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Operation of a Three-Electrode Reactor
With Different Electrode Bias

Potential Configurations
J. L. Gallego, F. Minotti, and D. Grondona

Abstract— The three-electrode plasma reactor for the treat-
ment of polluted gases combines a dielectric-barrier discharge
with a remote third electrode, designed to enhance streamer
propagation in a relatively large region. In this paper, experi-
mental studies of the electrical magnitudes of the discharge for
different electrode bias voltage configurations are presented. Also,
the Laplacian electric field distribution in the interelectrode gap
is calculated for each configuration. The degradation efficiency of
NO in an N2 atmosphere for the different configurations is also
reported. It is found that the discharge is generated only for that
electrode bias configuration for which the external electric field
promotes the streamer propagation across the electrode gap. Also,
for a triggered discharge, the reactor efficiency for the removal
of NO changes with the different electrode bias configurations.
This result can be explained in terms of the electric field intensity.
The configuration with higher external electric field improves the
number of streamers propagating in the interelectrode gap so that
more reactive species generated in the streamers are effectively
entrained in the gas flow to be treated.

Index Terms— Atmospheric-pressure plasmas, discharges
(electric), plasma applications.

I. INTRODUCTION

THE treatment of toxic gases emitted to the atmosphere has
been a topic of discussion in recent years. To reduce these

pollutant emissions different technological methods have been
proposed by many research teams around the world. Nonther-
mal plasma is one of the recognized techniques among them.
The energetic electrons of the nonthermal plasma collide with

Manuscript received December 30, 2015; accepted November 14, 2016.
Date of publication December 7, 2016; date of current version January 6, 2017.
This work was supported in part by the Consejo Nacional de Investigaciones
Científicas y Técnicas under Grant PIP GI 11220120100453, and in part by
the University of Buenos Aires under Grant UBACYT 20020130100699BA.

J. L. Gallego is with the Facultad de Ciencias Exactas y Naturales,
Instituto de Física del Plasma, Consejo Nacional de Investigaciones Científicas
y Técnicas, Universidad de Buenos Aires, Buenos Aires 1053, Argentina
(e-mail: jlgallego@tinfip.lfp.uba.ar).

F. Minotti is with the Facultad de Ciencias Exactas y Naturales, Instituto
de Física del Plasma, Consejo Nacional de Investigaciones Científicas y
Técnicas, Universidad de Buenos Aires, Buenos Aires 1053, Argentina,
and also with the Departamento de Física, Facultad de Ciencias Exactas
y Naturales, Universidad de Buenos Aires, Buenos Aires 1053, Argentina
(e-mail: minotti@df.uba.ar).

D. Grondona is with the Facultad de Ciencias Exactas y Naturales, Instituto
de Física del Plasma, Consejo Nacional de Investigaciones Científicas y
Técnicas, Universidad de Buenos Aires, Buenos Aires 1053, Argentina, and
also with the Universidad de Buenos Aires, Buenos Aires 1053, Argentina
(e-mail: grondona@df.uba.ar).

Color versions of one or more of the figures in this paper are available
online at http://ieeexplore.ieee.org.

Digital Object Identifier 10.1109/TPS.2016.2631408

gas molecules generating a wide variety of chemical species
that undergo reactions capable of breaking toxic molecules and
converting them into nontoxic chemical species.

Different plasma-based systems are usually employed such
as those based on pure corona discharges [1], [2], dielectric
barrier discharges (DBDs) [3]–[6], and plasma–catalyst hybrid
systems [7]–[9]. Since many of these configurations operate
at atmospheric pressure, the high electric fields needed to
generate the plasma generally require close-lying electrodes,
which limits the volume of the active region where the gas to
be treated flows.

In previous works [10], the development of a three-electrode
discharge with cylindrical geometry, which could be long-
time sustained over interelectrode gaps up to 20–25 mm,
was presented. The discharge is generated during the positive
cycle of the DBD, and besides it has a pulsed nature, being
composed of repetitive streamers that are uniformly distributed
along the whole DBD electrode length, and that propagate
across the interelectrode gap to a remote third electrode. This
discharge configuration presents a large plasma volume and a
natural, low impedance duct for the gas flow. Based on this
discharge configuration, a plasma reactor was developed and
its efficiency for the removal of NO in an N2 atmosphere
was studied experimentally and theoretically [11]. The reactor
presented a very good performance with energetic efficien-
cies comparable to the most efficient systems. It was also
determined in that work that a good efficiency requires well
developed and extended streamers, that fully pervades the
gas region. For this reason, in this paper, six configurations
of the reactor electrode bias potential are studied and the
degradation efficiency of NO in an N2 atmosphere for the
different reactor configurations is reported. Also, the electric
field in the interelectrode gap is theoretically evaluated to
assess its importance for streamer propagation.

II. EXPERIMENTAL SETUP

The experimental setup is schematically shown in Fig. 1.
The three-electrode reactor arrangement consists in two disks
of adhesive aluminum tape of 50-μm thickness and 19 mm
(electrode 1) and 17 mm (electrode 2) respective radius,
flush mounted at both sides of a polymethyl methacry-
late dielectric disk of 40 mm diameter and 5 mm thick.
Electrodes 1 and 2 are the central DBD electrode arrangement.
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Fig. 1. Experimental setup.

The disks are connected to the power supply by wires placed
inside two insulating tubes (10 mm in diameter) which pass
along the electrode system axis. A third coaxial electrode
(electrode 3), consisting in a steel mesh is attached to the
inner wall of a polymethyl methacrylate dielectric cylindrical
tube with 80 mm inner diameter, 240 mm length, and with a
wall thickness of 5 mm. This tube contains the central DBD
electrode arrangement and the distance between the edges of
the DBD electrodes and the electrode 3 is 20 mm. The gas,
under pressure, goes through the reactor. Two plates seal the
ends of the tube; the gas inlet is placed at one plate and the
gas outlet in the other plate.

In this paper, six different configurations of the electrode
bias potential were studied. In configuration (a), electrode 1
is connected to the ac power supply, electrode 2 is connected
to ground, and electrode 3 to a negative dc power supply.
In configuration (b), electrode 1 is connected to the ac power
supply connected in series to a positive dc power supply and
electrode 2 and electrode 3 are both connected to ground.
In configuration (c), electrode 1 is connected to the ac power
supply in series to a positive dc power supply, electrode 2
is connected to a positive dc power supply, and electrode 3
is connected to ground. In these three configurations, a
surface DBD is generated between electrodes 1 and 2 and
a well-developed discharge between electrodes 1 and 3 is
also established. We refer to this last discharge as the main
discharge. Configurations (d) and (e) are similar to config-
urations (a) and (b), respectively, but the dc power supply
connected is positive. In configuration (f), only electrode 1 is
connected to the ac power supply and electrodes 2 and 3 are
both grounded. In Fig. 2, a schematic of the six configurations
is shown.

The ac power supply consists of a function generator
coupled to an audioamplifier (of 700 W) that feeds a high
voltage transformer coil. In practice, there was an optimal
matching frequency, established by the resonance between
the transformer inductance and the capacity of the electrode
arrangement. For our circuit geometry, the optimum excitation
ac frequency was 5.3 kHz. The ac peak-to-peak voltage
was 16 kV and the dc voltage was either −9.5 or 9.5 kV.
These voltage intensities are the highest values allowed in
the configurations for well-developed discharges without

Fig. 2. Different electrode bias configurations, as detailed in the main text.

Fig. 3. Typical signals of V1 and I for configurations (a)–(c).

spark generation. The voltage was measured using a high-
voltage probe (1000 X/3 pF/100 M�). Current measurements
were inferred from the voltage drop through a 50 � resistance.
These electrical signals were registered with a four-channel
digitizing oscilloscope with a bandwidth of 60 MHz and
1 GS/s of sampling rate. The operating gas was NO 490 ppm,
N2 balanced. The gas flow Q, measured using a flowmeter,
was kept at 1.5 L min−1. The inlet and outlet concentrations
of NO were measured by a gas analyzer MaMos 300 with an
uncertainty of 1%.

III. RESULTS

The only three configurations in which the main discharge
between electrodes 1 and 3 are well generated are configura-
tions (a)–(c). In the other configurations, only a DBD between
electrodes 1 and 2 is developed, but no discharge between
electrodes 1 and 3 is observed.

In Fig. 3, typical signals of electrode 1 voltage (V1) and
the main current between electrodes 1 and 3 (I ) for these
configurations are presented. It can be seen in Fig. 3 that the
I signal presents more peaks in configurations (a) and (c)
than in configuration (b), thus indicating a smaller number
of streamers crossing the electrode gap in this configuration.
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Fig. 4. NO concentration as function of time for the electrode
configurations (a)–(c).

TABLE I

REMOVAL EFFICIENCIES FOR ALL WORKING CONFIGURATIONS

For configuration (a), the onset of the streamers crossing the
interelectrode gap occurs at V1 around 1.4 kV, for configura-
tion (b) at V1 around 11.1 kV, and for configuration (c) at V1
around 10.9 kV. The extinction of the streamers crossing the
interelectrode gap takes place, approximately, at the maximum
value V1 = 8 kV for configuration (a) and V1 = 17.5 kV for
configurations (b) and (c).

Fig. 4 shows the time evolution of the NO concentration
for configurations (a)–(c), that are the only ones in which
a substantial reduction of NO is observed. The initial NO
concentration (NOi ) was about 490 ppm, and after the dis-
charge ignition, the NO concentration reached a constant
value (NO f ). The final concentration achieved for configu-
ration (a) was NO f = (163 ± 2) ppm, for configuration (b), it
was NO f = (286 ± 2) ppm, and for configuration (c), it was
NO f = (180 ± 2) ppm.

The removal efficiency of NO (εexp%) was calculated as

εexp% = 〈NOi − NO f 〉
NOi

× 100. (1)

In Table I, the efficiencies for each studied configuration
are presented.

IV. INTERELECTRODE LAPLACIAN ELECTRIC FIELD

The Laplacian electric field (E) for all the studied config-
urations, including those in which the main discharge is not
produced, was evaluated using the analytical expression of the
potential for a surface charge density inside a cylinder at a

fixed zero potential [12]

φ(r, z) = 1

πε0

∫ ∞

0

{[∫ ad

0
σ(r) r I0(kr)dr

]

× cos [k(z − zd )]

[
K0(kr) − I0(kr)

K0(ka)

I0(ka)

]}
dk

(2)

where, as depicted in Fig. 5, a is the radius of the cylinder,
ad is the radius of the surface charge distribution, located at
the axial position zd , ε0 is the permittivity of the vacuum,
and K0 and I0 are the modified Bessel functions of order 0.
Expression (2) is valid for any axial coordinate z, and for radial
coordinates ad ≤ r ≤ a. For a single metallic disk of radius
ad lying on the surface of a dielectric of relative permittivity
εr , the total surface distribution of electric charge, including
the charge on the disk plus the polarization charges on the
dielectric surface, is given by [13]

σ(r) = qd

2πεr a2
d

√
1 − r2/a2

d

(3)

where qd is the electric charge in the disk only. Use of
the expression (3) in (2) results in the analytical expression
for the potential due to a disk on a dielectric surface, in
which the integral in the variable k is to be done numerically.
The total potential is obtained as the superposition of the
resulting expression for each DBD electrode. This potential,
when evaluated at each disk position, allows to relate the disk
charges with the disk voltages (which are the actual inputs),
and the electric field is finally obtained by numerical spatial
derivation.

The radial electric field at z = 0 was thus evaluated as

E(r, z = 0) = −∂rφ(r, z = 0). (4)

As a check for the correctness of the model of the electric
field, we compare the predicted electrode capacitances with
the experimentally determined ones.

The theoretical capacitances can be determined considering
the case in which the electric field magnitude is insufficient
for gas breakdown so that all currents have only a capacitive
component. In that case, the relation between the instantaneous
electric charge Qi at the generic electrode i is related to the
electrode voltages Vk through the capacitance matrix Cik as

Qi =
3∑

k=1

Cik Vk . (5)

The capacitance matrix is symmetric and also the sum of the
elements in each column or row is equal to zero, so that in the
particular case of having three electrodes, there are only two
independent elements, which can be taken, for instance, to be
C12 and C13. In this way, assigning alternatively zero charge
to electrode 1 or 2 and a given nonzero value to the other
electrode, we determine the corresponding electrode voltages
and thus C12 and C13 are obtained from the resulting linear
system.

To determine the experimental capacitances, electrode volt-
age and capacitive currents measurements for configuration (a)
with voltage magnitude just below that needed for initiating
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Fig. 5. Schematic showing the electrodes parameters used in the electric
field model.

Fig. 6. Electrical measurements of voltage and capacitive currents for
configuration (a) for conditions in which there are not discharges.

the discharge were made. Fig. 6 shows the DBD capacitive
current (IDBD), and the main capacitive current I for an
ac voltage (Vac) of peak-to-peak value equal to 11.4 kV.

Since in the conditions of the experiment V1 = Vac
while V2 and V3 are constant. Also dQ2/dt = −IDBD, and
dQ3/dt = −I , we have from (5) that

C12 = − IDBD

V̇ac
, C13 = − I

V̇ac
. (6)

The capacitances experimental values in (6) were in fact
obtained by minimizing the values of

∑
n

(
V̇ (n)

ac Cexp
12 + I (n)

DBD

)2

and
∑

n

(
V̇ (n)

ac Cexp
13 + I (n)

)2

where n indicates a generic measured instantaneous value, so
that, finally

Cexp
12 = −

∑
n I (n)

DBDV̇ (n)
ac∑

n

[
V̇ (n)

ac
]2 , Cexp

13 = −
∑

n I (n)V̇ (n)
ac∑

n

[
V̇ (n)

ac
]2 . (7)

The obtained experimental and theoretical capacitance val-
ues are given in Table II.

TABLE II

EXPERIMENTAL AND THEORETICAL CAPACITANCE VALUES

Fig. 7. Radial electric field for (a)–(c) at the onset of DBD for all r positions
in the interelectrode gap (left panels) and for radial positions near electrode 3
(right panels).

The good correspondence between experimental and the-
oretical values of the capacitances gives confidence in the
modeled electric field.

Just at the start of the DBD discharge, the electric field
is well described by the Laplacian electric field calculated
earlier, but once the discharge is ignited, the transported charge
accumulates on the dielectric plate and reduces the electric
field in the locality of the DBD electrodes, up to the point
of interrupting the discharge when the magnitude of V1 starts
decreasing.

In Figs. 7 and 8, the radial electric field at z = 0 and
at V1 values at which the onset of the streamers of the DBD
takes place, is presented for each configuration.

As can be seen in Fig. 7, the calculated value of the electric
field at positions near the electrode 3 (r = 4 cm) is higher
for configurations (a) and (c), around 1.8 kV/cm, than for
configuration (b), around 1.3 kV/cm.

In Fig. 8, it is seen that for the configurations in which
the main discharge is not developed, the electric field is
either in the opposite direction to that of the streamer
propagation, configurations (d) and (e), or, for configura-
tion (f), it is of a substantially smaller magnitude than that in
configurations (a)–(c).

V. DISCUSSION

In the studied configurations for which the discharge is well
developed, the interelectrode region of the reactor is crossed
by long streamers resulting from the propagation of cathode
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Fig. 8. Radial electric field for configurations (d)–(f) at the onset of DBD for
all r positions in the interelectrode gap (left panels) and for radial positions
near electrode 3 (right panels).

directed streamers generated between the active electrode of
the DBD and a remote third electrode.

It is widely accepted that streamers can propagate sta-
bly for long distances only in the presence of an external
electric field with a unique minimum electric field value.
The minimum electric field for streamer propagation in N2
at atmospheric pressure is around 1.5 kV/cm [14]. For the
configurations for which the main discharge is generated, the
external electric field calculated near electrode 3 is around this
value, for configuration (b) 1.3 kV/cm, and even higher for
configurations (a) and (c), 1.8 kV/cm. The streamer propaga-
tion ends after V1 reaches its maximum, caused by a reduction
of the external electric field due to the charge deposited onto
the dielectric surface in the DBD electrode system.

In configurations (d)–(f), although the DBD is generated, the
main discharge between electrodes 1 and 3 is not produced.
For configurations (d) and (e), the external field points in a
direction opposite to that of the streamer propagation, and for
configuration (f), the external field at almost all radial positions
is lower than the minimal external field value required for
streamer propagation in N2.

In those configurations with a well-developed main dis-
charge, the reactor shows a high efficiency in NO removal.
The extended interelectrode gap ensures the good pervasion
of the streamers into the gas region, and thus the reactive
species, generated in the streamer, effectively react with the
NO contaminant present in the N2 working gas. In this paper,
the reactor was operated with a DBD dielectric disk thicker
(5 mm) than the one employed in the previous work [11]
(2 mm) and larger ac voltages could be applied without
spark generation; therefore, a larger number of more inten-
sive streamers propagate across the interelectrode gap; thus,
the efficiency in NO removal increases. Also, the obtained
efficiency in configurations (a) and (c) is about 50% larger
than in configuration (b). This result is in total agreement
with the experimental observation that a smaller number
of streamers cross the electrode gap in configuration (b).
These experimental results could be explained in terms of the

different external electric fields. For configurations (a) and (c),
the streamer propagation to electrode 3 starts with an external
electric field at radial positions near electrode 3 slightly higher
than that of configuration (b) and this promotes that more
streamers propagate across the interelectrode gap.

The development of the main discharge requires two con-
ditions: 1) the presence of a well-developed DBD and 2) an
external electric field in the streamer propagation direction that
must exceed the minimum electric field value needed for the
stable propagation of the streamers across the gap.
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