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Abstract—The need for thermal treatment in various 
industries has prompted research and development of powerful, 
non-polluting, inexpensive low-temperature plasma source. 
Microwave induced plasma is another method of producing 
electrodeless torches. Our study concerns the energy transferred 
from the plasma created by the at atmospheric pressure. The 
axial torch allows the coupling of microwave energy (2.45 GHz) 
with a gas injected axially at. Our study involves both experiment 
and modelling. The possibility of ozone generation is shown. A 
thermodynamic study of the plasma-chemical processes 
occurring in the microwave burner was carried out, which made 
it possible to determine the feasibility of the formation of certain 
quantities of chemical compounds under the given conditions. 
Thermodynamic analysis uses the universal TERRA program.

Keywords—microwave discharge, plasma, ozone, 
thermodynamics, experimental setup, reactor, physical and 
mathematical modeling. 

I. INTRODUCTION 
One of the most common and widely used types of gas 

discharge is a microwave discharge. Microwave discharges are 
widely used in the field of science, technology, and industrial 
production. One can give an example of the use of gas 
discharges in lighting technology, powerful gas lasers, the use 
of various plasma-chemical processes in production, etc [1-6]. 
However, under certain operating conditions the discharge may 
lose stability which imposes a limitation and is an undesirable 
effect during the operation of the sources of low-temperature 
plasma. This work is devoted to the experimental and 
theoretical study of the high-performance and powerful 
microwave atmospheric pressure plasmatrons. The need for 
thermal treatment in various industries has prompted research 
and development of powerful, non-polluting, inexpensive and 
low-cost low-temperature plasma source. Microwave induced 
plasma is another method of producing electrodeless torches, 
but still it has only been used at relatively low power. The main 
application has been in chemical analysis and emission 
monitoring. There have also been some experiments to splitting 

halogenated organic compounds. We created and operated in 
the air a highly efficient and powerful plasmatron of 
atmospheric pressure (Fig. 1). 

 

Fig. 1. Experimental set up microwave plasma torch in air. Schematic 
diagram of experiment system. 

Plasma device uses volume cylindrical resonator 
(2.45 GHz), inside which volume discharge (low-temperature 
plasma) is formed when supply voltage pulse is applied to 
magnetron. In the present experiments, a pulse microwave 
power of 0.6 kW was used. When the discharge was ignited, 
the power pulse ended, to avoid overheating the medium and 
resonator. In the experiments, ozone was obtained, which 
corresponds to an average free electron energy of about 5 eV. 
The gas flow rate varied from 1 to 30 liters per minute through 
a 14 mm diameter outlet. The maximum power and volume of 
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gas flow is limited by the currently available hardware 
components. Significant potential exists to scale up activities. 
This approach can open up new possibilities for thermal 
treatment using commercially available and inexpensive 
magnetrons at 2.45 GHz and 915 MHz frequencies. Capital 
costs can be less than a dollar per watt for high-power systems 
(> 75 kW), and there will be no electrodes to wear out. These 
features can make this technology competitive with traditional 
plasma arc torch and high-frequency induction plasma. 

A thermodynamic study of the plasma-chemical processes 
occurring in the microwave burner was carried out, which 
made it possible to determine the feasibility of the formation of 
certain quantities of chemical compounds under the given 
conditions. Thermodynamic analysis uses the universal 
TERRA program. 

The universal software TERRA is based on the principle of 
the entropy maximum for isolated thermodynamic systems in 
an equilibrium state, it has its own continuously added and 
refined database of thermodynamic properties of different 
substances. At present the databank contains thermodynamic 
functions for 3500 different substances in the plasma 
temperature interval 300–10000 K. 

It is well known that the equilibrium state of any closed or 
isolated system is unambiguously determined by the values of 
two state variable. By solving numerous practical problems it 
was found out that any two of the following six thermodynamic 
quantities can be taken as such characteristics: pressure, 
temperature, specific volume, entropy, total entropy, and total 
ternal energy.  The results of calculation of the equilibrium 
state are put out in the form of a matrix of the major parameters 
of state of the thermodynamic system and the content of the 
components corresponding one of the equilibrium states 
predetermined by the temperature and pressure. Based on this 
matrix, the plots of dependence of the concentration of the 
resulting chemical compounds in the system under study are 
constructed as a function of the given calculations conditions 
[7-9]. The initial data for simulating the plasmochemical 
process were the following intervals of plasma temperatures 
and concentrations of oxygen and nitrogen: 

- plasma temperature range: 300–4000 K; 
- oxygen content in the discharge chamber: 21 mol/kg; 
- nitrogen content in the discharge chamber: 79 mol/kg; 
- atmospheric pressure: 0.1 MPa. 
The results of a thermodynamic investigation of the O2–N2 

system in the conditions of a plasma, using the TERRA 
software, are presented in Figs.1–2. 

According to Fig. 1 there are phases N2 in the temperature 
range 300–4000 K. 

According to Fig. 1 there are phases O2 in the temperature 
range 300–4000 K. 

According to Fig. 1 there are phases O in the temperature 
range 2400–4000 K. 

According to Fig. 1 there are phases NO in the temperature 
range 1800–4000 K. 

According to Fig. 2 there are phases O3 in the temperature 
range 1000–4000 K. 

 

Fig. 2. Phase composition in the O2-N2 system under plasma conditions. 

 

 

Fig. 3. Phase composition in the O2-N2 system under plasma conditions. 

The formation of ozone and atomic oxygen in the 
microwave plasma is thermodynamically probable. 

Atomic oxygen, as an active particle, subsequently leads to 
the formation of ozone. Nitric oxide is an active particle. 

II. EXPERIMENTAL SETUP 

Plasma-chemical stand description. 
This article demonstrates the possibility of manufacturing 

an inexpensive plasma torch from available materials and 
components for influencing the gas passing through the 
resonator. In particular, the possibility of periodic excitation of 
ultrahigh-frequency (microwave) discharge in air passing 
through the resonator under normal conditions to 
experimentally confirm the possibility of using serial cheap 
magnetrons in a pulsed mode, when the ignition time of the 
volume discharge is comparable to the burning time of the 
latter. Such a regime can be interesting and useful in cases 
where the main contribution to the expected result is made by 
the process of gas ionization. For example, obtaining ozone, 
when the process of burning a discharge causes only additional 
heating and, as a result, a strong decrease in the effect due to a 
strong increase in temperature. 

It is known that household microwave ovens use periodic 
operation of a magnetron with a frequency of 50–60Hz, i.e., 
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with a frequency of the a power line. The authors ignited a 
volume discharge inside a half-wave cylindrical resonator with 
a frequency of 50 Hz. The standard power supply circuit and 
components of such a product are taken as a basis, namely 
serial power transformer (Tr), rectifier diode (column) (Vd1), 
magnetron OM75S (M). A cylindrical resonator R was added 
to the circuit, capacitors C1 and C2 were selected 
experimentally according to the condition of the minimum 
capacity sufficient to ignite the discharge (Fig. 4). Tr - power 
transformer, C1, Vd1 - voltage doubler, R1, R2 - voltage 
divider, M - magnetron, R - quarter-wave resonator. 

 

Fig. 4. Diagram of magnetron activation. 

Voltage divider R1, R2 (1:200) was used to measure the 
voltage on the magnetron (Fig. 5), with a JDS3102A 
oscilloscope, 100 MHz, 1GSa/s. M - magnetron, 1 - gas inlet 
to the resonator. 

 

Fig. 5. Photo of the magnetron. 

The gas was supplied to the resonator from the side of the 
magnetron anode and coaxially to the anode, the ignition of 
the discharge (plasma) was controlled through the outlet 
nozzle (Fig. 6). Out - gas output. 

 power circuit was implemented in the experimental 
setup which allows modulating the discharge current with 

rectangular pulses of the given duration, the pulse repetition 
period and the amplitude. The typical time for the neutral gas 
heating is about tens to hundreds of milliseconds. At the same 
time, the time of the ionization balance establishment in inert 
gases are of the order of hundreds of microseconds - units of 
milliseconds. If the duration of the current pulse exceeded 
hundreds of milliseconds, the gas was heated to temperatures 
corresponding to a stationary discharge. 

 

Fig. 6. Resonator. 

Thus, the pulsed circuit in the mode of long pulses made it 
possible to simulate the dynamics of gas heating during the 
reaching of the stationary mode. 

III. RESULTS 
Fig. 7 shows the experimental setup of a microwave 

plasmatron in air. Photo of  the resonator with magnetron M - 
the magnetron OM75S, R – quarter-wave resonator. 

xperiment showed the decisive role of the heat transfer 
regime between the walls of the reactor tube and the 
environment it is of interest to compare the results of 
measurement and calculation of the neutral gas temperature in 
the stationary discharge under conditions of free heat transfer. 

 

Fig. 7. Experimental set up microwave plasma torch in air. 

The radial temperature distribution of the neutral atoms can 
be found by solving the heat equation. he heat equation 
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should be solved for two-dimensional geometry in cylindrical 
coordinates. The temperature distribution at the discharge tube 
wall is set from the experiment under the corresponding 
discharge conditions. 

Fig. 8 shows the voltage waveform from the output of the 
divider. Based on the given oscillogram, it can be assumed 
with great certainty that the magnetron power pulse of no more 
than 1.5ms duration, Um = -4KV, is sufficient for the pulsed 
mode of the reduced magnetron using an appropriate power 
source, with an expected repetition rate of up to 300 Hz. Fig. 9 
shows the microwave discharge in the chamber. 

 

Fig. 8. The voltage oscillogram from divider output. 

 

 

Fig. 9. Discharge combustion in resonator. 

IV. CONCLUSION 
An experimental microwave plasma system is created. 

High-voltage pulse generator has been designed and started up. 
Our study concerns the energy transferred from the plasma 
created by the at atmospheric pressure. The axial torch allows 
the coupling of microwave energy (2.45 GHz) with a gas 
injected axially at. Our study involves both experiment and 
modelling. The possibility of ozone generation is shown. A 
thermodynamic study of the plasma-chemical processes 
occurring in the microwave burner was carried out, which 
made it possible to determine the feasibility of the formation of 
certain quantities of chemical compounds under the given 
conditions. Thermodynamic analysis uses the universal 
TERRA program. 
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