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Abstract: Three-phase gliding arc discharge reactors are devices in which it is difficult to maintain
stable plasma parameters, be it electrically, physically, or chemically. The main cause of plasma
instability is the source, which is freely burning arcs in a three-phase system. In addition, these
arcs burn at low currents and are intensively cooled, further increasing their instability. These
instabilities translate into the electrical characteristics of the plasma reactor. The analysis for the
four gases nitrogen, argon, helium, and air shows that the type of plasma-generating gas and
its physical parameters have a strong influence on the operational characteristics of the plasma
reactor. Current-voltage, power and frequency characteristics of the plasma reactor were plotted
experimentally. Characteristics obtained in this way make it possible to determine the areas of
effective operation of the plasma reactor, and to estimate the quality of the generated plasma. Based
on the characteristics obtained, a method of controlling the plasma parameters can be developed.

Keywords: plasma technologies; power supply systems; non-thermal plasma; electrical discharges;
plasma reactors; plasma-forming gases

1. Introduction

When conducting any process using plasma, knowledge of its properties and mastery of
the methods for obtaining it should be ensured. Plasma research focuses on obtaining controlled
plasmochemical reactions [1-5]. The constancy of the parameters of the generated plasma
largely determines the reproducibility of the processes carried out with its participation [6].

For technical purposes, low-temperature plasma is generated, most often by electrical
discharge in a gas, in devices called plasma reactors [7,8]. Plasma generated in this way is
seeing more and more applications in many fields of science and industry. New types of
plasma reactors are being developed, and existing ones are being streamlined and improved.

One of the more promising technologies is the use of low-temperature plasma gen-
erated at atmospheric pressure in plasma reactors with gliding arc discharge. Currently,
research on plasma reactors with gliding arc discharge is mainly focused on their applica-
tion possibilities. Reactors of this type are used to treat hazardous, municipal, industrial,
and medical waste [9,10]. Gliding arc discharge reactors are used to treat flue gases from
industrial processes such as incinerators, cement kilns and power plants [11-13]. These de-
vices provide a platform for the synthesis of materials, nanotubes, and nanoparticles [14,15].
They can be used for the surface modification and coating of materials [16,17]. They are
used in medical applications [18-22].

Despite the great popularity of gliding arc discharge plasma reactors, they have not
been ranked in terms of their design, the powers used, the voltages and currents, and the
parameters of the plasma generated. There are also no general guidelines on how to supply
reactors with electricity and plasma-generating gases. As a result, each reactor design must
be analyzed separately in terms of operating characteristics and application possibilities.

The plasma parameters necessary for the correct course of the reaction are obtained
by controlling the conditions under which the electrical discharge burns, i.e., the design
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of the plasma reactor, the design and parameters of the electrical power supply system,
and the physical and chemical parameters of the plasma-generating gases. The article [23]
investigated the dependence of gliding arc discharge characteristics and arc column motion
on reactor configuration parameters based on numerical simulations and laboratory exper-
imental results. It was found that changing the distance between the electrodes and the
vertical distance between the electrodes and the inlet nozzle of the process gas affects the
speed of the arc column and its extension, as well as the amount of electricity consumed
by the arc. Similar studies on the dynamic effect of plasma gas on the arc discharge were
conducted in [24]. The paper [25] sought to elucidate the fundamental mechanisms of
non-equilibrium alternating current gliding arc discharge by investigating the effects of
gas composition and pressure on its characteristics using electrical and optical methods. It
was found that the effects of pressure on the gliding arc discharge characteristics differed
depending on the gas composition when the same AC supply was used. The effect of
gas type on the characteristics of a gliding arc discharge was also studied in the work
of [26,27]. In the article [28], an arc discharge burning in air, natural gas and a mixture
of the two was studied. The results presented in this paper describe the dependence of
the breakdown voltage, frequency of discharges, and conversion rates of methane and
molecular oxygen with respect to the variation in the mass flow rate and discharge cur-
rent. The effect of gas flow on the movement of the arc column and the change in its
characteristics and parameters was also studied in the work of [29]. The cited articles
show that controlling the parameters of the plasma-generating gas is key to obtaining the
desired plasma properties and achieving the intended effects of the process carried out
with its participation. An important element in the plasma generation process is the proper
selection of the plasma-generating gas [30-33].

This paper analyzes the operation of a plasma rheter with the four most common
process gases, namely, argon, helium, nitrogen and air. Argon is one of the most commonly
used gases in arc plasmotrons due to its inert nature and availability [34-37]. Nitrogen is
used in arc plasmotrons for applications where a nitrogen-rich plasma is desired, such as
in nitriding processes for hardening the surface of materials or in the plasma synthesis of
nitrogen-containing compounds [38,39]. Helium as a plasma-forming gas is sometimes
used in arc plasmotrons for applications where high thermal conductivity is required [40,41].
Oxygen can be used in processes requiring an oxidizing environment [42,43]. Hydrogen is
often used in arc plasmotrons because of its ability to produce highly reactive plasma [44,45]. It
is used in processes such as plasma cleaning, surface activation and chemical vapor deposition.
In some cases, air can be used in arc plasmotrons as a plasma-forming gas, especially in reactors
where plasma is produced at atmospheric pressure [46,47]. Air plasma can be used for a
variety of applications, including surface cleaning, sterilization, and contaminant removal.

Plasma-generating gas is a factor that is common to all solutions of plasma reactors
with gliding arc discharge. A given gas for each plasma reactor has the same parame-
ters: chemical composition, dielectric strength, ionization potential, electrical and thermal
conductivity. By analyzing the operation of one plasma reactor design with a given plasma-
generating gas, one can draw general conclusions that will be valid for the entire range of
devices of this type. In this article, the effects of the type of plasma gas on the performance
characteristics of a three-phase plasma reactor with a gliding arc discharge were studied.

Particular attention was paid to the ability of individual gases to generate plasmas
in them with the most stable electrical, physical and chemical parameters possible. The
second problem that was considered is the possibility of obtaining good control properties
of the discharge parameters. The plasma reactor and the plasma generated in it were
analyzed in terms of electrical characteristics. The basic characteristic of a plasma reactor
is the current-voltage characteristic. The purpose of this study was to plot a family of
such characteristics for different plasma-generating gases and their different volume flows
through the reactor’s discharge chamber. Also plotted was a family of power characteristics
illustrating the possibility of adjusting the power of the discharge in the reactor both by
changing the electrical parameters and the composition of the process gas and adjusting its
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dynamic parameters. Since strong correlations were observed between the various electrical
and physical chemical parameters of the gases, the characteristics of their interactions were
plotted. Complementing the control characteristics of the plasma reactor are frequency
characteristics. The study indicates that by changing the frequency of the supply voltage,
many parameters of the generated plasma can be influenced.

This study made it possible to draw conclusions about the possibility of controlling
the operation of the plasma reactor, the power of the electric discharge and the parameters
of the plasma.

2. Plasma Reactor with Gliding Arc Discharge

Gliding arc discharge plasma reactors are devices in which it is difficult to maintain
stable plasma parameters [48-50]. The generated plasma is most often electrically, phys-
ically and chemically unstable. The instability of the plasma is due to the principle of
operation of this type of reactors. This operation is based on cycles consisting of ignition,
development and quenching of a free electric arc [51,52]. The discharge at ignition has the
character of a short arc burning perpendicular to the electrodes, which is in thermodynamic
equilibrium. Under the influence of the gas’s dynamic forces acting on the arc column, its
movement along the electrodes takes place. As a result of several increases in length and
volume, the discharge reaches the state of a long arc with a relatively wide column, located
in a state of disequilibrium. The development of the discharge is strongly influenced by
the Lorenz forces acting on it. The arc develops as long as the power supply system is able
to cover the energy loss from the discharge to the environment. During reactor operation,
the length of the free arc, its position in space, its volume, and its electrical and thermal
parameters are constantly changing.

In gliding arc discharge reactors, the most common arcs are those that burn at low
currents and relatively low voltages, and are intensively cooled, and therefore produce
low-temperature discharges [53,54]. By design, the discharges must be cold enough not to
melt electrode material and reactor structural components. At the same time, the discharges
burning in the reactor must have a temperature suitable for the plasmochemical reactions
being conducted. Such arcs can be obtained at sufficiently low current values, but there
are specific voltage and current values, depending on the type of gas, its thermodynamic
parameters and the distance between electrodes, below which the arc goes out.

In low-current arcs, small changes in the parameters of the electricity supply, or in
the physical and chemical parameters of the process gases, lead to changes in the arc
burning conditions, which in turn induce self-regulatory reactions in the plasma that
change the arc structure and its characteristics. Due to the inhomogeneous structure,
both in the cross-section and longitudinally, weak-current arcs are difficult to analyze in
terms of physical and chemical parameters. As a result, it is difficult to unambiguously
determine plasma parameters. This makes the arc difficult to control from the point of
view of maintaining the required characteristics necessary for plasma processes. Free arc
plasma is characterized by relatively low-quality technological and energy parameters [55],
and the arc itself adversely affects the power grid. Low-temperature arcs generate a lot of
electromagnetic interference, voltage sinks and surges, overvoltage, noise and harmonic
distortion in the voltage and current [56].

A free arc burning in a two-electrode system is practically useless for many techno-
logical applications. The length of the free arc, its position in space, its volume and the
characteristics of the plasma generated with it are constantly randomly changing. This
makes the arc uncontrollable from the standpoint of maintaining the required characteristics
necessary for plasma processes.

Improving plasma characteristics and increasing the active surface area of the gliding
arc can be achieved by increasing the number of electrodes to three, six or more. The
most commonly used electrode configuration in gliding arc discharge reactors is the three-
electrode arrangement. This is because the generally available three-phase grid naturally
forces the use of a three-electrode arrangement. Compared to a single-phase arc, free-
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burning electric arcs in a three-phase system are far less stable in terms of their configuration,
shape and structure in the cross-section and longitudinal section [57]. However, when
analyzing these arcs in terms of averaged plasma parameters, better plasma characteristics
are obtained than with a single-phase arc.

When analyzing the effect of gas type on the operating characteristics of a plasma
reactor, it is important to keep in mind the possibility of impurities in the gas. The electrical
discharge processes occurring in plasma reactors are very significantly affected by the
purity of the plasma-generating gas. Even trace amounts of admixtures with low ionization
potential can clearly change the value of the electron spatial ionization coefficient of the gas,
and change the discharge ignition voltage and operating characteristics of the plasma reac-
tor. In gases, we also see the phenomenon of ions sticking to impurities (dust, steam, etc.)
and the formation of slow Langevin ions. The research presented in the article was carried
out using gases of 99.999% purity. However, it should be borne in mind that during reac-
tor operation, electrode erosion products enter the process gases, which can significantly
change the characteristics of the arc discharge. In an electric arc, electron emission from
the cathode is primarily thermal. In the areas adjacent to the arc and to the electrodes, the
temperature value is close to, and sometimes higher than, the melting point of the electrode
material. Although intensive cooling of the electrodes takes place in gliding arc discharge
reactors, a stream of electrode material vapor is ejected from the arc spots, which is then
carried away by the plasma-generating gas. Therefore, the materials used for electrodes
must meet a number of requirements, such as high melting point, low concentration of
contained gases and unnecessary easily vaporized admixtures. Electrodes must also be
made of materials that have low exit work, high chemical stability, and high stability of
surface structure. In the case of plasma reactors with gliding arc discharge, the speed at
which the electrode spots move across the surface of the electrodes is of great importance.
This speed depends on the thermal inertia of the electrode surface layer. Electrode plasmas
do not tend to move over the surface of pure tungsten, carbon and such metals as cadmium,
zinc, lead, manganese, while they move very quickly over the surface of electrodes made
of copper, iron, nickel, silver, and gold. The materials used for electrodes should provide a
compromise between the high speed of movement of electrode spots and the conversion of
low emissions into process gases of pollutants that are a product of their erosion.

The design of a three-electrode plasma reactor with gliding arc discharge is shown in
Figure 1. Table 1 lists the technical parameters.

(@) (b)

Figure 1. Three-electrode sliding arc discharge plasma reactor: (a) cross-sectional drawing through the

discharge chamber, (b) top view of the reactor, (1—working electrode, 2—ignition electrode, 3—gas
inflow nozzle, 4—discharge chamber, 5—electrode holder and current feedthrough, 6—insulator).
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Table 1. Reactor parameters.

Reactor height 580 mm
Discharge chamber height 500 mm
Discharge chamber diameter 114 mm
Number of working electrodes 3
Number of ignition electrodes 2
Working electrode height 143 mm
Electrode spacing in the discharge ignition zone 5mm
Spacing of electrodes in the discharge quench zone 50 mm
Gas inlet nozzle diameter 8 mm
Gas outlet nozzle diameter 114 mm
Working gas flow rate controlled in the range of 0.5 = 17 m>/h
Plasma-forming gases helium, argon, nitrogen, air
Shape of working electrodes knife
Working electrode material stainless steel 0H18N9
Material of ignition electrodes tungsten, 1 mm diameter wire
Material of the discharge chamber quartz glass
Electrode mounting ring material aluminum PA6 (2017A)
Electrode holders steel current bushings
Insulator material AL-70 ceramic

3. Reactor Process Gas Supply System

The plasma parameters necessary for the correct course of the reaction are obtained by
controlling the conditions under which the electrical discharge in the reactor burns. The
physical and chemical parameters of the plasma-generating gases have a great influence
on the plasma properties [58]. The system for supplying the reactor with process gases is
therefore an important part of the plasma generation system.

A schematic diagram of the plasma reactor’s plasma-generating gas supply system
is shown in Figure 2. The system includes four cylinders of technical gases containing
argon, nitrogen, helium, and air. The dosing of plasma-generating gas to the plasmotron’s
discharge chamber is carried out through Bronkhorst’s EL-FLOW mass flow meters and
flow controllers: F-202AV-M20-AAD-44-V with a flow rate of up to 15 m3/h, F-201 AV-50K-
AAD-44-V with a flow rate of up to 2 m3/h, and F-201CV-1K0-AAD-44-V with a flow rate
of up to 0.06 m3/h. Adjustments of the valve settings are carried out using E-7300-AAA
and 12-AAA electronic control modules mounted in the E-7300 type cassette.

HV HV HV HV
\/ \/ \/ \/
X X mX X
PR
GC GC GC GC
He N Ar Air
N

I
M

Figure 2. Plasma reactor plasma gas supply system; PR—plasma reactor; IM—control and measurement
module; HV—flow regulator; GC—gas cylinder.
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Plasma gas flow through the discharge chamber of a plasma reactor can be used to
stabilize the geometric and physical parameters of the arc discharge. However, this requires
an analysis of the gas flow through the discharge chamber of the plasma reactor, and
an attempt to design it and the structural elements of the plasma reactor in terms of the
required aerodynamic characteristics.

4. Electricity Supply System

Through the power supply system, it is possible to influence the power of the discharge,
the temperature of the generated plasma, the degree of ionization of the gas, and thus the
electrical and thermal parameters of the discharge occurring in the plasma reactor [59,60].

During the tests, the plasma reactor was supplied with electricity from a ZF-10 power
supply device, the schematic diagram of which is shown in Figure 3 and the technical pa-
rameters of which are given in Table 2. This power supply device consists of an AC/DC/AC
power electronic converter, three voltage step-up transformers and an ignition module.
The power electronic converter includes a three-phase AC/DC transistor rectifier in a 6T +
6D arrangement, a DC intermediate bus and a six-phase transistor inverter. The rectifier
additionally has a built-in PFC circuit to improve the power factor. The inverter can operate
as a six-phase or as a three-phase inverter. The inverter allows for adjusting the output
current and frequency of the output voltage. The rated output voltage of the inverter is
300V, the rated current is 10 A, and the frequency control range is from 10 Hz to 200 Hz.
The inverter does not include the possibility of controlling the value of the output voltage.
Controlling the power of the plasma reactor by changing the supply voltage is much less
favorable than by changing the current of the electrodes. This is due to the fact that the
voltage of a stable burning discharge is fixed at a certain value and does not depend on
changes in current over a wide range.

Since the arc does not have the ability to self-regulate current, its limitation must occur
outside the discharge itself. The most advantageous way to control the power of the plasma
reactor is by changing the value of the current supplying its working electrodes. Controlling
the value of the current is also greatly facilitated by its almost sinusoidal waveform. The
voltage of the discharge burning in the reactor, on the other hand, undergoes strong
deformation, which is characteristic of intensively cooled electric arcs.

o=z

Figure 3. ZF-10 plasma reactor power supply; C—AC/DC/AC converter, —matching transformers,
IM—ignition module, PR—plasma reactor, IE—ignition electrodes, WE—working electrodes.

The voltage from the output of the converter is increased to the value required by
the plasma reactor by three single-phase transformers. The windings of the primary and
secondary sides of the transformers were wound concentrically on a single column of core.
The cores were made from coiled and braided amorphous material Metglas 26055A1. The
windings of the transformers were connected in a three-phase star—star arrangement, and
on the secondary side were connected to the working electrodes of the plasma reactor. The
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rated output voltage of the transformers is 1.2 kV and the rated current is 2.9 A. The power
of one transformer is 3.5 kVA. The transformers have an enlarged dissipation reactance,
meaning that the discharge current does not exceed the value appropriate for the plasma
process in progress, and at the same time there is no excessive reduction in the power of
the plasma reactor.

Table 2. Parameters of the ZF-10 power system.

AC/DC/AC Converter
Power 3.4 kVA per phase
Supply voltage 230V, 50 Hz
Supply current 15A
Output voltage 300V
Output current 10A
Output frequency 10-200 Hz
Transformers
Power 3.5 kVA per phase
Primary side voltage 300V, 10-200 Hz
Primary side current 116 A
Secondary voltage 1.2kV
Secondary current 29A
Ignition module
Power 60 W
Supply voltage 230V, 50 Hz
Supply current 250 mA
Output voltage 15kV
Output current 40 mA

The way in which the discharge develops in a plasma reactor can be influenced by
changing the frequency of the voltage supplying the working electrodes in the inverter.
As a result of the increase in frequency, the cycle time of the plasma reactor is shortened,
the power of the electrical discharge is reduced, and the area of active plasma interaction
is reduced.

The ignition module is a commercial system from Danfoss with the name EBI4-052F4030.
This module is used to power the ignition electrodes of the plasma reactor. The rated
output voltage of the ignition module is 15 kV and the rated current is 40 mA.

5. Measurement System and Test Methodology

The study, which aimed to find out the operating characteristics of the plasma reactor
when fed with different plasma gases, was carried out in the measurement system shown
in Figure 4.

The system was powered by a 400 V three-phase power network through a 23.4 kVA
ATS-FAZ3-23 autotransformer (Merserwis, Warsaw, Poland). The measurements were
performed using LM-3 voltmeters (Merazet, Poznan, Poland), LE-3 ammeters (Merazet,
Poznan, Poland), LW-1 wattmeters (Merazet, Poznan, Poland), DPO3054 oscilloscope
(Tektronix, Beaverton, OR, USA), and P6015A high-voltage (Tektronix, Beaverton, OR,
USA) and TCP0030 current probes (Tektronix, Beaverton, OR, USA).
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GC GC HV

Figure 4. Measurement system for determining the operating characteristics of a plasma reactor;
C—AC/DC/AC converter, —matching transformers, IM—ignition module, PR—plasma reactor,
IE—ignition electrodes, WE—working electrodes, IM—control and measurement module, HV—flow
regulator, GC—gas cylinder, AT—autotransformer, OS—oscilloscope.

The regulation of the electrical parameters of the plasma reactor power supply was
carried out by changing the settings of the AC/DC/AC converter. Current, voltage and
frequency were regulated. The selection of the plasma-generating gas and the determination
of its volumetric flow through the discharge chamber of the plasma reactor were carried
out by means of appropriate settings of the flow regulators.

6. Characteristics of the Plasma Reactor

The research was directed toward obtaining current-voltage characteristics of the
plasma reactor for four selected plasma-forming gases, i.e., argon, helium, nitrogen, and
air. These characteristics make it possible to determine the voltage and current ranges for
efficient plasma reactor operation and the resistance of the arc column. The possibility of
adjusting the discharge power depending on the type of plasma-generating gas was also
analyzed. The ability of the plasma reactor to regulate the discharge power by changing
the value of the current supplying its electrodes, as well as by changing the frequency of
the supply voltage, was taken into account. The study also took into account the effect on
the performance characteristics of the plasma reactor of changes in the volume flows of
plasma-generating gases.

6.1. Current-Voltage Characteristics of the Plasma Reactor

The current-voltage characteristics of the operating plasma reactor are shown in
Figures 4 and 5. The characteristics were plotted as a function of changes in the rms value
of the current supplying the plasma reactor from 0 to 2.5 A at a supply voltage frequency
of 50 Hz. The current supplying the plasma reactor was controlled by the settings of the
AC/DC/AC converter. Due to the characteristics of the intermediate transformers and
the properties of the electrical discharge itself, there is no direct relationship between the
current settings on the power supply and the value of the arc current. Current adjustments
on the inverter were made to achieve the required value of the discharge current, and at the
same time not to exceed the current rating of the primary side of the transformers. Due to
the current limitation of the transformers for some plasma gases, under certain conditions,
it was not possible to achieve the assumed values of the discharge current.

Argon, nitrogen, helium and air were used as plasma-forming gases. The characteris-
tics shown in Figures 5 and 6 were plotted for gas volume flows of 1.1 m3/h and 2.1 m?/h.
The rms voltage of the burning electrical discharge was measured as phase, i.e., between
the working electrodes of the reactor and the neutral point of the star-connected secondary
windings of the matching transformers.
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Figure 5. Current-voltage characteristics of the plasma reactor for V.= 1.1 m3/h.
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Figure 6. Current-voltage characteristics of the plasma reactor for V = 2.1 m3/h.

The voltage changes recorded on the current—voltage characteristics are the result of
self-regulatory reactions in the plasma changing the structure of the arc and its charac-
teristics, as well as supplying the reactor from transformers with increased dissipation
reactance. The beginnings of the characteristics determine the values of voltages and
currents at which the electric discharge in the plasma reactor is ignited. The ends of the
characteristics determine the values of currents and voltages at which the currents on the
primary side of the transformers exceeded the rated values, and further increases in the
discharge current would threaten to damage the windings.

For all plasma gases considered, falling current-voltage characteristics were obtained
with increasing discharge current. In an electric arc, electron emission from the electrodes is
thermal in nature; hence, with increasing discharge current, the voltage needed to sustain
its burning decreases.

The course of the characteristics is clearly influenced by the volume flow rates of
plasma-forming gases. The most susceptible to voltage changes are discharges burning
in nitrogen and air. The smallest arc voltage changes were recorded for helium. Helium
as a plasma-forming gas provides the most stable arc parameters over the entire range of
current control and applied gas volume flows. Along with argon, helium also provides the
widest range of discharge current control.

In the region of stable operation of the plasma reactor, i.e., in the range of a fixed
value of the discharge voltage and gas volume flow, the power of the arc depends only on
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the value of the current with which the working electrodes are supplied. Therefore, it is
most advantageous to control the power of the plasma device by changing the value of the
current of the electrodes. Figures 7 and 8 show the characteristics of changes in the power
of the plasma reactor as a function of changes in the current supplied to the electrodes for
gas volume flows of 1.1 m3/h and 2.1 m3/h.
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Figure 7. Power characteristics of the plasma reactor for V = 1.1 m3/h.
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Figure 8. Power characteristics of the plasma reactor for V = 2.1 m3/h.

For noble gases, an almost linear increase in reactor power is obtained with increasing
arc current. For nitrogen and air, the power characteristics fall at their ends.

The obtained operating characteristics of the plasma reactor indicate that noble gases
(in this case argon and helium) allow better control of the parameters of the generated
plasma. These gases allow a wide and almost linear range of control of the current and
power of the electrical discharge with relatively small changes in its voltage.

6.2. Effect of Gas Flow on Plasma Reactor Characteristics

Changing the volume flow of gas through the reactor discharge chamber affects the
temperature of the generated plasma. In turn, for a given gas flow rate and constant power
supplied to the arc, the value of the plasma temperature depends on the type of gas used.
The highest temperatures are achievable with mono-atomic gases and noble gases, as they
do not need to be supplied with dissociation energy to break down multi-atomic particles.

Figures 9 and 10 show the waveforms of changes in discharge power in the plasma
reactor as a function of changes in the volume flow of plasma-generating gases. Measure-
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ments were made for electrode supply currents equal to 0.5 A and 1.2 A. It should be borne
in mind that the gas entering the discharge chamber of the plasmotron through the nozzle
undergoes expansion, and on its way encounters the structural elements of the reactor. As
a result, the distribution of gas parameters is inhomogeneous both in cross-section and
along the length of the discharge chamber.
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Figure 9. Power characteristics of the plasma reactor for different gas flows and for I = 0.5 A.
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Figure 10. Power characteristics of the plasma reactor for different gas flows and for I = 1.2 A.

For all plasma gases, with an increase in their volume flow, changes in the power of the
discharge in the reactor are observed. These changes are relatively small for small values of
the currents supplying the plasma reactor electrodes and increase with increasing values of
these currents. However, the courses of these changes are different. For discharges burning
in noble gases, there is an initial increase and then a decrease in their power with increasing
gas flow. For nitrogen and air, the situation is reversed.

With an increase in the volume flow of plasma-generating gases, there are also changes
in the arc voltage. Characteristics of these changes are shown in Figures 11 and 12. Mea-
surements were made for electrode feed currents of 0.5 A and 1.2 A.
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Figure 11. Discharge voltage characteristics for different gas flows and for I = 0.5 A.
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Figure 12. Discharge voltage characteristics for different gas flows and for I = 1.2 A.

For small current values, the increase in gas volume flows is accompanied by relatively
small and linear changes in arc voltage. Larger changes were observed only for argon. At
a current of 1.2 A, significant changes in arc voltage were observed for all plasma gases.
Differences between individual gases are seen in the courses of these changes. For noble
gases, initially, with an increase in their volumetric flows, there is a slight increase in arc
voltage, and after exceeding a flow of 1.6 m®/h there is a marked decrease. For nitrogen
and air, a decrease in voltage is observed initially, and after exceeding a flow of 1.6 m3/h,
its increase is observed.

6.3. Analysis of Frequency Characteristics

The characteristics of a three-phase plasma reactor can be shaped by changing the
frequency of the voltage supplying the working electrodes. Changing the frequency
of the voltage supplying the working electrodes of the plasma reactor affects the way
the discharge develops. As a result of an increase in frequency, the duty cycle of the
plasma reactor shortens and, consequently, the active area of plasma interaction decreases.
Characteristics of changes in discharge power as a function of frequency changes are shown
in Figures 13 and 14. Measurements were made for the two values of gas volume flow rate
of 1.1 m3/h and 2.1 m3/h. The voltage frequency was varied from 30 Hz to 90 Hz.

At frequencies lower than 30 Hz, there is a significant extension in the plasma reactor
cycle. The discharge gliding on the electrodes after reaching the end of the electrodes
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and stopping is not immediately extinguished, but develops into a long arc column. As a
result, there is significant erosion in the ends of the electrodes and a long pause in the cyclic
operation of the plasma reactor. Increasing the frequency of the supply voltage above 90
Hz results in a significant reduction in the duration of the reactor cycle and the restriction
of the discharge area to a small space in the lower zone of the electrodes.
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Figure 13. Changes in discharge power as a function of voltage frequency for V = 1.1 m3/h.
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Figure 14. Changes in discharge power as a function of voltage frequency for V = 2.1 m3/h.

From the characteristics shown in Figures 13 and 14, it can be seen that a change in the
frequency of the arc voltage is associated with large changes and fluctuations in its power.
These changes intensify with an increase in the volume flow of gases. The sources of these
changes are changes in the current supplying the discharge and changes in its voltage. The
smallest changes in the power of the electric discharge with changes in voltage frequency
are observed for helium. The levels of change in the power of the discharge burning in
helium are also slightly affected by the value of the gas volume flow.

Figures 15 and 16 show the changes in discharge current as a function of changes in arc
voltage frequency. The largest changes in arc current with changes in arc voltage frequency
occur for argon. For other gases, the ranges of current changes are similar to each other.
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Figure 15. Changes in arc current as a function of frequency for V = 1.1 m3/h.
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Figure 16. Changes in arc current as a function of frequency for V = 2.1 m3/h.

Changing the frequency of the reactor supply voltage involves large changes in the
arc voltage. The courses of these changes are shown in Figures 17 and 18.
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Figure 17. Changes in arc voltage as a function of frequency for V = 1.1 m3/h.



Energies 2024, 17, 2696

15 of 19

1000

]
— = Argon o= = Nifrogen Helium — sp— Ay
900 & g
800 /
700 N ~
600 N ’r--_-_q;_-‘___i
¥ 500 SN = =
-~ = = -
400 ~ >
300 ~ _ | __
200
100
0
20 30 40 50 60 70 80 o0 100
f.Hz

Figure 18. Changes in arc voltage as a function of frequency for V = 2.1 m3/h.

From the obtained characteristics, it can be seen that for all plasma gases, the regulation
of the discharge power in the plasma reactor by means of changes in the frequency of the
supply voltage is not very effective. From the obtained characteristics, it is difficult to draw
clear conclusions about the range of changes in discharge power with increasing voltage
frequency. It is also difficult to assess the influence of the type of gas on the obtained
characteristics. However, it should be borne in mind that during the experiments, the
current supplying the electrodes of the plasma reactor was not kept constant. The changes
in its value and the changes in the value of the current, which occur with a change in the
voltage frequency, are the result of self-regulatory reactions in the plasma. The regulation
of the discharge power could be effective if the arc current was under constant control, and
its value maintained at a constant level.

Obtaining unambiguously analyzable frequency characteristics for the plasma gases
used would allow a wide range of possibilities for shaping the plasma parameters in the
reactor. This would raise the possibility of regulating the power of the discharge in the
reactor, the temperature of the plasma, as well as the duration of the plasma reactor cycle
and the volume of the plasma.

7. Conclusions

This paper analyzes the effect of plasma gas type on the operating characteristics of
a three-phase gliding arc discharge plasma reactor. The control of plasma parameters is
crucial for achieving the intended effects of the process conducted with its participation.
The conducted studies show that gliding arc discharge plasma reactors are devices in which
it is difficult to maintain stable plasma parameters electrically, physically and chemically.
Control over the plasma parameters can be achieved by changing the geometry of the
plasma reactor’s structural elements (electrodes, discharge chamber, gas inflow nozzle),
the design and parameters of the electrical power supply system, and the physical and
chemical parameters of the plasma-generating gases.

The conducted studies indicate that the performance characteristics of plasma reactors
with gliding arc discharge, the stability of the burning discharge in them and the plasma
generated by the process can be largely influenced by selecting the chemical composition
and gas dynamic parameters of the plasma-generating gas. While making adjustments to
the parameters of the process gas, it is necessary to have the parameters of the reactor’s
power supply under control at the same time. Studies show strong correlations between
the chemical and gas-dynamic parameters of plasma-generating gases and the electrical
parameters of the arc discharge. Changing the power of the discharge while maintaining
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its other parameters raises the need to simultaneously adjust both the parameters of the
electrical power supply and the parameters of the plasma-generating gas.

Of the gases considered, helium is the most desirable process gas for gliding arc
discharge plasma reactors. This gas provides the most stable arc performance over the
entire range of current control, supply voltage frequency and volume flows used. For
helium, the most linear operating characteristics of the plasma reactor are also obtained.
Argon does not perform much worse in this respect. Argon, as a plasma-generating gas,
provides the widest range of control of the arc current and therefore its temperature. Arc
burning in nitrogen and air is difficult in terms of controlling the parameters. The operating
characteristics of the plasma reactor obtained for these gases are strongly nonlinear, and the
range of arc current control is very narrow. Strongly nonlinear frequency characteristics of
burning arcs were obtained for all analyzed gases. The nonlinearity of these characteristics
can make it much more difficult to regulate the plasma volume by varying the frequency of
the voltage supplying the reactor.

The conducted research shows that the development of a method for controlling
plasma parameters in plasma reactors with gliding arc discharge is a complex and multi-
threaded problem. Despite the strong nonlinearities in the operating characteristics of the
plasma reactor, the unpredictability of the arc behavior and the large number of influencing
factors, it is possible to fully control the plasma parameters. This control must be based on
knowledge of the operating characteristics of the plasma reactor, taking into account the
simultaneous control of the parameters of the supply of electricity to the reactor, as well as
the parameters of the supply of plasma gases.
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