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Geometrical Effects of the Discharge System on the Corona Discharge
and Chemically Active Species Generated in Wire-Cylinder
and Wire-Plate Reactors
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Time-dependent one- and two-dimensional numerical models are developed to analyze the influence of the design and the operating conditions on streamer propagation and active-species generation in wire-cylinder and wire-plate reactors. One-dimensional calculations for the corona model of
a wire-cylinder reactor showed that fixed ratios of the wire to the cylinder radii, a/b, and the applied
voltage to the cylinder radius, Va /b, were the key design parameters for controlling the discharge
characteristics. In addition, shape of pulse voltage externally applied to the electrodes is newly suggested for generating a near-uniform electric field over the entire discharge region. Two-dimensional
calculations for a wire-plate reactor found that the wire-to-wire spacing, c, along the parallel-plate
direction should be at least twice the wire-to-plate distance, d, to produce non-equilibrium plasmas
effectively for generating a large volume of resultant chemically active species (c/d ≥2).
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I. INTRODUCTION

The pulsed corona discharge (PCD), which has been
widely used for flue gas cleaning and toxic gas decomposition, is one of the most important non-equilibrium
plasma sources at atmospheric pressure condition. The
PCD generates energetic streamers, which in turn produce numerous chemically active species (CAS), like N,
O, and OH in air. The resultant CAS readily destroy
hazardous pollutants, such as NOx (nitrogen oxides) and
VOC (volatile organic compounds), by chemical reactions [1–3]. Wire-cylinder and wire-plate types of PCD
reactors have been favored due to their simple geometries. However, the non-uniform and time-varying characteristics of streamers make it difficult to analyze and
control the flue gas cleaning process by using even simple
devices. Therefore, understanding the discharge physics
in these reactors is still important for determining the
optimal design parameters, such as the wire radius, the
wire-to-plate distance, and the neighboring wire distance.
There has been an increasing interest in numerical
analysis to find the spatial and the temporal properties
of streamers in a variety of corona reactors. One of the
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major concerns has been the geometrical configurations
of the reactors: for example, pin-plate [4,5], sphere-plate
[6], wire-cylinder [7–9], and wire-plate [10,11] geometries.
Although some streamer properties have been found in
a pin-plate geometry, that geometry has been rather unsuccessful for designing practical corona reactors, such
as wire-cylinder and wire-plate reactors, based on this
numerical analysis. For wire-cylinder modeling, a 1-D
model [7, 8] and a 1.5-D one using a disk method [9]
exist. The 1-D model assumes that neighboring streamers are so close to each other that they fill the whole
discharge region. This 1-D model can predict streamer
properties well near a wire electrode. On the other hand,
the 1.5-D model assumes that neighboring streamers are
separated far from each other so that a single streamer
represents all the streamers with the same physical properties. However, simulation results using the 1.5-D model
showed that streamer properties are more affected by the
streamer radius, which is an unknown parameter, than
by the electrode configuration. Three-dimensional modeling in wire-cylinder and wire-plate reactors should be a
good way to consider neighboring streamers realistically.
Although we have developed a three-dimensional numerical code and have obtained preliminary results [12], the
three-dimensional work still requires numerical improvement.
In this work, considering that the streamer radius is
an unknown parameter in the 1.5-D model and that the
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Fig. 1. Three integrated numerical modules for finding
the characteristics of corona discharge, the chemically active
species, and the plasma interaction properties.

numerical technique in the 3-D model requires improvement, we employed the 1-D model in the wire-cylinder
simulation, especially for analyzing the effects of the geometrical configurations of the electrodes on the discharge
behavior. The ratio of the wire to cylinder radii and the
magnitude of the applied voltage are considered to be
crucial parameters influencing streamer propagation. In
addition, the present numerical simulations make an attempt to find external pulse voltage waveforms for generating discharge electric fields for effective flue gas cleaning. With an assumption of a negligibly small potential
depression in the discharge channel, a unique shape of the
pulse voltage is suggested for generating a near-uniform
electric field over the whole discharge region of a wirecylinder reactor. As another important design parameter
in 2-D wire-plate modeling, the distance between neighboring wires is taken because narrowing the neighboring
wire distance can bring interference effects of discharge
fields on streamer propagation.

II. NUMERICAL MODEL AND
COMPUTATIONAL METHODS
1. Overview of the Numerical Model

The numerical model, as described schematically in
Fig. 1, includes three calculation modules for the corona
discharge, the chemically active species (CAS), and the
plasma interaction properties. In the corona discharge
module, the electric fields and the charged particle densities are computed by solving Poisson’s equation and the
continuity equations in one or two dimensions. The calculated plasma variables are then used as inputs for the
CAS module, where the densities of several CAS are calculated by taking into account a set of rate equations for
electron interactions with air molecules. Meanwhile, the
transport and the collision coefficients are required for

Fig. 2. Computational domain of a wire-cylinder PCD
reactor. A dotted circle at r = s illustrates the propagating
streamer front.

self-consistent calculations of the corona and the CAS
modules. In this work, the Boltzmann equation solver
ELENDIF [13] is adopted to calculate the transport and
interaction properties as a function of the electric field
in the range of 5 ∼ 200 kV/cm.

2. Corona Discharge Model in a Wire-Cylinder
Geometry

The computational domain of the wire-cylinder PCD
reactor is presented in Fig. 2. A positive voltage Va
is applied to a wire anode of radius a while the outer
cylinder tube of radius b is grounded. Positive streamers are initiated at the surface of the wire anode and
propagate toward the grounded outer cathode. It is assumed that many streamers take place symmetrically at
the same time and that the neighboring streamers are so
close to fill the whole discharge region. In Fig. 2, the
instantaneous location of the propagating streamer front
is represented as a dotted circle at r = s.
In this 1-D corona model, the propagating streamers
depend on the radial direction in cylindrical coordinates.
The following are the governing equations describing the
corona discharge in the wire-cylinder geometry [7,9]:
d2 φ 1 dφ
e
+
= − (np − ne − nn ),
dr2
r dr
0

(1)

∂ne 1 ∂
+
(rne vde ) = (1+γph )αne |vde |−βne |vde |,(2)
∂t
r ∂r
∂np
1 ∂
+
(rnp vdp ) = (1 + γph )αne |vde |,
∂t
r ∂r

(3)

∂nn
1 ∂
+
(rnn vdn ) = βne |vde |.
∂t
r ∂r

(4)

-1460-

Journal of the Korean Physical Society, Vol. 44, No. 6, June 2004

sity, n, are
∂n
∂r

=
r=a

∂n
∂r

= 0.

(6)

r=b

Poisson’s equation, Eq. (1), is solved by a SOR (successive over relaxation) scheme. For solving Eqs. (2)
∼ (4), we employed the flux corrected transport (FCT)
algorithm suggested by Zalesak [15]. The upwind and
Lax-Wendroff methods are used as low- and high-order
schemes of the FCT algorithm, respectively [16].

3. Corona Discharge Model in a Wire-Plate Geometry

Fig. 3. (a) Computational domain of a wire-plate PCD
reactor and (b) its numerical grid system with 50 × 100 nodes.

Here, φ is the electric potential in units of [V], e is
the electric charge of 1.6 × 10−19 C, and 0 is the
electric permittivity of 8.854 × 10−14 C/cm2 for air.
The ambient gas is assumed to be N2 /O2 /H2 O/CO2 =
+
+
74.1/3.3/8.3/14.3. Positive ions include N+
2 , O2 , H2 O ,
+
and CO2 . The total number density of positive ions is
represented by np . The total number density of negative
−
−
ions, which include O− , O−
2 , H , and OH , is represented by nn , and the number density of electrons is ne .
vde , vdp , and vdn are the drift velocity of the respective
plasma species. The right-hand sides of Eqs. (2) ∼ (4)
represent the source terms of each charged species. γph
is the photo-ionization coefficient in air, for which the
experimental value given by Penny and Hummert [14]
was used in the present numerical work. α is the total
ionization coefficient, and β is the total attachment coefficient. The boundary values of the electric potential
at the two electrodes are
φ = Va at the anode, φ = 0 at the cathode.

(5)

The boundary conditions for the charged particles den-

∂ne
1 ∂
+
∂t
J ∂ξ



J
ξ
ne vde
hξ



1 ∂
+
J ∂η



J
η
ne vde
hη



Figure 3(a) presents a cross-sectional view of the wireplate PCD reactor, in which the computational domain is
shaded. Three representative wire electrodes are placed
at x = 0, c, and −c, respectively, along the parallel-plate
direction. All the wire electrodes have the same radius
a and the same applied potential Va . The two grounded
plates are located at y = d and −d, respectively. The
rectangular coordinate system (x, y) is transformed into
curvilinear coordinates (ξ, η) to handle the curved surface of the wire electrode effectively. A curvilinear numerical grid system is generated by means of the twodimensional elliptic partial-differential-equation method
[16,17]:
∇2 x = 0 → h2η

2
∂2x
∂2x
2∂ x
−
2h
+
h
= 0,
ξη
ξ
∂ξ 2
∂ξ∂η
∂η 2

(7)

∇2 y = 0 → h2η

∂2y
∂2y
∂2y
− 2hξη
+ h2ξ 2 = 0,
2
∂ξ
∂ξ∂η
∂η

(8)

where the hξ , hη , and hξη are metric coefficients. Figure
3(b) shows a numerically generated grid with 50 × 100
nodes, where θ is the value of the angle from the y-axis
to the x-axis. Based on the curvilinear grid generation,
the above number of grids is used for all wire-plate calculations, regardless of the value of a, c, and d.
The Poisson’s equation transformed into the (ξ, η) coordinates is
!
!


h2ξ ∂φ
1 ∂ h2η ∂φ
2 ∂ hξη ∂φ
1 ∂
−
+
J ∂ξ J ∂ξ
J ∂ξ
J ∂η
J ∂η J ∂η
= 0.

(9)

∂y
∂y ∂x
Here, J = ∂x
∂ξ ∂η − ∂ξ ∂η is the Jacobian of the (ξ, η)
coordinates. The continuity equations of the charged
particles density are expressed as

= (α − β)ne |vde |,

(10)
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+

1 ∂
J ∂η



The following boundary conditions are used in the
wire-plate geometry. At the boundary (AB, CD),
ξx

∂φ
∂φ
+ ηx
= 0,
∂ξ
∂η

(13)

ξx

∂n
∂n
+ ηx
= 0.
∂ξ
∂η

(14)

At the boundary (BC),
φ = 0,
ξx

(15)

∂n
∂n
+ ηx
= 0.
∂ξ
∂η

(16)

At the boundary (DE, FA),
ξy

∂φ
∂φ
+ ηy
= 0,
∂ξ
∂η

(17)

ξy

∂n
∂n
+ ηy
= 0.
∂ξ
∂η

(18)

(11)

(12)

The concentration nx of CAS x is calculated by the
rate equations [4]
X
dnx
=
ckxj ne nm ,
dt
j

(21)

where c is the stoichiometric coefficient, kxj is the reaction rate coefficient, and nm is the concentration of
parent molecules of the product x in each interaction.
There are 13 reaction products: N2 (A), N, O2 (a), O,
O(1 D), OH, H, CO, e, N2 , O2 , H2 O, and CO2 . For convenience, O(3 P) is represented by O in this work. The
reaction rate coefficients, k1 ∼ k7 , are obtained from the
plasma properties module. For the simultaneous computations involving Eqs. (21), the electric field and the
electron density calculated from the plasma module are
used. When calculating the coupled ordinary differential
equations in Eqs. (21), we used an explicit Euler scheme.
Although the large differences in the reaction rate coefficients make Eqs. (21) stiff, use of a short time step of
10−11 sec produced in the reliable calculations.

At the boundary (EF),
5. Determination of the Plasma Properties

φ = Va ,


∂n
∂n
ξx
+ ηx
∂ξ
∂η

(19)




∂n
∂n
cos θ + ξy
+ ηy
∂ξ
∂η



sin θ = 0.
(20)

For solving these equations by the finite difference
method (FDM), we used a conjugate gradient scheme for
Poisson’s equation and an upwind scheme for the continuity equations.

4. Generation of Chemically Active Species

Chemically active species (CAS) can be classified into
two groups: i) primary CAS created by electron-impact
processes of ambient neutral molecules and ii) secondary
CAS generated by the primary CAS reacting with neutral molecules. In this CAS numerical module, however,
only the primary CAS are considered because the calculation time is relatively short to produce secondary CAS.
The ambient air includes nitrogen, oxygen, water vapor,
and carbon dioxide. Table 1 lists the several physical
interactions taken into account in this CAS module.

The plasma interaction properties, including the transport and the collision coefficients, depend on the electron
energy distribution function (EEDF). For their calculations, a Boltzmann solver ELENDIF [13] is used in
this numerical work. Several inelastic collisions by electrons with neutrals, such as excitation, ionization, attachment, and dissociation, can be represented on the
basis of Krook’s collision model [13]. Since ELENDIF requires cross-section values as input data, the JILA (Joint

Table 1. Electron impact interactions with ambient air
molecules considered in the CAS module.
Ambient gas
Nitrogen
Oxygen

Water vapor
Carbon dioxide

Reactions
e + N2 → N2 (A) + e
e + N2 → N + N + e
e + O2 → O2 (a) + e
e + O2 → O + O + e
e + O2 → O(1 D) O + e
e + H2 O → OH + H + e
e + CO2 → CO + O + e

Rate
coeffi.
k1
k2
k3
k4
k5
k6
k7
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Fig. 4. Various reaction rate coefficients caused by electron
collisions with molecules in air as functions of the electric field
(N2 /O2 /H2 O/CO2 = 74.1/3.3/8.3/14.3).

Institute of Laboratory Astronomy) database was compiled for nitrogen, oxygen, water vapor, and carbon dioxide.
Once the EEDF, f , is found, the plasma interaction
properties can be derived as a function of the electron
energy, . Local field equilibrium is well known to be
satisfied at atmospheric pressure. This means that f
and the corresponding plasma properties are only functions of E/N , where E is the total electric field and N
is the background neutral density [18]. The interaction
rate coefficients, k, caused by electron collisions with the
molecules in air are also computed by the ELENDIF
through
Z ∞
k =< σv >f =
σvf ()d,
(22)
0

where σ is the collision cross-section for the corresponding interaction with an electron, and v is the relative
velocity between electrons and molecules. The calculated rate coefficients for various interactions by electron
collisions with molecules in air are plotted in Fig. 4.

III. RESULTS AND DISCUSSION
1. 1-D Modeling of a Wire-Cylinder Reactor
A. Streamer Propagation and CAS Generation

In wire-cylinder modeling, the radii of the anode wire
and the cathode cylinder are set to be 0.2 and 2.0 cm,
respectively. A constant voltage of 46 kV is applied to
the anode wire. A spatially uniform electron distribution
of 1 cm−3 is used as an initial condition. A grid size of
10−3 cm and a time step of 10−11 sec are taken for the
calculations.

Fig. 5. Radial profiles of (a) the electric field, (b) the electron density, and (c) the densities of the CAS during positive
streamer propagation in a wire-cylinder PCD reactor (a =
0.2 cm, b = 2 cm, Va = 46 kV).

Figure 5(a) shows the radial profiles of electric fields
during streamer propagation. An initial maximum electric field of 100 kV/cm at the wire anode surface (r =
a) decreases to about 60 kV/cm at a streamer front during 40 ns. As the streamer front at r = s moves toward
the cylinder electrode (r = b), the electric field becomes
nearly zero inside the streamer channel (a < r < s) and
is pushed out beyond the streamer region (s < r < b).
The numerically calculated electric field at r = a was
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compared with analytical one. In wire-cylinder geometry, the vacuum electric field at the wire surface (r = a)
is determined by [19]
E(a) =

−V 1
,
ln(a/b) a

(23)

where a is the radius of the wire electrode, b is the radius
of the cylinder electrode, and V is the applied voltage.
For example, if a = 0.2 cm, b = 2 cm, and V = 46
kV, then the analytical E(a) is 100 kV/cm, which is
consistent with the numerically calculated one.
Shown in Figure 5(b) are the radial density profiles
of electrons generated during positive streamer propagation. The calculated electron densities in the wirecylinder reactor are in the range of 2 × 1012 ∼ 1013 cm−3 .
The spatial profiles of the electron density are observed
to trace the streamer front propagation because electrons
are produced dominantly near the streamer front and because the negligible drift velocity in the streamer channel
causes the electron to remain in the region between the
wire anode and the streamer front.
Figure 5(c) shows that the spatial-temporal density
distributions of CAS produced in air during streamer
propagation. In this figure, the CAS density profiles follow the electron profile, but the magnitudes of the CAS
concentrations depend on their reaction rate coefficients.
O atoms turn out to be the most abundant radicals, ranging from 3 × 1013 to 1014 cm−3 in these conditions. On
the other hand, OH species are generated in the range of
about 1011 cm−3 .

B. Effects of Reactor Geometry on Plasma Generation

For the wire-cylinder geometry, as with the previous
simulation, the effects of the applied DC voltage level
Va on plasma generation are examined. For four levels of applied voltage, Va = 37, 41, 46, and 55 kV, the
calculated results are illustrated in Fig. 6(a) by tracing
the electric field peak values of the moving streamer at
its head. When 37-kV DC is applied between the wire
and the cylinder electrodes, the corresponding streamer
ceases to propagate near the wire electrode (at 0.5 cm).
As long as the applied voltage is greater than 41 kV, the
streamer propagates covering the whole region of this reactor and can be called a bridged streamer. This 41 kV
might be determined as the onset voltage for a bridged
streamer in this wire-cylinder geometry (a = 0.2 and b =
2 cm). Unfortunately, values of the onset field or voltage
for a bridged streamer are not available in the literature.
However, the partial-breakdown condition [such as line
(1) in Fig. 6(a)] has been investigated for various types
of geometries. For instance, in 1929, Peek [19] experimentally found the partial-breakdown field, Ec , of air in
a wire-cylinder geometry to be


0.308
Ec = 31 1 + √
[kV /cm].
(24)
a

Fig. 6. Effects of (a) the DC voltage level, (b) the cylinder
radius, and (c) different values of a, b, and Va constrained
such that a/b = 1 and Va /b = 23 on the propagation characteristics of streamers in a wire-cylinder PCD reactor.

According to Eq. (24), Ec requires about 52 kV/cm for a
= 0.2 cm. Whenever the maximum electric field E(a) is
greater than the partial-breakdown field Ec , a streamer
will be generated. Let E(a) > Ec , then, the streamer onset voltage corresponding to the partial-breakdown volt-
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age is found from


a
0.308
a ln
[kV ].
Vb ≥ −31 1 + √
b
a

(25)

For example, if a wire-cylinder reactor has a = 0.2 cm
and b = 2 cm, the Vb is estimated to be 24 kV. In this
numerical calculation, partial breakdown was observed
at 24 ∼ 41 kV. The bridged streamer occurred at 41 kV,
as shown in Fig. 6(a).
Next, the effect of the discharge gap on plasma generation is calculated in a wire-cylinder reactor with a wire
radius of 0.2 cm and an applied DC voltage of 46 kV.
Four different radii of the cylinder electrode are used,
i.e., b = 1.8, 2.0, 2.2, and 2.4 cm. The calculated results
are drawn in Fig. 6(b) for the peak traces of the electric
field of the moving streamer head. When the cylinder
radius becomes larger, the streamer has a lower electric
field and stops propagating under a certain value of the
cylinder radius because the internal electric field reduces
with enlarging outer cylinder electrode.
After investigating the influences of the discharge operating parameters on plasma generation, we determined
dominant parameter for the wire-cylinder reactor. The
maximum vacuum electric field at r = a is given by
E(a) =

−Va
−(Va /b)
=
.
a ln(a/b)
(a/b) ln(a/b)

(26)

Here, a is the radius of the wire electrode, b is the radius of the cylinder electrode, and Va is the applied voltage. From this equation, the maximum electric field at
the wire surface (r = a) can be analytically expressed
as functions of the wire radius to cylinder radius ratio
(a/b) and the applied voltage to the cylinder radius ratio (Va /b). However, Eq. (26) is satisfied only at the
surface of the wire electrode before a breakdown of the
corona discharge, so numerical simulations are needed
to verify whether these parameters, a/b and Va /b, can
affect the propagation characteristics of streamers.
Four calculating conditions are considered in this simulation. In each case, a, b, and Va are varied with fixed
values of a/b = 0.1 and Va /b = 23 kV/cm. The traces of
the electric field at the moving streamer front are plotted in Fig. 6(c) as a function of the normalized cylinder
radius (r/b). The initial electric field at the wire electrode is 100 kV/cm for each case. During the discharge,
the streamers generated in the four different types of the
wire-cylinder reactors show the same propagation characteristics. This implies that the same discharge properties can be expected whenever a/b and Va /b are maintained with their respective ratios. Consequently, from
these simulation results, the parameters a/b and Va /b
are found to play a key role in the control of streamer
discharges in wire-cylinder PCD reactors.

C. Pulse Voltage Waveform Generating a NearUniform Electric Field

Fig. 7. Numerical (solid line) and analytical (Eq. (27),
dashed line) results for the radial profiles of (a) the electric
field and (b) the electric potential during positive streamer
propagation in a wire-cylinder PCD reactor (a = 0.2 cm, b =
2 cm, Va = 46 kV).

Uhm and Lee’s analytical work suggested that the electrical potential depression in the streamer channel is negligibly small due to the high conductivity of the streamer
channel [20], which implies that streamers have a role to
expand virtually the radius of the wire electrode and that
the streamer plasma can be treated approximately as a
cylindrical conductor. In this case, the electric field in
the streamer channel (a < r < s) is zero, and the electric
field at the streamer front s can then be expressed as
E(s) =

−Vs
,
s ln(s/b)

(27)

where a in Eq. (23) has been replaced with s. Vs is
the voltage at the streamer front, which is maintained
at the same potential as the externally applied voltage,
Va , to the wire anode (Vs ≈ Va ). In this numerical work,
it is quite meaningful to compare numerically calculated
results with the previous analytical description to examine the validity of Eq. (27) and to get efficient voltage
waveforms for effective CAS generation.
In Fig. 7(a), the numerical results for the electric field
(solid line) are compared with the analytical description
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(dashed line) represented by Eq. (27). As Fig. 7(a)
shows, the numerical and the analytical results are in
quite good agreement within the upstream channel region (< 1 cm), where the ideal assumption of a cylindrical conductor is applicable to the channel in the theory. However, the differences increase as the streamer
front approaches the cylinder cathode, where the potential depression increases as the streamer channel elongated. Figure 7(b) displays the calculated electrical potential profiles corresponding to Fig. 7(a). As expected,
the potential depression in the channel is negligible in
the early stage of the corona discharge (< 40 ns), but it
steadily increases as the streamer approaches the cylinder cathode.
In a comparison of streamer propagation at constant
voltage, the applied pulse voltage profile Va sustaining
the streamer with uniform peak electric fields is deduced
from Eq. (27) as
Va ≈ Vs = −s ln(s/b)E(s).

(28)

If we put E(s) as 24 kV/cm to maintain the streamer onset voltage for atmospheric-pressure air breakdown, the
sustained voltage at the streamer front is then Vs [kV] =
−24 sln(s/b) = Vc , where Vc is defined, for convenience,
as the critical applied pulse voltage for air breakdown.
In Fig. 8(a), Vc is plotted with dashed line as a function of the location of the propagating streamer front.
Three cases of Vs /Vc = 2.5, 3.0, and 3.5 are considered
for the simulation of streamer propagation in the wirecylinder reactor. These pulse voltages have a parabolic
shape as a function of the streamer front location s.
When the streamer front location is near the wire electrode, the rising pulse voltage in Fig. 8(a) will compensate for the decreasing tendency of electric field, shown
at a constant-voltage simulation in Fig. 7(a). On the
other hand, the falling phase of the pulse voltages in
Fig. 8(a) can reduce the increasing electric field near the
cylinder electrode. Simulation results for the voltage of
the streamer front, Vs , are also shown as symbols in Fig.
8(a). In comparison to the analytical approximation, potential depressions (Va − Vs ) are observed for three simulations. The simulation results in Fig. 8(b) indicate that
the traces of streamer fronts traveling toward the cylinder cathode exhibit nearly uniform distributions of their
electric fields in the discharge region. The peak electric fields increase with the applied pulse voltage level.
From this calculation, the applied voltage profiles along
the streamer front positions in the discharge reactor can
be converted to voltage pulse waveforms in the time domain. If the calculated streamer velocity v at the position s is used, the pulse voltage waveforms are found
as Va (t) ≈ Vs (t) ∝ −(vt) ln((vt)/b). In Fig. 8(c), the
calculated voltage pulse waveforms required to produce
near-uniform electric fields are shown for Vs /Vc = 2.5,
3.0, and 3.5 as functions of time. The applied pulse
width is noticed to considerably lessen from 120 ns to
20 ns as the applied voltage Vs is increased from 2.5 Vc
to 3.5 Vc . Since these external pulse waveforms can pro-

Fig. 8. (a) Voltage profiles applied to the wire electrode
(solid lines) and simulation results for the voltages at the
streamer front (symbols). (b) Peak electric field distributions
of the streamers obtained by using the applied voltage profiles of (a). (c) Resultant voltage pulse waveforms required
to produce the near-uniform electric fields shown in (b) as
functions of time.

duce near-uniform electric fields, primary CAS can also
be generated uniformly, even in a wire-cylinder reactor.
Moreover, we can selectively control the density of a certain CAS, such as O or N, because it mainly depends on
the electric field at the streamer front.
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Fig. 9. Propagation images of (a) the electric field, (b) the electron density, (c) the N-radical density, and (d) the O-radical
density along the streamer channel at 30 ns after streamer generation in a wire-plate reactor (b = 2 cm, c = 4 cm, Va = 46 kV).

2. 2-D Modeling of a Wire-Plate Reactor
A. Streamer Propagation and CAS Generation

In wire-plate modeling, the radius a of the anode wire
is 0.2 cm, and the distance d between the center of the
wire and the cathode plate is 2 cm. The neighboring
wire distance c is set to 4 cm. The geometrical arrangement used in this calculation can be characterized as a/d
= 0.1 and c/d = 2. An external constant voltage of 46
kV is applied to the anode wire, and a spatially uniform
electron distribution of 1 cm−3 is used as an initial condition. A numerical grid with 50 × 100 nodes and a time
step of 10−12 sec are used for the calculations.
Figure 9 illustrates the calculated 2-D distributions of
(a) the electric field intensity, (b) the electron density, (c)
the N species, and (d) the O species along the streamer
channel at 30 ns after streamer generation. A positive
streamer initiated by air breakdown at the anode wire
surface propagates toward the grounded cathode plate
to form a discharge channel with an electron density of
1013 cm−3 . The initial non-uniform electric field, with
maximum value of 78 kV/cm, gradually reduces to about
55 kV/cm as the polarization field is formed by net space
charges produced by the different drift velocities between
electrons and ions. The 2-D distributions of CAS are also
obtained and are shown in Fig. 9(c), where N species are
mainly generated around the streamer front due to the
higher electric field needed for nitrogen molecule dissociations. On the other hand, the O species in Fig. 9(d)
require less electron energy and exist in the streamer
channels with lower electric fields.

B. Neighboring Wire Effect

Fig. 10. Propagation images of the electron density (left)
and the electric field intensity (right) at 30 ns after streamer
generation in a wire-plate reactor (b = 2 cm, Va = 46 kV) for
wire-to-wire distances of (a) c = 4 cm, (b) c = 2 cm, and (c)
c = 1 cm.

In order to investigate the influence of the neighboring wire distance on the streamer propagation, we carried
out simulations for different wire-to-wire distances of (a)
c = 4 cm, (b) c = 2 cm, and (c) c = 1 cm. Since d
= 2 cm, the respective ratios of wire-to-wire spacing to
wire-to-plate distance are (a) c/d = 2, (b) c/d = 1, and
(c) c/d = 0.5. As Fig. 10 shows, as the adjacent wire
electrodes are brought closer, their interference effects on
the electric field distributions become stronger, and the
streamers from the adjacent wires, consequently, shrink
up to considerably narrow ranges. Although the same
voltage is applied in all three cases, the closer arrangement of the neighboring wires brings about reductions in
the electron density and the electric field in the streamer
front. Generation of CAS is also affected by the elec-
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trode arrangement in the wire-plate reactor. We, therefore, conclude that the wire-to-wire spacing should be at
least twice the wire-to-plate distance (c/d ≥ 2) to produce an effective non-equilibrium plasma for enhancing
the efficiency of the flue gas cleaning process.

IV. CONCLUSIONS
Time-dependent one- and two-dimensional numerical
codes are developed for wire-cylinder and wire-plate
PCD reactors. Three calculation modules are employed
for (1) the corona discharges, (2) the chemically active
species, and (3) the plasma interaction properties using
the Boltzmann equation solver ELENDIF. Simulations
are mainly focused on finding the governing design parameters of two corona discharge reactors.
In the wire-cylinder reactor, the maximum electric
field at the wire surface can be analytically expressed
as functions of the ratio of the wire to the cylinder radii,
a/b, and the ratio of the applied voltage to the cylinder radius, Va /b. Numerical simulations also reveal that
propagating streamers are governed by the two parameters a/b and Va /b, which implies that the same discharge
properties can be expected whenever a/b and Va /b are
maintained at their respective ratios. In order to control
the electric field at the propagating streamer front, we
carried out numerical calculations to determine the pulse
voltage waveforms for effective flue gas cleaning. With
an assumption of negligibly small potential depression in
the streamer channel, an optimum pulse voltage shape
of Vs ∝ −s ln(s/b) is suggested for generating a nearuniform electric field over the whole discharge region.
In the wire-plate reactor, curvilinear coordinates are
employed to handle realistically the geometry of the
wire-plate reactor. As the adjacent wire electrodes are
brought closer, their interference effects on the electric field distributions become stronger, so the streamers shrink up to considerably narrow ranges. Twodimensional calculations have found that the wire-towire spacing, c, should be at least twice the wire-to-plate
distance, d, to produce a non-equilibrium plasma that is
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effective for generating many chemically active species
(c/d ≥2).
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