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Abstract

In this paper, we have presented a new power supply structure for ozone generation in a dielectric barrier discharge reac-
tor, so that a high-frequency pulse electric field is applied on the reactor simultaneously with a low-frequency sinusoidal
electric field, referred as mixed electric field. In this study, the effect of mixed electric field variation on ozone production
efficiency has been investigated and increasing effects on ozone production have been observed when the reactor tempera-
ture decreases. This performance has been achieved by modifying the mechanism of electrical discharge and decrease in
filamentary discharge in plasma. By examining the spectral lines of atomic emission spectroscopy, the highest peak of the
oxygen (O I) spectral lines was observed in the spectrum of the mixed electric field structure. Also by qualitative comparison
of the spectral lines, the lowest intensity for the oxygen (O II) spectral lines was observed in this spectrum. Practically, this
technique allows us to achieve higher ozone efficiency with less electrical power. Eventually, with the electric field mixing,
we were able to achieve a 4.5% efficiency with 7.7 g/h of ozone generation at 2 kW/m? with 2 L/min injector oxygen. In

addition, by electric field mixing, we were able to reduce the reactor temperature from 66 to 41 °C.
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Introduction

In recent decades, ozone has been increasingly important
between researchers and industries due to its high oxidation
potential and applications in many industrial, biological and
medical fields [1-4]. This excellent oxidant with advanced
oxidation processes is a very strong sterilizer and by par-
ticipating in chemical reactions in different environments,
it can have a variety of applications, including disinfecting
water and air purifiers for public environments and hospitals,
removing NOX gas from industrial plant outlets, food indus-
tries and removing viruses in the medical industry [5-7].
Generally, ozone is generated by an electric discharge in a
dielectric barrier discharge (DBD) reactor [8—11]. By apply-
ing high voltage in the form of different pulses to the reactor
with oxygen gas inlet, ozone is obtained at different concen-
trations in the outlet [12, 13]. Different applications of ozone
require different concentrations of this gas, and different
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techniques are needed to optimize the systems to increase
efficiency [14, 15]. Increasing the reactor temperature is the
most important factor in reducing ozone efficiency, which
causes a nonlinear reduction in the ozone output [16—18].
Researchers use a variety of techniques to reduce the tem-
perature of the reactor [17, 19-21].

Firstly, the simplest way is to use water-cooling and
air-cooling systems which can have a great impact on con-
trolling the reactor temperature and maintaining the ozone
production efficiency [22—24]. But to solve this problem fun-
damentally, we need to find the main factor in increasing the
temperature of the reactor. Researchers have investigated
the efficiency of ozone production by applying different
pulse-shaped power supplies, and by comparing the thermal
effects of applying these pulses, the relationships govern-
ing the behavior of different power sources on efficiency
have extracted. Parameters such as frequency, bipolarity
or unipolarity, rise time, duty cycle and electrical power of
pulse are the variables that have been the focus of these
studies [24-28]. Recent researches have focused on applying
nanosecond pulsed power supplies [20, 29]. By examining
and comparing the results of these investigations, we con-
clude that researchers are trying to minimize the thermal
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effects of the reactor by reducing the pulse width and using
nanosecond pulses [20, 29, 30]. In nanosecond pulses, the
filamentary discharge does not occur since the pulse time
is very low [31-33]. Filamentary discharge is the main
cause of increasing the surface temperature of the dielec-
tric [34-36]. We are looking for a way to create a plasma
that behaves similarly to plasma generated by nanosecond
pulses in a DBD reactor using microsecond and millisec-
ond pulses. Hence, we combine these two pulses and apply
them to the reactor simultaneously. The purpose of this
configuration of the power supplies is to achieve a uniform
plasma to avoid filamentary electrical discharge and reduce
the thermal effects of micro-discharges on the dielectric and
internal electrode. Finally, by varying the electrical power
in each configuration, we identify the highest ozone genera-
tion efficiency and introduce the optimal electrical power in
millisecond, microsecond and combined electric pulses. In
the following, the identification of the species present in the
reactor exhaust gas is carried out by optical emission spec-
trometer (OES). Spectroscopic results play an important role
in understanding the performance of factors that increase
and decrease ozone output. By comparing qualitatively all
of these results, one can have a more accurate answer to the
performance of the mixed electric field for ozone generation.
Finally, we note that ozone production systems, which use
water-cooling systems as well as nanoseconds pulse power
supplies to keep the reactor cool, achieve a high efficiency
of ozone production. However, the high cost of maintain-
ing water-cooling systems and the lack of nanosecond pulse
power supplies in industrial ozone production systems due
to its high price have been the reason for the main idea of
this article to increase the efficiency of ozone production.

Experimental setup

The experimental setup is shown in Fig. 1. The dielectric
barrier discharge plasma is generated in an axially symmetri-
cal electrode configuration, with 5 mm electric discharge
gap. The inner electrode is a rod with a diameter of 1 cm.
The inner electrode is a steel rod with a diameter of 1 cm
and the outer electrode is an aluminum plate with a width of
2 cm and a thickness of 1 mm covering the dielectric tube.
The dielectric used is a quartz tube with an outer diameter
of 2.2 cm and an inner diameter of 2 cm. Two PTFE holders
at the two ends of the reactor have fixed the quartz tube. The
location of high-voltage (HV) rod electrode and HV ring
electrode as well as current and HV probes are marked in
Fig. 1. The outer electrode is connected to a 50 Hz sinusoi-
dal power supply and the other electrode inside the tube is
connected to a 6 kHz pulse power supply, as shown in Fig. 1.
In all experiments, the inner electrode is driven by a power
source, capable of generating a fixed amplitude and duty
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cycle of pulsed high voltage at 6 kHz frequency, for which
the current and voltage waveforms are shown in Fig. 2.
On the other hand, the outer electrode is driven by 50 Hz
sinusoidal power supply, which is capable of generating a
variable high voltage with sinusoidal amplitude (Fig. 3).
However, the performance of the mentioned test structure
is compared with the other two operating structures, i.e.,
using both power supply separately to produce ozone gas.
The mass flow controller is employed to provide constant
O, flow (99.99%), which located in the path of the oxygen
bottle and the gas inlet of the DBD system. Besides, the
oxygen gas flow rate is 2 L/min in all measurements. Electri-
cal discharge in plasma is recorded by a Casio high-speed
Exilim Ex-ZR700 Digital Camera. The voltage and the cur-
rent are measured by a high-voltage probe (TEKTRONIX
P6015 1:1000) and a current probe (TCP202 TEKTRONIX),
respectively. The electrical signals are visualized using a
TEKTRONIX TDS 2024B oscilloscope (200 MHz). The
optical emission spectrometer (OES) with model HR 2000
was used to detect the species in plasma. The temperature
distribution on the reactor was measured by Fluke VT04A
Visual IR Thermometer. The ozone output of the reactor is
measured by a BMT 964 UV ozone monitor device. The fol-
lowing equations are used to calculate the average electrical
power applied on the plasma DBD.

P(t) = V() x I(1) o))
T
Epulse =/ P(t)dt (2)
0
E
pulse
Poe= 2 3
where P, and P(7) are the average and time-dependent

electrical power, respectively, E . is the energy per pulse,
V(t) and I(¢) are the time-dependent voltage and current,

respectively.

PTOTAL = Pave(6 KHZ) + Pave(SO HZ) (4)

The total power consumption of two power supplies is
shown by Prorar.

Results and discussion

The voltage and current waveform generated by the mixed
electric field applied on the reactor are shown in Fig. 4. So-
called waves-waving-waves can also be attributed to this
mixed electric field.
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Fig. 1 The schematic of the experimental setup and measurement tools
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Fig.2 The voltage and plasma current waveforms of 6 kHz pulsed Fig.3 The voltage and plasma current waveforms of 50 Hz sinusoidal
power supply used for the internal rod electrode power supply used for the outer electrode

@ Springer



198

Journal of Theoretical and Applied Physics (2020) 14:195-202

—— Voltage ' ' '

15 | 9 -
S 10} -
£
[

(o))
S 5S¢ 7
©
>
0 - -
5+ .
1 1 1 1 1
-10 0 10 20 30
Time (ms)

— Current] ' ' '
75 -
< 50f
£
c
o 25 +
—
=)
O
0k
25k
1 1 1 1 1
-10 0 10 20 30
Time (ms)

Fig.4 The voltage and plasma current waveforms when both power supplies are applied simultaneously (amplitude-modulated power supply)
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Fig.5 The modulated voltage amplitude seen on the internal elec-
trode, where the peak-to-peak amplitude of the sinusoidal voltage
is Vs(p_p) and the peak-to-peak amplitude of the pulsed voltage is
Vp(p_p)

As can be seen in the voltage waveform, pulses with a fre-
quency of 6 kHz are modulated on the sinusoidal amplitude
of 50 Hz. The modulation of the voltage domain is clearly
seen in Fig. 5.

The waveform of the mixed electric field actually rep-
resented the electric field of the actuator and the electric
discharge current in the plasma. Figure 6 shows a photo-
graph of the discharge structure of a plasma DBD in which
oxygen gas is injected and a mixed electric field is applied
to it. The plasma is ignited at the gas gap of this reactor. A
accurate photograph of the mixed electric field plasma can
be seen in Fig. 7a. Also, the reactor is ignited at another
stage with the pulse power source. The plasma photograph
in this mode is shown in Fig. 7b. By comparing the plasma
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Fig.6 Photograph of DBD plasma reactor under test stimulated by a
mixed electric field
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Dielectric
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Fig.7 Photograph of plasma discharge in reactor in power supply
mode, a mixed electric field and b pulsed power supply

photograph, the main difference between electric discharge
in these two modes is determined. In pulsed plasma mode,
plasma filamentary is clearly seen in the electric discharge.
But plasma in the mixed electric field mode has no continu-
ous plasma filaments in the electric discharge. Plasma fila-
ments occur randomly in this mode, but are not considered
features of this plasma. This performance can be due to the
control of the surface electric charge on the dielectric [37,
38]; this control occurs by applying a low-frequency elec-
tric field to the dielectric surface [39-41]. Simultaneously,
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the high-frequency electric field is applied on the internal
electrode by the pulse power supply. The mixed electric field
and its results are due to the combination of the effects of the
high frequency electric field on the generated plasma and the
effects of the low frequency electric field on the dielectric
surface. In the next step, this plasma was used to produce
ozone and the performance of this structure was compared
with other modes. The result of this performance is shown
in Fig. 8.

Examining these graphs, we concluded that at low fre-
quencies, although the reactor temperature is lower than
other modes, in this frequency range the ozone production
rate is generally low. This behavior can be due to the low
frequency of the electric field applied on oxygen molecules.
By applying pulse power supply, we have seen an increase
in ozone production efficiency. By applying a pulsed power
supply, we have seen an increase in the efficiency of ozone
production, but with increasing efficiency, the reactor tem-
perature also rises sharply and causing a sharp decrease in
efficiency. In the structure of the mixed electric field, the
enhancing of ozone production efficiency was observed;

also, in this mode, the temperature control of the reactor was
done well. The efficiency of ozone production with reverse
bias in the mixed electric field mode decreases sharply. This
performance is due to the high temperature of the reactor.
The nonlinear increase in reactor temperature in this mode
can be due to the thermal effects of the electrical discharge
in the reactor. The thermal effects of the reactor in this mode
can be due to the increase in plasma filaments in the electri-
cal discharge. The final comparison of the graphs is shown
in Fig. 9.

Comparing the graphs in Fig. 9, we conclude that we had
the lowest ozone production rate at 50 Hz. Optimal power in
this mode is lower than other modes. In pulse mode, we have
an increase in ozone efficiency compared to the previous
mode. In this mode, the optimal electrical power is greatly
increased. In mixed electric field mode, we achieved a higher
efficiency than other modes. In this mode, we achieve this
efficiency at a lower optimum power. From the obtained
graphs, the strong dependence of ozone production on reac-
tor temperature is observed. From the atomic-molecular
point of view, the mechanism of reactor performance in
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Fig. 10 The OES of plasma driven by mixed electric field mode at
1 cm away from the dielectric tube

different modes has been investigated by spectroscopy and
spectral lines in Figs. 10, 11 and 12. In spectral lines, the
OH molecular spectrum, oxygen spectral lines (O I and O II)
and the molecular spectrum of oxygen (O,") are observed.
These spectral lines and their transition lines are shown in
Table 1. The intensity of O I oxygen lines indicates the pos-
sibility of ozone production. Also, the intensity of the O II
oxygen lines indicates the possibility of ozone recombina-
tion. By observing these spectral lines, we can see that in
mixed electric field mode, we have the highest intensity of O
I oxygen spectral lines. In this mode, the intensity of the O
II oxygen spectral lines is lower level. O II oxygen spectral
lines related to pulse power supply mode are at the highest
level.
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Fig. 11 The OES of plasma driven by pulsed power supply mode at
1 cm away from the dielectric tube

Conclusion

In this study, we investigated the rate of ozone generation
by the ratio of inlet oxygen in a DBD reactor driven by a
mixed electric field. The internal electrode of the reactor
was driven by a high-voltage high-frequency pulsed power
supply with constant output voltage and simultaneously
the outer electrode was biased by the high-voltage low-fre-
quency sinusoidal power supply with variable output volt-
age. It was observed that by increasing the bias voltage and
subsequently increasing the power applied on the reactor,
the temperature of the reactor also increases linearly. But
the increasing trend of the temperature in different power
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mode at 1 cm away from the dielectric tube

Table 1 Main spectral lines observed in OES of reactor plasma

Oxygen species Transition line Wavelength (nm)
(oX(eR} 3p°P—3s°S 777.4
3p°P—3s°S 844.6
o,* byY—a,[lu 559.1
3
byY—as[Ju 525.7
3
o+ (01 - 678.9
3p*D—3s*P 464.7
3d*F—3p*D 407.2

supply structures was different. As the reactor temperature
increases, the ozone production efficiency also increases,
but this increase in each structure stops at a certain power.
A sharp increase in reactor temperature after this power
and saturation of ozone production results in nonlinear
behavior in efficiency and a sharp decrease in ozone pro-
duction. Our proposed structure results in increased ozone
production efficiency by lowering temperature and reduc-
ing power consumption compared to the structures inves-
tigated in this study. This observation would be due to the
decrease in the thermal effects of plasma filamentary by
electrical discharge on dielectrics and internal electrode. In
fact, low-frequency biasing controls the amount of charge
accumulated on the dielectric surface and subsequently the
type of plasma discharge and plasma regime in the reactor
which results reducing the reactor temperature from 66 to
41 °C relative to the pulsed structure. As a result, despite
low energy consumption, we had a 0.8 percent increase in
ozone production efficiency. From the spectroscopic point
of view of spectral species in reactor gas, we can conclude

that in the structure of the mixed electric field, O I oxygen
spectral lines are much qualitatively stronger than O II
oxygen lines. Increasing the range of O I oxygen peaks
can be an important factor in increasing the likelihood of
ozone molecule bond formation. In this spectral range,
the reduction of the O II oxygen spectrum can be a reason
for the reduction of ozone molecule recombination. The
behavior of spectral species indicates that the bias struc-
ture of the power source for ozone production is optimized
by the combined electric field structure.
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