the concentrations of radicals in the streamer trail
is needed. Their values can be easily estimated by comparison
of corresponding -factors with the -factor for generation of
electrons
taking into account that the concentration
of electrons in streamer channel is
–
cm
Thus,
for the considered flue gas mixture, such an estimation gives
concentration of nitrogen atoms
–
cm close
to the result of 2-D simulation (see Fig. 3).
Note that the model used in this work does not take into
account the streamer–cathode interaction. So it cannot describe
the stage when the streamer head approaches the cathode and,
respectively, the later stage of the electric field redistribution
inside the channel after crossing the gap.
Due to numerical limitations, the simulation has been made
of streamers in relatively short gaps. In the case of longer
gaps, used in practice, situation will not change till the time
of streamer propagation is less than the characteristic time of
decrease of the channel conductivity (at atmospheric molecule
number densities
is several tens of nanoseconds). So, the
results obtained in this work can be applied in conditions when
the duration of the voltage pulse is shorter than
and than
the time needed for streamer to cross the gap.
IV. SUMMARY
Numerical simulation of positive streamer propagation in
flue gas shows that, analogously to streamers in air [12],
some of the streamer parameters (radius, velocity, current)
essentially depend on the external conditions of the discharge,
while other parameters (the electric field in streamer head,
electron and radical concentrations in streamer channel, the
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