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Abstract

CrossMark

A coaxial dielectric barrier discharge (DBD) reactor with double layer dielectric barriers has
been developed for exhaust gas treatment and excited either by AC power or nanosecond (ns)
pulse to generate atmospheric pressure plasma. The comparative study on the discharge
characteristics of the discharge uniformity, power deposition, energy efficiency, and operation
temperature between AC and ns pulsed coaxial DBD is carried out in terms of optical and
electrical characteristics and operation temperature for optimizing the coaxial DBD reactor
performance. The voltages across the air gap and dielectric layer and the conduction and

displacement currents are extracted from the applied voltages and measured currents of AC and
ns pulsed coaxial DBDs for the calculation of the power depositions and energy efficiencies
through an equivalent electrical model. The discharge uniformity and operating temperature of
the coaxial DBD reactor are monitored and analyzed by optical images and infrared camera. A
heat conduction model is used to calculate the temperature of the internal quartz tube. It is found
that the ns pulsed coaxial DBD has a much higher instantaneous power deposition in plasma, a
lower total power consumption, and a higher energy efficiency compared with that excited by
AC power and is more homogeneous and stable. The temperature of the outside wall of the AC
and ns pulse excited coaxial DBD reaches 158 °C and 64.3 °C after 900 s operation, respectively.
The experimental results on the comparison of the discharge characteristics of coaxial DBDs
excited by different powers are significant for understanding of the mechanism of DBDs,
reducing energy loss, and optimizing the performance of coaxial DBD in industrial applications.

Keywords: coaxial dielectric barrier discharge, discharge characteristics, nanosecond pulse,
operation temperature

(Some figures may appear in colour only in the online journal)

1. Introduction

Dielectric barrier discharge (DBD) is a type of gas discharge,
which can produce high electron temperature and low gas
temperature non-thermal plasma at atmospheric pressure. In a
DBD, at least one of the electrodes is covered by dielectric
layer, which can limit the current and prevent the discharge
transfer to arc discharge. DBD has the advantages of simple
structure, uniform discharge, and moderate energy density.
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For over a century, it has been widely used in the fields of
cleaning of flue gases [1-3], materials surface treatment
[4, 5], medical sterilization [6, 7], ozone production [8, 9],
and synthesis of fuels and chemicals [10, 11]. Coaxial DBDs’
shape allows for gas flow between coaxial cylindrical elec-
trodes in a manner that allows for the gas to be treated evenly.
Therefore, it is suitable for large volume gas reactants treat-
ment, such as removal of NO, and SO, from flue gas [11, 12]
and reformation of methane [13, 14].
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Since DBDs have been traditionally driven by AC
powers sources, there exists an extensive amount of studies
on the discharge characteristics, electrode structures, and
treatment effects of AC DBDs [11, 15-17]. It is found that the
energy efficiency of AC DBD is low because most of the
electrical energy goes into gas heating and there are a lot of
filaments in discharge regime, which may result in the local
overheating of the reactor and the uneven treatment. With the
development of pulse power technology, pulsed DBD has
been actively studied and applied in various applications
[18-21]. Relative to AC-driven DBDs, pulsed-driven DBDs
improve the energy efficient of the system by using a fast rise
time of voltage pulse brings more energy into the energetic
electrons generation, which play a critical role in plasma
physicochemical processing, and the discharge uniformity is
also improved dramatically [18, 22]. Zhang et al compared
the discharge uniformity, average power consumption, and
plasma gas temperatures of AC and nanosecond (ns) pulsed
DBD and found that the ns pulsed DBD had a better dis-
charge uniformity, a lower average power consumption, and a
lower operation temperature than AC DBD under the same
applied voltage [23]. Kettlitz M er al reported the spatial and
temporal structure of the breakdown process of AC and us
pulsed dielectric barrier micro-discharges and the results
showed microsecond (us) DBD had lower streamer velocities
than AC DBD [24]. Williamson et al investigated the ozone
generation rate of DBD excited by short-pulse and high
voltage AC excitation and found that the short-pulse DBD
had higher electron density and ozone generation rate than
those of the AC DBD under the same power [25]. These
findings demonstrate that the pulsed DBD has advantages on
energy efficiency, discharge uniformity, and the treatment
effects compared with the AC DBD. However, there has little
work been done with the comprehensive comparison on the
coaxial DBD excited by AC and ns power supplies in the
discharge characteristics including discharge uniformity, dis-
charge power, energy efficiency, and operating temperature,
which are critical important for the coaxial DBD practical
applications in industrial field.

In this paper, the influence of AC and ns pulse power
supplies on the discharge characteristics of coaxial DBD are
comprehensively studied by electrical and optical diagnosis
and temperature measurements. The energy efficiency, the
average power consumption of the air gap, and reactor heat
loss rate of AC and ns pulse excited coaxial DBD are cal-
culated and compared by equivalent circuit model and heat
conduction model analysis.

2. Experimental setup

The experimental setup is illustrated schematically in
figure 1(a). The coaxial DBD can be excited by AC and ns
pulse power supplies, respectively. The AC power frequency
varies from 5 to 20 kHz and the peak output voltage is ranged
from 0 to 25kV. The AC power supply is based on self-
oscillating technology and the central oscillating frequency is
9.5 kHz. At the central oscillating frequency, the AC power

supply has high power factor and sinusoidal voltage wave-
form output. Then, the frequency of the AC power supply is
fixed at 9.5kHz during experiment for best discharge per-
formance. The ns pulse power supply can provide adjustable
high-voltage pulses of up to 30 kV with a rising time of 80 ns
and a pulse width of 250 ns. The pulse repetition frequency
(PRF) of ns pulse power supply varies from O to 1 kHz and is
fixed at 1 kHz during experiment. The experiment is carried
out in open air under one atmospheric pressure with 20 °C
room temperature and 20% humidity. A cross-sectional view
of the coaxial DBD reactor is shown in figure 1(b). It includes
inter electrode, outer electrode, and internal and external di-
electric barrier layers. Reactor is built up by two coaxial
quartz tubes with a 2.5 mm gas gap and quartz tubes serve as
dielectric barrier layers between the inner and outer electro-
des. The external quartz tube has a thickness of 2.5 mm, a
length of 360 mm, and an outer diameter of 25 mm. While the
internal quartz tube has a thickness of 1.2 mm, a length of
355 mm and an outer diameter of 15 mm. The outer surface of
the external quartz tube is wrapped by a stainless steel mesh
with a length of 200 mm and is connected with the power
supply output as the high-voltage electrode. The inter elec-
trode in the middle of the internal quartz tube is a 1 mm
diameter copper wire connected with ground as the grounded
electrode. The aluminum powder is filled the space between
the inner electrode and the internal quartz tube for uniform
heat transfer and reducing partial discharge.

The applied voltage and the discharge current are mea-
sured with a 1000:1 high-voltage probe (Tektronix, P6015A)
and a current coil (Pearson Electronics Inc., 2877), respec-
tively. A 2200 pF reference capacitor, Cy,, is inserted in the
circuit to estimate the voltage across the dielectric barrier and
the voltage on C,, is measured using a 200:1 differential
probe (Sapphir, LDP-6002). The voltage and current wave-
forms are recorded by a digital oscilloscope (Tektronix, TDS-
3054c). The discharge image is recorded by a digital camera
(Canon, EOS6D) with an exposure time of 1/25s. The
temperature of the external quartz tube is measured using an
infrared (IR) camera (Testoterm, Testo875-1i) with a mea-
surement range of 0 °C-350 °C.

3. Electrical analysis and modeling

For a coaxial DBD, the applied voltage, U, is the sum of the
voltage across the gap, Uy, and the voltage across the dielectric
barrier, Uy, and the measured current, /;, is composed of the
displacement current, Iy, and the conduction current, I,. The U,
and [, are important to analyze the ignition and extinguish
processes of DBD and calculate the power used for plasma
generation. To separate the U, and /5, an equivalent circuit of the
coaxial DBD reactor is used and is shown as figure 2 [26, 27].
C4 represents the equivalent capacitance of both dielectric layers,
C, represents the equivalent capacitance of air gap, and Cgq is
the total equivalent capacitance of the DBD configuration. In
addition, a reference capacitor, C,,,, is used for calculating Uy
and the value of C,, should be far larger than that of Ce,. Then, it
can avoid the influence of C,, in the discharge.
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Figure 1. The schematic of the coaxial DBD experimental setup (a) and the cross-sectional view of the coaxial DBD reactor (b).

Figure 2. The equivalent electrical circuit of the coaxial DBD
reactor.

When the discharge is not on, I is equal to the measured
current /; [28] and C.q can be obtained with equation (1) [19]:
Id = Ceq d_ ( 1 )

Figures 3(a) and (b) show the measured currents I;

without discharge, which should be pure displacement cur-
rent, and the fitting curves I3 from equation (1) of AC and ns

pulsed coaxial DBD. The ; is obtained by the product of %
t

and an amplification coefficient as shown in equation (1). The
amplification coefficient is selected such that the calculated Iy
waveform fitting well with the measured currents /; without
discharge. Then, the obtained amplification coefficient is
equal to Ceq. According to the above method, the equivalent
capacitances of AC and ns pulsed coaxial DBDs are obtained
as 37pF and 50pF, respectively. The difference of the
equivalent capacitances of the AC and ns pulsed coaxial
DBDs is because the charge distribution on the dielectric
barrier in ns pulse excited coaxial DBD reactor is more uni-
form than that in AC excited coaxial DBD reactor.
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Figure 3. The measured current and the calculated displacement current without discharge: (a) AC coaxial DBD, (b) ns pulsed coaxial DBD.

When the applied voltage is increased and the discharge
is on, the obtained Cq can still be used to represent the
equivalent capacitance for it does not change much with the
discharge conditions [29]. When the discharge on, the dis-
charge current through the gap, I,, can be obtained by
equation (2) with a measured I, and a calculated I3 by
equation (1):

L=1— I (2)

U,, is proportional to Uy, for both capacitive loads
according to the equivalent circuit. Then, U4 can be estimated
by carefully selecting a coefficient k in equation (3). For AC
DBD, the coefficient k is the inverse of the capacitances
of Ceq and Cy,. For ns DBD, the constant, k, is selected
such that U, could be near zero when the discharge is
extinguished [30].

Us = kUp,. (3)
U, can be obtained by equation (4):

U= U, — Uy 4

According to the above equations, the instantaneous total
power input, P, can be calculated as following:

P =U X L 3

The instantaneous power consumption of air gap, P, and
the instantaneous power consumption of dielectric layer, Py,
can be obtained from the equations (6) and (7).

B=Uy X I, (6)

P=P P ™)

(a)

(b)

Figure 4. The discharge images of (a) AC coaxial DBD and (b) ns
pulsed coaxial DBD at various applied voltages.

The average power consumption of the coaxial DBD
reactor, R, the average power consumption of air gap, F, and
the average power consumption of dielectric layer, Py can be
expressed as follows:

F=1("pd 8
= — t,
t=7), B )
[ )
= — [’
g TJo g
B=F & (10)

The energy efficiency of the coaxial DBD is calculated
as:

x 100%. (11)

| o5

4. Experimental results

4.1. Discharge uniformity

The discharge images of the coaxial DBD excited by AC and ns
pulse power sources at various applied voltages are shown in
figures 4(a) and (b), respectively. The frequency has effect on
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Figure 5. The typical voltage and current waveforms of (a) AC coaxial DBD and (b) ns pulsed coaxial DBD.
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Figure 6. The calculated U, and I, (a), the calculated Uy and I4 (b), and the corresponding P;, Py, and P, (c) with 11kV and 9.5 kHz.

the intensity of the discharge. The intensity of the discharge
images is higher with a higher frequency but the variation of the
frequency has little effect on the discharge uniformity. It is
clearly shown that the ns pulsed coaxial DBD is more homo-
geneous than the AC coaxial DBD. In figure 4(a), it can be seen
that there are a lot of filaments in the AC DBD air gap. At a
lower applied voltage, the filaments are weak and only a few
bright spots can be observed at the inner and outside walls of
dielectric barrier tubes. With the increase of the applied voltage,
there are more filaments in the air gap and more bright spots all
over the walls of dielectric barrier tubes.

Figure 4(b) shows the discharge images of the ns pulsed
coaxial DBD is diffuse and there is no filament observed.
When the peak voltage is low, the plasma is initiated on
localized areas such as the edge of the high-voltage electrode
and the discharge in the middle zone is weak. With the
increase of the applied voltage, the discharge is more uniform
in the air gap and is illumined the whole space between
the outer electrode and inner electrode. The ns pulsed
discharge has a very short voltage rising time and a short
voltage duration, which prevent the glow to arc transition.
Therefore, from the optical images, the ns pulsed coaxial
DBD is more uniform than the AC DBD.

4.2. Electrical characteristics

Figures 5(a) and (b) show the voltage—current waveforms of
the AC coaxial DBD at 11kV peak voltage and ns pulsed
coaxial DBD at 21 kV peak voltage, respectively. It can be
seen in figure 5(a) that there are many filaments in both the
positive and negative half cycles of the measured current,
which indicates that the discharge is in filamentary mode. The
peak value of the ns pulsed coaxial DBD current in figure 5(b)
is much higher than that of the AC coaxial DBD and the
current only contains a few peaks, which is corresponding to
the conduction current and displacement current.

With the applied voltage and measured current of
figure 5(a) and equations (1)—(7), the discharge parameters,
U,, Iy, Uy, 1y, Py, P,, and Py of AC coaxial DBD at 11kV
peak voltage and 9.5 kHz frequency are obtained and shown
in figure 6. It can be seen that the peak values of P, is about
280 W, P4 is about 190 W and P, is about 90 W, which means
most of the power deposited into the dielectric barrier other
than plasma generation.

With the applied voltage and measured current of
figure 5(b), Uy, I, Ug, 14, P, Py, and Py of ns pulsed coaxial
DBD at 21 kV peak voltage and 1 kHz PRF are obtained and
shown in figure 7. It can be seen that the peak values of P, is
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Figure 7. The calculated U, and I, (a), the calculated Uy and Iy (b), and the corresponding P, Py, and P, (c) with 21 kV and 1 kHz.
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Figure 9. The 2D temperature profiles of the outside wall of (a) AC coaxial DBD and (b) ns pulsed coaxial DBD.

about 250 kW, Py is about 120 kW and P, is about 160 kW,
which are much higher than those of the AC coaxial DBD. It
means that the ns pulsed coaxial DBD has a much higher
power deposited into air gap than the AC coaxial DBD to
generate plasma.

To further investigate the discharge characteristics of the
coaxial DBD excited by AC and ns pulse power sources, 7,
R, B, and P, of AC and ns pulsed coaxial DBD at their
operation voltages from breakdown voltage to unstable volt-
age (AC coaxial DBD: 9.5-12.5kV; ns pulsed coaxial DBD:
19-24 kV) are plotted in figure 8. The breakdown voltage of
the ns pulsed DBD is much higher than that of the AC coaxial

DBD because it has a much faster voltage rising time. It can
be seen that R, P, and R obtained from equations (8)—(10)
increase with the increase of the applied voltage. n obtained
from equation (11) also shows an increased trend with the
increase of applied voltage for both AC and ns pulsed DBDs.
For AC coaxial DBD, R and B, are in the ranges of about
18-95 W and 2-25 W over the studied voltages. For ns pulsed
coaxial DBD, P and Fg are in the ranges of about 18-35 W
and 11-23 W over the studied voltages. The ns pulsed coaxial
DBD has a much higher 1 compared with that of the AC
coaxial DBD, which means most of the energy goes into
plasma generation. The maximum values of the 1 of the ns
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Table 1. Parameters of the different materials of the coaxial DBD reactor.

Aluminum powder Internal quartz tube  External quartz tube  Air
vV (m®) 2.5 x 1073 1 x 1075 35 x 1073 2.7 x 1073
p (kgm™) 2700 2650 2650 1.29
G kg 'khH 880 800 800 1400
mCp JkH 59.4 212 74.2 0.05
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Figure 10. The variations of the outside wall temperatures of AC and
ns pulsed coaxial DBD reactor as a function of operating time.

pulsed coaxial DBD is 68.4%, while the AC coaxial DBD is
only 28.5% in the studied applied voltages.

4.3. Operating temperature

In practical applications, the operation temperature of the
coaxial DBD reactor is a key factor for the selection of di-
electric barrier material, reactor lifetime, heat loss, and
treatment effects. To extend the coaxial DBD reactor lifetime
and reduce the cost of the reactor, the operation temperature
should remain at a low level. The two-dimensional temper-
ature profiles of the outside wall temperature of the coaxial
DBD reactor driven by AC and ns pulse power supplies after
900s operation are obtained by placing the IR camera
perpendicular to the axis of tube and are shown in figures 9(a)
and (b), respectively. The discharge conditions are selected
with the most power output, which are close to the practical
operation conditions. The peak voltage of the AC coaxial
DBD is 12.5kV and the frequency is 9.5 kHz and the peak
voltage of the ns pulsed coaxial DBD is 24 kV and the PRF is
1 kHz. The highest temperatures of the outside wall (marked
on figure 9) of AC and ns pulsed coaxial DBD reactor are
158.0 °C and 64.3 °C, respectively.

Figure 10 shows the variation of the outside wall tem-
peratures of the AC and ns pulsed coaxial DBD reactor with
the operation time. It can be seen that the temperatures rise
gradually with the operation time and reach thermal balance
with a time about 900 s. Moreover, the temperature of the ns
pulsed coaxial DBD reactor is much lower than that of the AC
coaxial DBD reactor. It is because there is more energy
consumed on the dielectric layer of the AC coaxial DBD

Figure 11. The sectional view of DBD reactor for thermal analysis.

reactor other than the ns pulsed coaxial DBD reactor within
the same operation time.

5. Discussion

To further analyze the heat loss of the coaxial DBD reactor
excited by AC and ns pulse and provide guidance for practical
application, the thermal balance analysis is carried out with a
heat conduction model [31] as follows. The sectional view of
the coaxial DBD reactor for thermal analysis is shown in
figure 11, where R; is the inner radius of the external quartz
tube, R,, is the outer radius of the internal quartz tube, T, 1o,
and T, are the temperatures at the surface of the internal
quartz tube, inner surface of the external quartz tube, and the
outer electrode. It assumes that part of the total input power is
used to produce the plasma and the rest is consumed by the
dielectric layer as heat loss.

The heat capacity, C;, of each part of the reactor can be
obtained by the following expression [32].

Ci=m; - Gy (12)
where m; and Cp; are respectively the mass and the specific
heat of aluminum powder, internal quartz tube, external
quartz tube, and gas. The volume, density, specific heat, and
heat capacity of aluminum powder, internal quartz tube,
external quartz tube, and gas are given in table 1. The total
heat capacity is 154.85J K"

Where V is the volume of each part, p is the density, Cp;
is specific heat capacity of each part, and m;Cp; is the heat
capacity. The energy consumption on the dielectric layer
converts to heat and transfers to the environment. When the
heat produced in the coaxial DBD reactor is equal to the heat
released, the temperature of the coaxial DBD reactor reaches
a balance state. The heat conduction model of the coaxial
DBD is expressed as follows:

kR — AR =Ry, 13)
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Table 2. The heat parameters of AC and ns pulsed coaxial DBD reactor.

W.(h) R W) AR, (W) T,(C) T.(CC) n (%)
AC coaxial DBD reactor 8395.2 90.9 65.9 158 461 72.5
ns pulsed coaxial DBD reactor  1992.8 34.5 10.9 64.3 114 31.6
Py + AR — APy = By, (14) 6. Conclusions
E+ Fy = F, (15) The discharge characteristics of coaxial DBD driven by high
T. — Tix voltage AC and ns pulse power supply are obtained and
ARy ~ (16)

1 (Ro)’
In| —
4T AL Ri
where ARy, is the heat loss that the reactor releases into the
environment. It can be calculated by the equation (16) [31]. .
and R, are the instantaneous heat consumption of the internal
and the external quartz tubes. AP, is the heat released by the
internal quartz tube. B and Ry are the total heat consump-
tion of the internal and the external quartz tubes and L is the
length of the outer electrode. According to a simple heat
conduction model developed by Sadat and Dubus [31], we
can calculate the radial variation of temperature by the fol-
lowing expression:

2
r=1 - Alm[Z]] .
22| \R

where T is the radial temperature, A is a constant, A is the
thermal conductivity (air: 0.025 W m ! °C_1), and r is radius.
Because the outer electrode is very thin, the temperature at the
outer surface, Tcy, can be assumed to be equal to T,,. When
the steady state is reached, the heat absorbed by the reactor is
equal to the heat released by the external quartz tube, leads to
the following solution:

APy, = P,

(7)

(18)

The temperature at the surface of the inter electrode can
be calculated by the equations (16) and (18). During the
experiment, the temperature is 20 °C. The heat of the internal
quartz tube, W,, can be calculated by the equation (19).

Wo=m- C, x (T, — 20). (19)

The heat loss rate can be calculated by the following
definition.
AR,
7
The calculated heat of the internal quartz tube, the
average power consumption of the DBD reactor, the heat loss
into the environment, the temperature at the inner surface of
the external quartz tube (7,,) and the inter electrode (7¢), and
the calculated heat loss rate are summarized in table 2. It can
be seen that the temperatures of the internal and the external
quartz tubes in the AC coaxial DBD reactor are higher than
that in the ns pulsed coaxial DBD reactor, which result in
most of energy of the AC coaxial DBD is used for heating

and the ns pulsed coaxial DBD has a much higher energy
efficiency than the AC coaxial DBD.

m= (20)

compared including the discharge uniformity, average power
consumption, energy efficiency, and operating temperature.
From the observation of optical images, the ns pulsed coaxial
DBD is more uniform than the AC coaxial DBD, which can
improve the treatment effects and avoid the overheating of the
reactor. The operating temperatures of coaxial DBD reactors
excited AC and ns pulse are recorded by IR camera that the ns
pulsed coaxial DBD has a much lower operation temperature,
64.3 °C, than AC coaxial DBD, 158 °C, after 900 s operation.
The lower operating temperature is more suitable for long
time operation in the large-scale industrial applications. An
equivalent electrical model and a heat conduction model are
used to analyze the power consumption, the energy effi-
ciency, and the heat loss of reactor. It is found that the ns
pulsed coaxial DBD has a much higher instantaneous power
deposition in air gap than AC coaxial DBD. The energy
efficiency of the ns pulsed coaxial DBD can reach 68.4%.
While, the energy efficiency of the AC coaxial DBD is below
30%. Most of the energy in AC coaxial DBD is used to heat
the reactor and the temperature of the inner dielectric barrier
of AC coaxial DBD is also much higher than that of ns pulsed
coaxial DBD. The findings are important to understand the
discharge mechanisms of AC and ns pulsed coaxial DBD.
The results also can provide important experimental refer-
ences to control the discharge properties, optimize the reactor
design, and improve the performance of coaxial DBD reactors
in industrial applications.
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