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Abstract—Streamer characteristics have been experimentally
and numerically analyzed for pulsed-corona discharge (PCD) and
dielectric-barrier discharge (DBD) to find out how the discharge
methods determine them and how they, in turn, affect the gener-
ation of radicals in flue gases. Experiments have been performed
and compared for decomposition of a nitrogen oxide (NO) using
PCD and DBD, and the electric field and average electron energy
in the streamer are measured in each discharge by using line ratio
of N;" to N3. The measured results of electron energy reasonably
explain in terms of “G-value’” how the measured NO removal effi-
ciencies have come out. The PCD having high electron energy turns
out to be more efficient for generating N radicals, whereas the DBD
containing relatively low electron energy is more effective for pro-
ducing O radicals. Three-dimensional (3-D) and one-dimensional
(1-D) numerical simulations have been carried out to understand
the observed streamer dynamics in both the PCD and DBD re-
actors. The 3-D numerical simulation has successfully illustrated
the images of streamer front propagation in a wire-cylinder PCD
reactor. In the 1-D simulation for the DBD, the recurrence phe-
nomena of streamers have numerically appeared during the rising
phase of an ac voltage. Furthermore, these numerical models have
properly predicted the electric fields that are comparable with the
corresponding average electron energies estimated from the emis-
sion spectral measurements for the PCD and DBD.

Index Terms—Dielectric barrier discharge (DBD), nitrogen
oxide (NO) decomposition, numerical modeling, optical emission
spectroscopy, pulsed corona discharge (PCD), streamer charac-
teristics.

1. INTRODUCTION

OR THE PAST few decades, nonequilibrium plasmas
generated under the atmospheric pressure have been
applied to a variety of plasma chemical processing, such as flue
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gas cleaning, toxic gas decomposition, and ozone generation.
A pulsed-corona discharge (PCD) and a dielectric-barrier
discharge (DBD) are two of the most extensively investigated
devices producing atmospheric nonequilibrium plasmas. These
plasmas, in turn, generate chemically active species (CAS),
for example N, O, and OH in air, by electron collisions with
ambient molecules. The resultant CAS then readily destroys
hazardous pollutants, such as nitrogen oxides (NOy) and
volatile organic compounds (VOC), by chemical reactions [1],
[2].

In recent years, there have been growing interests in com-
parative studies between PCD and DBD for the purpose of get-
ting the more effective decomposition of toxic gases. An exper-
iment performed by Penetrante et al. in 1995 [3] was the first
to compare the decomposition performances among different
discharge sources. They used three different types of plasma
sources: 1) PCD with a wire-cylinder geometry; 2) DBD with a
cylindrical barrier; and 3) ferroelectric packed discharge (FPD)
with packed pellets between the wire and cylinder electrodes.
After the decomposition experiments for NO of 100 ppm in
nitrogen, they concluded that the decomposition performances
of three reactors had no appreciable differences when the same
energy density was supplied to each reactor. In 1999, Rosocha
and Korzekwa [4] performed similar experiments using a wire-
cylinder PCD and a coaxial-cylinder DBD. During a decom-
position processing in nitrogen, he could, however, decompose
NO of 200 ppm more easily with PCD than with DBD. When
they changed the ambient gas from nitrogen to air, they found
that NO was equally decomposed by the two discharge methods.
Therefore, they concluded that the PCD could generate more N
radicals than the DBD, but two reactors were expected to gen-
erate similar amounts of O radicals.

To date, however, the comparative experiments among
different plasma sources have not shown the consistent results
of CAS generation. Moreover, most of the previous work has
been focused on the plasma chemical reactions without paying
much attention to streamer propagation characteristics. Since
the streamer is a creator of CAS, comparative studies between
PCD and DBD are required for further investigations on the
characteristics of streamers. The aim of this experimental and
numerical work is to investigate how the discharge methods
determine the streamer characteristics and how these character-
istics, in turn, influence radical generations.
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Fig. 1. Cross-sectional view of the (a) wire-cylinder PCD and (b)
coaxial-cylinder DBD reactors.

In the experimental study, NO decomposition experiments
have been carried out using a wire-cylinder PCD and a coaxial-
cylinder DBD. In a nitrogen atmosphere, the PCD showed rela-
tively better performance in NO reduction (NO+N — N3 +0).
On the other hand, when the ambient gas was changed from ni-
trogen to air, the DBD showed better performance in NO ox-
idation (NO + O — NOy). In order to find out the depen-
dency of radical generation on electron energy in the streamer,
an optical emission spectroscopy was employed for the mea-
surements. In addition, Boltzmann solver, ELENDIF [5], was
used for analyzing the measured data. The difference in average
electron energy was then related to the efficiency of radical gen-
eration, known as G-value [6]. The PCD with high electron en-
ergy turned out to be more efficient for generating N species,
whereas the DBD with relatively low electron energy was more
effective for generating O species, which was consistent with
the measured NO decomposition efficiency.

Moreover, numerical simulations have been carried out to un-
derstand the observed streamer dynamics in both PCD and DBD
reactor. A three-dimensional (3-D) numerical model has been
developed to simulate the streamer propagation with a more re-
alistic description in a wire-cylinder reactor. In one-dimensional
(1-D) DBD modeling, the surface charge behavior was consid-
ered to simulate the repulsive streamer during the rising phase
of an ac applied voltage. The numerical models properly pre-
dicted the electric field strengths for PCD and DBD, which were
consistent with the measured average electron energies from the
optical emission spectra.

II. EXPERIMENTAL ANALYSIS OF STREAMERS
A. NO Decomposition Experiment

An experimental system for NO decomposition consists of a
PCD reactor with a pulsed-power supply, a DBD reactor with
an ac power supply, and measuring equipment for discharge
and gas cleaning [7]. The PCD processing is carried out in a
wire-cylinder reactor which is composed of a stainless steel
wire electrode of 350-mm length and a cylinder electrode of
27-mm inner diameter, as shown in Fig. 1(a). Two different di-
ameters of 1 and 2 mm are chosen for the wire electrode. The

pulsed-power supply operated with a rotary spark-gap switch
delivers up to 40-kV voltage in a 100-ns width pulse of which
repetition rate is fixed at 60 Hz. The DBD processing reactor
has a coaxial-cylinder geometry, as shown in Fig. 1(b). An outer
cylinder electrode is made of a metal strip with a length of
240 mm wrapped on a Pyrex tube (permittivity 4, inner diam-
eter 27 mm, thickness 1.5 mm) acting as a dielectric barrier. The
2- or 4-mm discharge gap is maintained by inserting the two
inner rod electrodes with different diameters alternatively in-
side the cylinder. This DBD reactor is operated with a sinusoidal
frequency of 60 Hz. For measuring the discharge energy de-
posited in the plasma, two electrical methods of current-voltage
and charge-voltage measurements are adopted for the PCD and
DBD, respectively. Three different NO concentrations of 100-,
200-, and 300-ppm in both nitrogen and air ambient gases are
initially supplied to the reactors. The decomposed gas compo-
sitions exhausted from the reactor outlet after cleaning process
are monitored with a chemiluminescent NO analyzer. The dis-
charge energy density ¢ is usually used to compare NO decom-
position efficiencies in PCD and DBD with different discharge
volumes, gas residence times, and input powers. The discharge
energy density is determined by a formula, e = £; = f/Q,
where €1 is the one-pulse energy for PCD or the one-cycle en-
ergy for DBD, f is the frequency of applied voltage, and Q) is
the gas flow rate.

In the presence of Ny gas, the decomposition experiments of
NO molecules are first performed in the PCD reactors with two
wire electrodes (r = 0.5 mm and » = 1 mm) and the DBD
reactors with two different discharge gaps (d = 2 mm and
d = 4 mm), respectively. Fig. 2(a) presents the measured re-
sults for the degree of NO removal, [NO]/[NO]o, as a function
of input energy density in .J/I in case of [NOJo of 200 ppm in
nitrogen. As a result, the PCD reactors show better performance
in NO reduction (NO + N — Ny 4 O). Since the NO decom-
posing agent in the nitrogen atmosphere is only N species, it is
experimentally proved that the PCD generates more N radicals
than the DBD does.

Using atmospheric-pressure air as an ambient gas, the decom-
positions of NO are re-examined in these PCD and DBD reac-
tors. Fig. 2(b) indicates that the NO is decomposed in air with
less electrical energy in both types of the discharge method. The
PCD is decomposing NO in air only with consuming 50%—-60%
of the electrical energy compared with the decomposing energy
in nitrogen. Especially, the saving of electrical energy is even
greater in the DBD, which consumes about 10%-20% of the
electrical energy required for the NO decomposition in nitrogen.
Since O species are the dominant agent for NO decompositions
in air atmosphere, it is also concluded that DBD is more appro-
priate for generating O species. In order to reveal the influences
of discharging method on the radical generation, measurement
on the electron energy is required in PCD and DBD.

B. Measurements of Electron Energy in PCD and DBD

An optical emission spectroscopic method is employed to
measure the electron energy in PCD and DBD reactors [8]. For
the convenience of handling streamer discharge, small discharge
chambers, wire-plate and parallel-plate, were newly made.
Optical fiber collects the light emissions from these discharge
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Fig. 2. Degrees of NO removal measured as a function of discharge energy density in (a) N and (b) air atmosphere.
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chambers, and the delivered light is split by a monochromator
equipped with a charge-coupled device (CCD) detector. The
emission line intensities of No*(C3(Il, — B?®Il,, 337.1 nm)
and NoT(B2¥, " — X2, T, 391.4 nm) are measured, because
the intensity ratio of No™ to Ny* lines is known to depend on
an electric field or an electron energy in the streamer [9]-[11].
Hence, the values of electric field and average electron energy
in each discharge system are determined [8] by comparing the
measured line intensity ratio with a numerical estimation made
by a Boltzmann equation solver, ELENDIF.

For the PCD, space-resolved measurements of streamers are
carried out by moving an optical fiber between the wire and
plate electrodes. On the contrary, for the DBD with a small
gap distance, it is considered that a spatial variation of streamer
propagation is relatively insignificant and a high electric field
is mainly formed near the cathode barrier. A temporal varia-
tion of streamer depending on ac voltage is important to un-
derstand the DBD characteristics. For the DBD, time-resolved
measurements are performed with varying the delay time of
the gate/delay controller. The monochromator equipped with
an array detector is operated with a gate width of 100 ps. The
time-resolved measurements are made by varying the opening
time of the detector and tracing an external ac voltage.
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Electric fields measured in (a) PCD as a function of distance from wire electrode, and (b) DBD as a function of time. (F,,.. = measured electric field,

The solid line in Fig. 3(a) shows geometrical electric field at
a pulse voltage of 30 kV. The circles in this figure indicate the
measured electric fields during the streamer propagation. They
are in the range of 120-150 kV/cm, which corresponds to the
average electron energies of 10-12 eV [8]. As streamer begins
to propagate from wire to plate, the electric field of streamer
decreases, which can be interpreted from the fact that high elec-
trical conductivity of streamer [12]. Streamer has a role to ex-
pand the radius of wire electrode virtually, so that the geomet-
rical electric field inside the streamer head is reduced. However,
as streamer approaches to the plate electrode, the electric field
increases up to 150 kV/cm, due to the nonuniform character-
istic of the streamer propagation. In the case of DBD, the mea-
sured electric fields are presented in Fig. 3(b) as a function of
the delay time of measurement. Within 100 ~ 500 ps, mea-
sured electric fields are 100-120 kV/cm, which corresponds to
the average electron energies of 9-10 eV [8]. When the mea-
sured electron energy of the DBD is compared with that of the
PCD, it is revealed that the DBD generates a relatively weak
streamer. It is regarded that the external voltage is used ineffi-
ciently in the DBD reactor because surface charges formed on
the dielectric barriers reduce the voltage in the air gap between
the electrodes. Therefore, after the streamer propagation, the ex-
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Fig. 4. G-values of the CAS calculated by ELENDIF code (solid lines), and
the measured electric fields (shaded region) in the PCD and DBD reactors.

ternal voltage will be applied mainly on the barriers, not on the
discharge air gap.

Calculations for the G-value, the generation efficiency of
chemically active species, are continued by using the ELENDIF
code. This code calculates the electron energy distribution func-
tions using the electron collision cross sections with molecules,
such as Ny, Oz, and H5O. It also provides the transport and
reaction rate coefficients, which depend on the gas composition
and electric field. Fig. 4 shows the calculated G-values as a
function of electric field strength for an ambient air including
N2/O3/H20 of 0.792/0.198/0.01. The generations of O(*P)
and O('D) species are efficient in the low electric field ranges,
whereas N species tend to increase with the electric field. The
shaded regions in Fig. 4 represent the ranges of the electric field
obtained from the preceding light-emission measurements.
The difference in average electron energy is then related to
the radical generation. The PCD with high electron energy is
more efficient for generating N species, whereas the DBD with
relatively low electron energy is more effective for generating
O species, consistent with the measured NO decomposition
efficiency.

III. NUMERICAL ANALYSIS OF STREAMERS
A. Modeling on Wire-Cylinder Reactor

Wire-cylinder reactors have been widely used as a streamer
generation device for the decomposition of toxic gases. Nu-
merous efforts have been devoted to the streamer modeling
to understand the physical and chemical processes occurring
in these reactors. For example, either the 1-D corona model
[13], [14] assuming the closely packed streamers radiating in
the radial direction from the wire electrode or the 1.5-D single
streamer model based on the disk method [7], [11] has been
employed for the sake of simplifying the numerical problem
and reducing the computational complexity. Although these
two models have provided some physical insights and useful
information on the characteristics of streamer, they predict still
contradictory results specifically for the spatial distribution of
the electric field strength at the propagating streamer head. In
this numerical work, a 3-D time-dependent numerical simula-
tion model has been developed to get a better understanding

of the streamer propagation characteristics in the wire-cylinder
reactor [15].

In this numerical modeling, the motions of electrons,
positive, and negative ions are described by a set of conti-
nuity equations. A flux corrected transport (FCT) algorithm
suggested by Zalesak [16] is employed in which the upwind
and Lax—Wendroff methods are used as low- and high-order
schemes, respectively. Electron-impact ionization and electron
attachment are taken into account in the discharge conditions of
atmospheric-pressure dry air [17]. The electric field is solved
from the Poisson’s equation. The finite-difference equations
resulting from the Poisson’s equation are solved by using a
biconjugate gradient stabilized (BiCGStab) method [18] in
conjunction with an ILU(0) preconditioner. Since the FCT al-
gorithm and BiCGStab method in a 3-D configuration demand
the extremely time-consuming calculations, a parallel com-
puting approach with domain decomposition is employed using
a parallel supercomputer. Each subdomain is assigned to a re-
spective processor of the parallel machine and computations of
a set of subdomains are simultaneously carried out. At the end
of every time step in the FCT algorithm and internal iterations
of BiCGStab method, the data of subdomain boundaries are
exchanged between the processors using the message passing
interface libraries. The developed parallel algorithm enables
the 3-D streamer simulation to be successfully performed in a
reasonable computational time.

Fig. 5(a) shows the calculated spatial distributions of electric
field strength at ¢ = 9 ns. A positive pulse voltage of 46 kV
is applied to the anode wire with a radius of 0.2 cm, while an
outer cylinder electrode with a radius of 2 cm are grounded.
The wire-cylinder reactor is initially filled with uniformly dis-
tributed electrons of 1 cm~3. It is then assumed that the electron
density distribution is perturbed at a position of 1 mm away
from the anode wire. A Gaussian profile with a peak value of
1 cm~3 and a width of 400 pm is used for the perturbed elec-
trons in this numerical modeling. Due to the nonuniform elec-
trode configuration of the wire-cylinder arrangement, a positive
glow corona is initiated from air breakdown at the anode wire
surface and expands toward the grounded cathode tube with the
cylindrical discharge volumes filled with an electron density of
10" cm 3. However, after 2 ns, the nonuniform perturbation
of charged particles starts to grow and become a filament-like
streamer. Fig. 5(a) presents iso-surface of electron density at
t = 9 ns showing evidently a filament-like structure. It also
exhibits a propagating streamer of an inherent 3-D shape with
rotational asymmetry about the propagating path.

In Fig. 5(b), two solid curves show the distributions of elec-
tric field strength along the propagating streamer path at ¢ =
9 ns and 12 ns, respectively. During the streamer propagation,
high electric field is only formed within a narrow region, i.e.,
streamer front. At the back of the streamer front propagation,
electric field is then nearly zero. Since most radical and excited
species will be generated within the streamer front, the trace of
propagating streamer front is considered and represented as a
dashed line in Fig. 5(b). It shows a decreasing electric field in
the initial phase of discharge and an increasing one after the for-
mation of the filament-like structure of the streamer, as observed
roughly in the measured electric fields in Fig. 3(a).
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B. Modeling on Parallel-Plate DBD

During the previous NO decomposition experiments, the
streamers in the DBD take place only in a rising phase of the
externally applied ac voltage and their associated streamers
with a few nanosecond durations are recurrent. This recurrence
of streamers is closely related with the behavior of space charge
accumulation on the barrier surface.

In this numerical work, a 1-D time-dependent simulation
modeling has been set up with a simple modification of the sur-
face charge equation for describing the recurrence of streamers.
The externally applied electric fields are calculated by Laplace
equation and the internally produced ones are solved using the
method of disk [19]. A disk radius of 200 pm is adopted for the
refined description of a highly localized streamer channel in
the 1-D situation. The total electric fields are then obtained by
adding the two resultant electric fields. Moreover, the discharge
current profiles are obtained from an equation suggested by
Sato [20]. It is assumed at the plasma-barrier interface that all
the incoming electrons and ions accumulate on the dielectric
barrier as surface charges. However, the accumulated electrons
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(a) Iso-surface of electron density in wire-cylinder reactor at ¢ = 9 ns. (b) Spatial distributions of electric field along the propagating axis (solid line) and
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(a) Calculated discharge current and voltage. (b) Corresponding spatio-temporal developments of electric field in the ac DBD.

are then gradually submerged into the dielectric barrier because
the practical barrier material is not a perfect dielectric [21].
Therefore, with considering the conducting loss of electrons to
the dielectric barrier, the surface charge densities peje and pion
are described by

8 eLe

gtl =Tee n—0oE, (1)
8 ion
% =Tion -1 — 0E, @)

where n is the normal vector directed from plasma to the di-
electric barrier, o is the electrical conductivity of the dielectric
barrier, and E is the electric field inside the dielectric barrier
with the normal direction to the surface.

In this modeling for the DBD with two barriers placed on
the electrodes, it is used that the thickness of a dielectric bar-
rier with relative permittivity of 8 is 0.02 cm, and the discharge
gap is 0.08 cm. A 100-kHz sinusoidal wave with a 6-kV peak
voltage is used as an ac voltage source applied to the electrodes.
When the dielectric has no conductivity (¢ = 0), calculation
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showed only a single pulse of discharge current [22], [23]. On
the other hand, when the dielectric barriers have a conductivity
of 107! S/cm, a recurrent pattern of discharge currents appears
as in Fig. 6(a), showing a similar trend observed in the relevant
experimental measurement. After the initial current pulse dis-
appears, the second one begins to be generated due to the loss
of accumulated surface charges. Further current pulses are se-
quentially found with the same principles. After the onset of
streamers, the discharge voltage is continuously increased with
the applied ac voltage until reaching its highest value, and then it
is gradually decreased down to a breakdown level under which
the streamer cannot sustain any longer.

Fig. 6(b) gives more detailed information about the spatio-
temporal developments of electric field in the ac-DBD. The
streamer propagates repeatedly toward the cathode having the
similar values of electric field, £ = 120 kV/cm in this calcula-
tion. It reasonably explains the trend of measured electric fields,
which were observed during the discharge period with the near
constant level in Fig. 3(b).

IV. CONCLUSION

Experiments have been performed and compared for decom-
positions of an NO using PCD and DBD, respectively. The mea-
surements used in these experiments are involved in streamer
images, time-resolved current, voltage and power characteris-
tics, NO concentrations, and optical emission spectrum. In ni-
trogen atmosphere, the PCD shows better performance in the
NO reduction (NO + N — N3 + O). On the other hand, when
the ambient gas is replaced by air instead of nitrogen, the DBD
yields better results for the NO oxidation (NO + O — NOs)
in this experiment. Based on the measured line intensity ratio
of NoT to Ny*, the average electron energy is estimated for
PCD and DBD. A Boltzmann solver, ELENDIF, is effectively
used to analyze the experimental data. This optical emission
spectroscopy indicates that the average electron energy in the
PCD reactor is 10-12 eV corresponding to the electric fields
of 120-150 kV/cm, while the DBD generates the lower energy
electrons of 9—10 eV equivalent to 100—120 kV/cm. The differ-
ence in the average electron energy is resulted in different values
of the efficiency of radical generation, known as “G-value.” The
PCD having relatively high electron energy is more efficient for
generating N species, whereas the DBD containing relatively
low electron energy is more effective for producing O species.
These relationship between electron energy (or electric field)
and radical generation give a well explanation for the measured
NO removal efficiencies in the PCD and DBD reactors.

In addition, 3-D and 1-D numerical simulations have been
considered to understand the observed streamer dynamics in
both the PCD and DBD reactors. The 3-D numerical simula-
tion has been successfully carried out in the wire-cylinder PCD
reactor to illustrate the streamer front images propagating ra-
dially outward between the electrodes. In the 1-D numerical
modeling for the DBD including the surface charge behavior
on the barrier materials, the calculated results reveal that the be-
havior of recurrent streamers occurring in the rising phase of an
ac voltage reasonably explains the time resolved current mea-
surements. Furthermore, these numerical models can properly

predict the electric field strengths, which are comparable with
the estimated average electron energies measured by the optical
emission spectroscopy for the PCD and DBD reactors. In con-
sequence of these results, experimental and numerical charac-
terizations of streamer turn out to be very informative to esti-
mate radical productions and to compare decomposition perfor-
mances between different plasma sources.
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