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Abstract
The industrial applications of thermal plasma technology, particularly in material processing,
have attracted considerable attention worldwide. Plasma torch is a tool that has proven its
efficacy for industrial use by thermal arc plasma production. In this study, after designing and
manufacturing a non-transferred type of DC plasma torch, its electrical, chemical, and
thermodynamic characteristics were investigated with nitrogen working gas and variable
parameters of electric current and nitrogen gas inlet pressure. The study’s novelty arises from
the design of a torch for plasma pyrolysis of liquid carbon-based materials, which requires that
they must be sprayed into its flame from a specific angle. This study investigated and diagnosed
electrical, thermodynamic, and chemical features such as voltage, voltage variations, frequency,
type of voltage behavior, thermal efficiency, enthalpy, chemical and atomic species produced in
plasma, as well as their excitation and rotational temperature. Results show that the flame’s
maximum temperature of 3492 K is achievable at 100 A current and 0.5 bar nitrogen gas inlet
pressure with an enthalpy of 44.41 MJ kg−1 and thermal efficiency of 75.1% at 20 mm from the
nozzle outlet. Comprehensiveness in examining the electrical, thermodynamic, and chemical
parameters involved in the constructed plasma torch is another innovation in this study, which
sheds light on how to optimize this torch to achieve high-quality results from industrial and
experimental points of view.

Keywords: plasma torch, materials processing, enthalpy, thermal efficiency, restrike mode,
liquid carbon-based materials

∗
Author to whom any correspondence should be addressed.

Original content from this work may be used under the
terms of the Creative CommonsAttribution 4.0 licence. Any

further distribution of this work must maintain attribution to the author(s) and
the title of the work, journal citation and DOI.

1 © 2025 The Author(s). Published by IOP Publishing Ltd

https://doi.org/10.1088/1361-6463/adfae5
https://orcid.org/0000-0001-7753-1780
https://orcid.org/0000-0002-8242-5111
https://orcid.org/0000-0002-3904-337X
mailto:emonteiro@fe.up.pt
http://crossmark.crossref.org/dialog/?doi=10.1088/1361-6463/adfae5&domain=pdf&date_stamp=2025-8-26
https://creativecommons.org/licenses/by/4.0/


J. Phys. D: Appl. Phys. 58 (2025) 345501 P Firoozi et al

1. Introduction

Thermal plasma technology has a wide range of industrial
and experimental applications in materials processing [1, 2],
including surface coating of metals and nonmetals [3–5],
material synthesis and nanoparticle manufacturing [6], pro-
duction of high-quality powder from refractory materials [7],
cutting and welding [8], and hazardous waste disposal [9–
14]. Thermal plasma torches are acknowledged as one of the
systems capable of producing thermal plasma jets powered
by direct current (DC), alternating current (AC), radio fre-
quency sources, and other electric discharge types [15–17].
Among the most common methods for thermal plasma pro-
duction in industries are DC thermal plasma torches, categor-
ized into two main groups depending on the output jet velo-
city and power of the created plasma. The first group is char-
acterized by a higher output velocity of the plasma jet than
the second group. For this reason, while the former is best
suited for coating and cutting purposes, the latter is mainly
used for applications in metallurgy and waste disposal [18].
Depending on whether the waste is solid or liquid and how the
waste is added to the plasma during waste disposal, the width
and outlet velocity of the formed plasma jet should bewide and
low, respectively. The temperature and chemical composition
of the formed plasma significantly affect the decomposition
rate and quality of the output product resulting from the gasi-
fication process [19]. A variety of research studies have been
conducted on the manufacture of plasma torches to dispose
of all industrial waste types directly, such as the disposal of
urban (either solid or liquid), hospital, industrial, and radioact-
ive wastes through the gasification and plasma pyrolysis pro-
cesses or potential risk reduction of the remaining ash.

Using a thermal plasma torch, Kim et al [20] investigated
waste disposal systems that contain polychlorinated biphenyl
waste. They compared the effects of the plasma formed by
air and water vapor as the working gases. Nishikawa et al
[21] studied the designing, manufacturing, and characteriz-
ing of a DC plasma torch with water vapor and air as the
working gases. In addition, they examined the effect of chan-
ging plasma torch working gas on the decomposition rate of
carbon chains in the pyrolysis and gasification processes. Ni
et al [22] studied the structure of high-power plasma torches,
called Plasmatron, and their characteristics, mainly used for
metallurgical applications in cement kilns and waste disposal.
Nishikawa et al [21] designed and characterized a DC plasma
torch with water vapor as the working gas under atmospheric
pressure for material processing applications and the gasific-
ation of carbon material. Four years later, Cao et al [23] put
considerable effort into designing and constructing a plasma
torch with a slow plasma jet flow in the outlet area of the
torch nozzle. Obraztsov et al [24] proposed the design, con-
struction, and characterization of AC thermal plasma torches,
which were used to process organic materials. Chau et al [25]
conducted a numerical study and experimental characteriza-
tion of DC plasma torches with water vapor as the working
gas and tubular electrodes.

The present study focuses on the design and construction
of thermal plasma torches, as well as their applications in
carbon-based waste disposal. The novelty lies in the design of
a torch for the plasma pyrolysis of liquid carbon-based mater-
ials, such as waste oils, glycerol, and bio-oils. These materi-
als require a high-temperature, oxygen-free environment and
must be sprayed into the plasma torch’s flame from a specific
angle. Given the assumption that the carbon material’s injec-
tion distance from the torch outlet nozzle should be 20 mm,
this distance was regarded the effective distance for determin-
ing which metrics are important in plasma torch characteriza-
tion. The features studied include an appropriate flamewidth, a
bulk plasma temperature of more than 3000 K, a high enthalpy
of the plasma flame at the torch output, the torch’s thermal effi-
ciency, and active atomic species in the plasma flame. This
study further evaluated the plasma torch’s thermodynamic,
chemical, and electrical characteristics, which are noteworthy
in the liquid-based waste disposal system. The main designed
components of the plasma torch include the nozzles, elec-
trodes, electrical insulators, and cooling channels that distin-
guish this research from previous investigations regarding the
assumed details.

The designed plasma torch to conduct this experimental
study is a DC non-transferred cold water-cooled torch with
nitrogen as the working gas. The torch geometry was specific-
ally tailored to enable the injection of liquid materials into
the core of the plasma plume at an optimized angle. This fea-
ture ensures efficient atomization and interaction of the liquid
with the plasma flame, which is critical for promoting com-
plete vaporization and molecular dissociation. The function of
the plasma torch was investigated in two experimental groups.
First, the plasma torch was placed at a constant working gas
inlet pressure with changes in the electric current and then
in a condition with a constant electric current at varying gas
inlet pressures. The effect of these two variables, working
gas inlet pressure and electric current, on the electrical, ther-
modynamic, and chemical characteristics was comparatively
evaluated. Noteworthy to say that the characteristics included
in the torch components’ design directly affect the electrical,
thermodynamic, and chemical characteristics of the species
formed in the plasma. Electrical characteristics include the
electric voltage, dominant frequency and behavior mode of
the electric arc, and input power of the torch. The thermody-
namic and chemical characteristics include thermal efficiency,
plasma enthalpy, heat loss, plasma flame temperature, excit-
ation and rotational temperatures, and atomic and molecu-
lar species present in the generated plasma arc [22, 26–30].
Among the other innovations of this research is the compre-
hensiveness in examining the electrical, thermodynamic, and
chemical parameters involved in the constructed plasma torch.

2. Plasma torch characteristics

The structure and components of plasma torches signific-
antly impact their function and characteristics. It should be
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Figure 1. (a) assembled plasma torch and (b) components of the designed plasma torch.

noted that all components should be thoroughly examined
in designing a torch for a specific application. DC thermal
plasma torches are composed of different parts, including the
exit nozzle (anode electrode), cathode electrode, a gas injec-
tion/swirl ring that makes the vortex gas flow, and the elec-
trode’s cooling system. The design of the electrodes (anode
and cathode) and selection of appropriate electrode mater-
ial, considering the working temperature of the torch, play a
determining role in the stability of the plasma as well as the
service life, corrosion of the electrode, and shape of the plasma
jet [17, 26, 31–34]. The proper design of the swirl ring signi-
ficantly contributes to electric arc column stabilization, heat
transfer between the plasma and nozzle wall, the shape of the
output plasma jet, and also cooling of the electrodes [31–33].
Further, the cooling mechanism designed for electrodes plays
an essential role in determining the thermal efficiency, energy
loss from the torch, and service life of electrodes [18, 32–34].

Figure 1 depicts the overall structure and components
of the designed plasma torch, with numbers 1–10 corres-
ponding to the nozzle retaining cap, nozzle (anode elec-
trode), ignition ring holder, ignition ring, swirl ring holder,
swirl ring, retaining screws, cathode electrode, cathode
electrode holder, and cathode electrode cooling channel,
respectively.

The swirl ring injects gas flow into the plasma forma-
tion area as it enters the torch. As a result, the vortex gas
flow causes the initial ignition in the high voltage range of
7–10 kV and frequency range of 2–5 MHz. Therefore, the
charge density of the electrons in this area increased, lead-
ing to the electric arc formation between the cathode elec-
trode and anode, hence plasma jet formation at the plasma
torch outlet. This torch used a converging and double-stepped
nozzle made of copper. The outlet diameter and length
of the nozzle were 8 mm and 30 mm, respectively. The
used cathode electrode, which is 8.5 mm in diameter, is
made of tungsten with copper sheathing that belongs to the
button-type cathode. The gas flow inside the torch is cre-
ated by a swirl ring that contains ten holes, each 1 mm in
diameter.

3. Experimental setup

The necessary equipment for setting up the manufactured
plasma torch and the equipment used to characterize the tested
plasma torch are described in this section. The experimental
setup is illustrated in figure 2.

A 30 kW transformer DC power supply to light the plasma
torch is used. The power supply can maintain the current range
of 20–150 A. The voltage of 10 kV and frequency of 2 MHz
were applied to start the electric arc. Awater pumpwith a pres-
sure of 6 bar, connected to a water tank at 25 ◦C, was then used
to cool the electrodes. Nitrogen was used as the working gas
to start the plasma torch, stored in a cylinder under a pressure
of 40 bar. The amount of gas entering the plasma torch was
measured before entering the plasma torch using a barometer,
and the temperature of the cooling water of the plasma torch at
the torch inlet and outlet was also determined using two ther-
mometers. To study the voltage and current passing through
the plasma torch, a Tektronix TDS2000 oscilloscope was util-
ized, which was connected to a computer for data transfer. In
addition, the AvaSpec-3648 device was used to estimate the
chemical species in the plasma as well as the mean temperat-
ure of the plasma. In this method, the spectroscopy of the light
emitted from the plasma bulk was considered to estimate the
plasma’s chemical species and mean temperature. It should be
noted that the spectroscopic probe is located 20 mm from the
nozzle outlet.

4. Results and discussion

In these experiments, the mean voltage, frequency, fluctu-
ations, and type of electric arc behavior were determined.
Then, the thermal efficiency of the torch, power dissipation,
and enthalpy of the formed nitrogen plasma were evaluated.
In the third stage of the tests, the molecular and atomic
species formed in the plasma, the rotational temperature of
the molecules, the excitation temperature, and the plasma
temperature were estimated and examined. During the tests,
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Figure 2. A view of the setup of the components designed for the plasma torch test.

investigations were carried out under two conditions: increas-
ing the electric current at the constant working gas inlet pres-
sure of 0.5 bar (the first condition) and increasing the working
gas inlet pressure at the constant electric current of 100 A (the
second condition). Finally, the obtained results were compared
with each other.

4.1. Voltage versus current and gas inlet pressure

Figure 3 shows the diagrams of voltage fluctuations versus the
electric current and voltage changes versus the nitrogen inlet
pressure.

In figure 3(a), the nitrogen inlet pressure is a constant value
equal to 0.5 bar, while the plasma torch current increased from
50 to 100 A. Consequently, the charge density in the elec-
tric arc column increased, and the electric arc became thicker,
decreasing the potential difference of the torch. In figure 3(b),
the electric current value of the plasma torch was set constant
at 100 A, and the nitrogen pressure entering the plasma torch
was elevated from 0.75 to 2.5 bar. As a result, the velocity
of the plasma fluid inside the torch, the length of the electric
arc, and the electric potential difference increased. In other
words, with an increase in the electric current at a constant
gas inlet pressure, the electric potential difference decreases,
while with an increase in the nitrogen gas inlet pressure in the
torch at a constant electric current, the electric potential dif-
ference increases. In this regard, it can be generally concluded
that the maximum voltage of the plasma torch designed and

made through electrical characterization at the nitrogen inlet
pressure of 2.5 bar and electric current of 100 A is 220 V, while
its minimum voltage value is 112 V at the nitrogen pressure of
0.5 bar and electric current of 50 A.

4.2. Characteristics of the voltage, frequency, and type of
voltage

Voltage fluctuations and the dominant frequency of the torch
voltage under different conditions are other critical electrical
features of plasma torches. The number of voltage fluctuations
indicates the electric arc’s stability at the arc-anode attachment
point. Moving electric arcs exhibit three types of behavior,
namely the steady mode, in which the ratio of the voltage fluc-
tuations to the mean voltage is less than 20%; takeover mode,
in which this ratio is between 20 and 50%; and in restrikemode
that is between 40 and 100%. It should be noted that the type
of plasma gas can considerably affect the voltage fluctuation
behavior [18, 35]. The fast Fourier transform (FFT) function
derived from the voltage-time graph measured by an oscillo-
scope was used to estimate the dominant frequency of the elec-
tric arc movement on the anode.

The diagram of the plasma torch voltage fluctuations at dif-
ferent currents ranging from 50 to 100 A and nitrogen gas inlet
pressure of 0.5 bar is illustrated on the left side of figure 4 in
blue. The sampling time of the plasma torch voltage is 0.02 s.
As observed in this figure, with an increase in the electric
arc current, the mean voltage of the electric arc decreases;
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Figure 3. (a) Mean voltage versus current at a constant inlet gas pressure of 0.5 bar and (b) Mean voltage versus inlet gas pressure at a
constant electric current of 100 A.

however, both the maximum and minimum voltage values
show a slight decreasing trend. The arc exhibits a so-called
‘restrike’ behavior mode at all electric currents that are intens-
ified upon increasing the current, as reported in table 1. The
dominant voltage frequency diagram of the torch is depicted
on the right side of figure 4 in red. It is derived from the FFT
of the voltage-time diagram of the torch at the time interval
of 0.02 s. With an increase in the electric current, the differ-
ent available frequencies decrease, and a dominant frequency
reaches its maximum value of 1350 Hz at a current of 100 A.
The frequency of 300 Hz in the system is the fixed power
supply frequency whose intensity remains almost constant. A
three-phase power supply was used in these experiments. Each
phase’s difference is 120◦, and the input power frequency is
50 Hz. Since the rectifier diode makes the current DC, the fre-
quency value will always be 300 Hz due to a power supply.

On the left side of figure 5, a green graph is depicted in
green, related to the voltage fluctuations of the plasma torch
within the gas inlet pressure range of 0.75–2.5 bar at the cur-
rent of 100 A. The sampling time of the plasma torch voltage is
0.02 s. Upon increasing the gas inlet pressure, the drag force on
the electric arc column directs the arc toward the exit nozzle;
consequently, the length of the electric arc and mean voltage
of the torch increase. As observed, the amount of voltage fluc-
tuation increases, i.e. the difference between the maximum
and minimum voltage values. The ‘restrike’ behavior is attrib-
uted to the electric arc at all gas inlet pressures, yet its per-
centage is decreasing, as reported in table 1. The dominant
voltage frequency diagram of the torch at different inlet pres-
sures is depicted in pink color, which is derived from the FFT
of the torch voltage-time diagram in the time interval of 0.02 s.
Upon increasing the gas inlet pressure, the intensity of har-
monics with different frequencies in the electric arc increases
while the intensity of the dominant frequency of the electric
arc decreases. As observed in the pink graphs, the harmonics
have the same intensity at the current and gas inlet pressure of

100 A and 2.5 bar, respectively, in the voltage frequency range
of 450 Hz – 9 kHz.

Post-operational visual inspection of the anode surface
revealed different erosion patterns under varying experimental
conditions. Under high current and low-pressure conditions
(e.g. 100 A), the arc root remained relatively stable near the
central axis, and the erosion pattern appeared concentrated
and deeper, indicating a thin cold boundary layer and high
local energy transfer. In contrast, at higher gas pressures (e.g.
2.5 bar), the increased gas velocity pushed the arc root to
wander more across the anode surface, leading to a wider
but more evenly distributed erosion zone, with reduced peak
erosion depth. These findings are consistent with the interpret-
ation that the cold boundary layer acts as an insulating buffer
whose thickness modulates arc attachment behavior, energy
deposition, and erosion geometry [28, 35].

Voltage fluctuations in the first case in different harmonics
decrease, and only a few harmonics maintain their maximum
intensity. As the electric current increases, so does the cur-
rent density in the electric arc column, causing the plasma
hot region to expand. As a result, the thickness of the cold
boundary layer in the vicinity of the inner wall of the nozzle
(anode) decreases, while voltage fluctuations in numerous
measured harmonics increase. However, the number of har-
monics decreases, implying that the number of electric arcs at
various frequencies reduces as the energy density of electric
arcs increases. In this regard, the energy transferred to the
nozzle surface (anode) at the attachment point of the electric
arc is more significant than that in other sections, hence more
corrosion on the inner surface of the nozzle (anode) and power
dissipation.

On the contrary, voltage fluctuations in the second case
decrease, but the number of harmonics with less intensity
in the voltage waveform increases. In this case, increasing
the working gas inlet pressure increases the thickness of the
cold boundary layer at the inner wall of the nozzle (anode),
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Figure 4. Voltage fluctuations of the torch in the current range of 50–100 A (left) and voltage frequencies of the torch in the current range
of 50–100 A (right).

decreases voltage fluctuations in different harmonics, while
increasing the number of harmonics. These findings con-
firm the formation of more electric arcs with a lower energy
density, resulting in a decrease in the energy transferred
to the nozzle (anode) at the electric arc attachment point,
corrosion on the inner surface of the nozzle (anode), and power
dissipation [28, 35, 36].

4.3. Investigation of the thermoelectric and thermodynamic
characteristics

4.3.1. Torch thermal efficiency. Thermal efficiency is one
of the significant parameters in plasma torch studies. Thermal
efficiency in a DC plasma torch is obtained from the following
equation:

η =
Einput −QCooling

Einput
. (1)

The input power (Einput) in DC torches is obtained by mul-
tiplying the arc current by the arc voltage, and the energy loss
is obtained as follows:

QCooling = Qrad +Qconv +QCW (2)

where Qrad is the amount of energy loss in the form of
heat radiation from the nozzle surface, Qconv the amount of
energy loss in the form of convection from the contact surface
between the nozzle and air, and QCW The amount of energy
loss while cooling the electrodes with water. In this regard,
the thermal efficiency of the DC plasma torch can be obtained
as follows:
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Figure 4. (Continued.)

η =
I.V−

(
Aεσ

(
T4
s −T4

∞
)
+Ah(Ts −T∞)+ 4.18cWC.qWC (T2 −T1)

)
I.V

(3)

where η is the thermal efficiency, I the electric current of the
torch, V is the electric voltage of the torch, A the torch outer
surface that is in contact with the ambient air, ε the emissivity
of the torch surface σ the Stefan-Boltzmann constant, h the
convection heat transfer coefficient between the outer surface
of the torch and the ambient air, cWC the water specific heat,
qWC volume flux of torch cooling water, Ts the temperature
of the outer surface of the torch, T∞ the temperature of the
ambient air, and (T2–T1) the temperature difference between

the inlet and outlet water in the torch [22]. Figure 6 shows the
torch thermal efficiency variations as a function of the electric
current and of the pressure.

Figure 6 shows that the thermal efficiency of the torch
decreases upon increasing the electric current and increases
when the gas inlet pressure increases. As observed in
figure 6(a), at the constant working gas inlet pressure of
0.5 bar, with an increase in the electric current from 50 to
100 A, the thermal efficiency decreased from 80.5 to 75.1%.
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Figure 5. Voltage fluctuations (left) and voltage frequencies of the torch (right) at various nitrogen inlet pressures.

As shown in figure 6(b), the thermal efficiency of the torch
increased from 80.5 to 87.2% at the constant electric current
of 100 A with an increase in the working gas inlet pressure
from 0.75 up to 2.5 bar.

Water-cooled electrodes provide the most to energy dissip-
ation, while Qconv and Qrad contribute the least. In both cases,
the amount of input power in the torch increased; that is, an
increase in the gas inlet pressure and electric current increased
the torch’s input power. Figure 7(a) depicts the rise in the input
power to the torch with an increase in the electric current,
whereas figure 7(b) shows the increase in input power to the
torch with an increase in the operating gas pressure. As clearly
observed in figure 7, the slope of the constant pressure diagram
is positive, indicating that the amount of power loss in the first
case increases upon increasing the electric current at a constant
gas pressure, hence a higher power loss rate. In the second
case, however, the power loss decreases upon increasing the
working gas pressure at a constant electric current, lowering

the power loss rate. Based on this figure, it can be concluded
that under a constant cooling condition, the power loss of the
torch plasma in the case of an increase in the electric current
is more than that of an increase in the working gas pressure.

4.4. Enthalpy characteristic of the torch versus the electric
current and gas inlet pressure

Another important characteristic that should be considered in
torches is enthalpy, i.e. the amount of energy transferred to the
plasma. The value of the specific enthalpy of the output plasma
in the torch is as follows:

hp =
VI− (Qrad +Qconv +Qcw)

qwp
+ h0 (4)

where hp is the specific enthalpy of the plasma at the torch
outlet, I.V is the total electric power input to the torch (for
DC torches), Qrad is the total dissipated radiant power, Qconv

8
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Figure 5. (Continued.)

Table 1. Comparison of the electric arc behavior in the nozzle for two conditions of constant gas inlet pressure and constant electric current.

Constant pressure of 0.5 bar Constant current of 100 A

Current
(A)

Voltage
fluctuation (%)

Torch voltage
mode

Pressure
(bar)

Flow rate
(L min−1)

Voltage
fluctuation (%)

Torch voltage
mode

50 60 Restrike 0.75 9.2 68 Restrike
60 63 Restrike 1 12.5 65 Restrike
70 65 Restrike 1.25 13.3 61 Restrike
80 66 Restrike 1.5 15.7 58 Restrike
90 69 Restrike 2 17.8 55 Restrike
100 71 Restrike 2.5 19.2 52 Restrike

the total dissipated convective power between the torch and
the surrounding air, Qcw the total dissipated power due to
water cooling, qwp the mass flow rate of the torch working

gas of (nitrogen), and h0 the specific enthalpy of the torch
working gas (nitrogen) before entering the torch which is
equal 311.5 kJ kg−1 at the temperature of the test room. In
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Figure 6. (a) Thermal efficiency versus current at a pressure of 0.5 bar and (b) thermal efficiency versus nitrogen inlet pressure at a current
of 100 A.

Figure 7. Total power loss versus input power under increasing currents and constant gas inlet pressure (a) and under raising the gas inlet
pressure and constant current (b).

the above equation, the kinetic energy at the torch output is
neglected due to the low speed of the output plasma [22].
Figure 8 depicts the specific enthalpy of the output plasma
versus electric current and pressure of the inlet nitrogen
gas.

According to figure 8, the specific enthalpy value of the
plasma output from the torch increases with an increase in the
electric current. At the same time, it decreases with an increase
in the input gas pressure, leading to a rise in the mass flow rate
of inlet nitrogen gas. Specifically, while there is an increase
in the specific enthalpy in the first case, there is a decrease in
this value in the second case. As observed in figure 8(a), with
an increase in the electric current from 50 up to 100 A at the
constant working gas pressure of 0.5 bar, the specific enthalpy
of the plasma increased from 29.63 up to 44.41 MJ kg−1. In
addition, as shown in figure 8(b), with an increase in working
gas pressure from 0.75 to 2.5 bar at the constant electric cur-
rent of 100 A, the specific enthalpy of the plasma decreases
from 34.69 to 8.85 MJ kg−1.

4.5. Spectroscopic investigation of light emitted from the
bulk plasma

4.5.1. Investigation of chemical and atomic species formed
in the plasma. The atomic and molecular active spe-
cies present in the plasma can be detected in this analysis.
Given that these atoms and molecules are under quite a high
temperature and exposed to an electric field, their energy is
used for their internal energy (changes in electronic, vibra-
tional, and rotational temperatures), excitation, and ioniza-
tion. Once the radiation of the plasma flame is measured and
analyzed, identification of the atomic and molecular species
in the states of internal, excited, or ionized energy modes is
made possible. In addition, applying various analytical tech-
niques helps measure the species’ electron, ion, excitation,
and rotational or vibrational temperature. The characteristic of
the thermodynamic equilibrium condition is the constant tem-
perature in vibrational, rotational, electronic, and excitation
modes [22, 29].
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Figure 8. (a) Specific enthalpy of the output plasma versus current of the torch at gas inlet pressure of 0.5 bar and (b) specific enthalpy of
the output plasma versus pressure of the inlet nitrogen gas of the torch at constant current of 100 A.

Figure 9. Nitrogen plasma spectroscopy in the air atmosphere in the wavelength range of 200–450 nanometers (a) at a constant pressure
versus an increase in current and (b) at a constant current versus an increase in the inlet gas pressure.

Nitrogen plasma is formed in the ambient air at the atmo-
spheric pressure during the experiment, hence the presence of
OH, NO, N2, O2, N2

+, O, N molecules in the plasma under
study. Different peaks of molecules and atoms are formed
at any temperature depending on the concentration of ele-
ments in the plasma gas. In addition, depending on the condi-
tions, some species with the same wavelength range are found
in molecules, while some species disappear in the radiation
intensity of other species. It should be noted that in some cases,
atomic peaks overlap with molecular ones. At high temperat-
ures and low concentrations of water vapor in the plasma, the
rotational and vibrational temperatures are determined by the
molecular peaks NOγ(A–X) and N2

+(B–X), respectively [28].
At low temperatures below 5000 K or high concentrations of
water vapor in the plasma, OH(A–X) branches R and P are
used to determine the rotational temperature. It should bemen-
tioned that the peaks of NO(A–X) and N2 (C–B) dominate the
OH peak at low concentrations of water vapor or very high
temperatures, as a result of which, the OH peak disappears
[36–38].

The analyses of nitrogen plasma in the wavelength range
of 200–450 nm were separately carried out, and the existing
molecular species were also identified. NO, and O2 species
overlap in the wavelength range of 200–270 nm depending
on their intensity and temperature. Six peaks of NOγ(A–X)
molecule can be detected in figure 9; however, the intensity of
NO peaks decreased due to the reduction in the oxygen per-
centage in the plasma region. The 270–320 nm wavelength
range belongs to OH and N2 molecules. At low temperatures
up to 5000 K, the OH peak is almost the dominant one, while
at temperatures higher than 5000 K, the OH peak disappears,
and the N2 peak becomes dominant. The wavelength ranges
of 330–400 nm and 400–450 nm are attributed to N2

+ and
N2 molecular species, respectively. The only detectable spec-
tra here for N2

+(0–0) and N2
+(2–1) are at the wavelengths of

391.4 nm and 356.4 nm, respectively [29].
According to figure 9(a), with an increase in the electric

current, the intensity of the peaks of N2
+(B–X) and N2(C–

B) increases while that of the OH(A–X) peak decreases [28],
which is indicative of an increase in the flame temperature.
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Figure 10. Spectroscopy of the nitrogen plasma in the air atmosphere in the wavelength range of 600–1100 nm (a) at a constant pressure
versus an increase in current and (b) at a constant current versus an increase the gas inlet pressure.

Figure 11. Spectroscopy of nitrogen plasma in the air atmosphere in the wavelength range of 200–600 nanometers (a) at a constant pressure
versus an increase in the electric current and (b) at a constant electric current versus an increase in the inlet gas pressure.

In figure 9(b), with an increase in the inlet nitrogen flow rate,
the concentration of N2 molecules increases, and the intens-
ity of the peaks of N2

+(B–X) and N2(C–B) increases. In gen-
eral, it can be concluded that the molecular species of N2

+(B–
X) and N2(C–B) increase in the first case mainly due to the
rise in the plasma temperature, and the molecular species of
N2

+(B–X) and N2(C–B) increase in the second case as a res-
ult of an increase in the number of nitrogen molecules that
consequently decrease the temperature and enthalpy of the
plasma.

Figure 10 demonstrates the spectroscopy of nitrogen
plasma in the air atmosphere in the wavelength range of 600–
1100, reporting the presence of nitrogen atoms (N I) and oxy-
gen in the air atmosphere (O I). In figure 10(a), the intensity
of nitrogen peaks increases with the electric current and tem-
perature increase. In figure 10(b), with an increase in the nitro-
gen flow rate, the intensity of NI peaks considerably increases,
indicating an increase in the nitrogen atoms in the plasma.

Another atom detected in the spectroscopy of the torch
plasma output is Cu I. Due to the high temperature in the
boundary layer between the copper electrode and plasma,

copper melts and evaporates from the electrode surface. The
presence of copper atoms as a suitable electrical and thermal
conductor in plasma contributes to the plasma’s thermal and
electrical conductivity enhancement. The intensity of copper
atom peaks can also measure electrode corrosion. As observed
in figure 11(a), the peak wavelength of the Cu I atom increases
upon increasing the electric current, hence an increase in the
corrosion rate of the electrode. In figure 11(b), with an increase
in the nitrogen flow rate, the peak intensity of the wavelength
of the Cu I atom decreases, hence a decrease in the corrosion
rate of the electrode. Figure 12 shows the intensity of copper
atom peaks at 521.82, 515.32, and 510.55 nm of the radiation
spectrum to clarify this issue better. The approximate corro-
sion rate of the nozzle (anode) can be defined as the changes
in the intensity of the mentioned peaks at different electric cur-
rents and working gas pressures. In the first case, upon increas-
ing the electric current from 50 to 100 A at a constant working
gas inlet pressure of 0.5 bar, the intensity of the mentioned
peaks increased, which is indicative of an increase in the num-
ber of copper atoms in the radiation spectrum of the plasma
and correspondingly, a decrease in the thickness of the cold
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Figure 12. (a) and (b) Cu I intensity versus current at constant pressure (0.5 bar) and Cu I intensity versus pressure at constant current
(100 A), respectively.

boundary layer around the inner wall of the nozzle (anode)
and an increase in the corrosion rate in the mentioned area.
In the second case, followed by increasing the pressure of the
working gas from 0.75 up to 2.5 bar at the constant electric cur-
rent of 100 A, the intensity of the mentioned peaks decreased,
which indicates a decrease in the number of copper atoms in
the radiation spectrum of the plasma and also an increase in the
thickness of the cold boundary layer around the inner wall of
the nozzle (anode), hence reduction of the corrosion rate in the
inner wall of the nozzle (anode) [27]. A comparison was made
between the first and second states according to the result of
which the torch’s two electric current and gas flow rate factors
determine the temperature and rate of chemical species formed
in the plasma. Any increase in the molecular and atomic peaks
does not necessarily show a rise in the plasma temperature. Of
note, an increase in the flow rate of the inlet gas can trans-
form the plasma from a thermodynamic equilibrium state into
a quasi-equilibrium state. Also, given the atomic peaks of cop-
per Cu I, the amount of corrosion was found to have a dir-
ect relationship with the increase in the electric current and
thermal efficiency, which follows an ascending trend.

To estimate the specific erosion rate of the anode, a quant-
itative calibration was performed at 100 A for 30 min of con-
tinuous torch operation. The mass of the copper nozzle before
and after the test was measured using a precision balance
with 0.1 mg resolution. A total mass loss of approximately
35 mg was observed, corresponding to an electric charge of
180 000 C. Thus, the specific erosion rate of the copper anode
was estimated to be 0.000 194 mg C−1 or 0.7 mg per Ah. This
value, although approximate, is consistent with the increase
in Cu I peak intensities shown in figure 12(a) and confirms
the correlation between electric current density, thermal stress,
and anodic erosion. This estimation provides a useful refer-
ence for predicting the electrode lifetime and maintenance
scheduling.

4.6. Analysis of the excitation and rotational temperature of
atoms and molecules formed in the plasma

One of the appropriate methods for determining the excitation
temperature of atoms is to draw the Boltzmann plot that shows

the slope of the excitation temperature diagram. This method
is one of thermometry’s most widely used techniques since it
does not need a standard light source for calibration [39]:

ln

(
Ikiλki

gkAki

)
= lnK− Ek

kBText
. (5)

Iki stands for the spectral line intensity, λki the excited
atom wavelength, gk the statistical weight of the upper atomic
state, Aki the transition probability, Eki the energy difference
between the two excitation levels, and kB Boltzmann constant.
One method that confirms the thermodynamic equilibrium is
to draw a diagram where the excitation, rotational, and vibra-
tional temperatures converge into a constant temperature [22].
The characteristics of the excitation of transitions and intens-
ities obtained from the spectroscopy given in figure 10 were
considered to draw the Boltzmann plot for different states,
and the value of the nitrogen atom excitation temperature was
obtained from the slope of the diagrams. Table 2 shows the
excitation temperature of the nitrogen atom for the first and
second conditions. In both cases, there was an increase in the
excitation temperature of the nitrogen atom, but it is not the
main reason for the increase in the flame’s temperature exiting
the torch.Molecular temperature and peaks were also investig-
ated to determine the flame temperature. On the left column of
this table is shown the excitation temperature of the nitrogen
atom versus the increase in the electric current at a constant
pressure of 0.5 bar, while on the right column is the excita-
tion temperature of the nitrogen atom versus the increase in
the input working gas pressure at the electric current of 100 A.

In thermal, quasi-thermal, and non-thermal plasmas, the
closest temperature to the gas temperature that can be con-
sidered as the mean temperature of the flame exiting the torch
is defined as the rotational temperature of the molecular spe-
cies in the plasma. In this regard, NO–OH spectroscopy is
used in air plasmas or air atmospheres at temperatures below
5000 K [29]. Notably, the OH peaks disappear at temperat-
ures higher than 5000 K due to overlapping N2(C–B) peaks
with OH peaks. However, according to the spectroscopic chart
in the wavelength range of 200–450 nm in figure 9, the OH
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Table 2. Excitation temperature of the nitrogen atom.

Constant pressure of 0.5 bar Constant current of 100 A

Current (A) N I Excitation temperature (K) Pressure (bar) N I Excitation temperature (K)

50 2602 0.75 2830
60 2614 1 2975
70 2620 1.25 3081
80 2624 1.5 3138
90 2646 2 3192
100 2683 2.5 3226

Figure 13. Spectroscopy of nitrogen plasma in the air atmosphere in the wavelength range of 300–320 nanometers (a) at a constant pressure
versus an increase in current and (b) at a constant current versus an increase in the inlet gas pressure.

peaks overlap with N2(C–B) ones, indicating that the temper-
ature of the output flame of the torch is less than 5000 K. The
P and R branches of the OH(0–0) transition was considered
to obtain the rotational temperature of the OH molecule. The
intensity ratio of the spectrum of the P branch to the R branch
is always a coefficient of the rotational temperature of the
OH molecule [29]. Figure 13 shows the obtained spectrum in
the 300–320 nm range, confirming the presence of P and R
branches of the OH (0–0) transition.

The OH spectrum is formed due to H2O water vapor in
the atmosphere. For this reason, the rotational temperature
of the OH molecule can be considered as the temperature
of the plasma flame. Table 3 comparatively reports the rota-
tional temperature of the OHmolecule. The column on the left
shows the rotational temperature of the OH molecule versus
an increase in the electric current at the constant pressure of
0.5 bar, and the column on the right shows the rotational tem-
perature of the OH molecule versus an increase in the pres-
sure of the input working gas in the electric current of 100 A.
While the rotational temperature of the OH molecule increase
in the first case, it decreases in the second case. This observa-
tion is more consistent with the output plasma enthalpy dia-
gram results. A comparison was made between tables 2 and 3
according to the results of which the increase in the rotational
temperature of the OHmolecule is consistent with the increase
in the excitation temperature of the nitrogen atom in the first

case; however, in the second case, no such consistency can be
found. These comparisons show that the plasma is not in ther-
modynamic equilibrium but is in a quasi-equilibrium state. In
this case, the rotational temperature of the OH molecule can
be considered as the flame’s temperature exiting the torch.

The rotational temperature of OH molecules was estim-
ated using the spectral intensities of the P and R branches
of the OH(A–X) transition in the range of 306–312 nm.
The fitting process followed standard Boltzmann meth-
ods, and the spectral resolution was 0.5 nm. The over-
all uncertainty in the determined rotational temperature
is estimated to be approximately ±200 K, based on the
resolution, fitting accuracy, and signal-to-noise ratio. This
uncertainty agrees with prior studies using OH spectro-
scopy for thermal plasma characterization under similar
conditions [29, 36].

It should be noted that the spectroscopic measurements
were obtained using a fixed fiber-optic probe positioned 1 cm
downstream from the nozzle exit and 10 cm radially from
the plasma jet, aligned with the center of the flame. The
field of view corresponds to the central line-of-sight of the
jet. Consequently, the reported temperatures are based on
axial measurements only, without spatial resolution across
the jet section. While this provides a good indication of the
plasma core conditions, future work will aim to include radial
scanning for a more complete characterization.
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Table 3. The rotational temperature of the OH molecule in the formed plasma.

Constant pressure of 0.5 bar Constant current of 100 A

Current (A) OH rotational temperature (K) Pressure (bar) OH rotational temperature (K)

50 3159 0.75 3391
60 3295 1 3343
70 3391 1.25 3295
80 3441 1.5 3249
90 3465 2 3222
100 3492 2.5 3204

5. Conclusion

This study investigated a novel, developed, and produced DC
non-transferred plasma torch for pyrolysis of liquid carbon-
based materials using nitrogen as a working gas. Plasma
diagnostic techniques are used to characterize (electrically,
thermodynamically, and chemically) this innovative torch in
which feed waste/material is injected 20 mm from the nozzle
exit. The experiments were carried out under two conditions:
(a) increasing electrical current while keeping nitrogen gas
input pressure, and (b) constant electrical current and rising
nitrogen gas inlet pressure. As the data reveal, with constant
injected nitrogen gas pressure, a rise in electric current, which
may be interpreted as an increase in electron density in the
plasma arc column, causes a voltage decrease. However, while
the electric current remains constant, increasing the pressure of
the injected nitrogen gas reverses the tendency. The maximum
220 V and the minimum of 112 V were recorded for 100 A,
and nitrogen inlet pressure was 2.5 and 0.5 bar, respectively.
Moving electric arcs showed a restrike mode at all electrical
current values and injected gas pressures in both situations.
The torch’s thermal efficiency ranges from 80.5 to 75.1% and
80.5 to 87.2% under test conditions, increasing the electric cur-
rent and injected gas pressure, respectively. Given the amount
of power loss, the user is free to optimize the torch to the
required conditions. The obtained enthalpy of 44.41 MJ kg−1,
with an electric current of 100 A, injected gas pressure of
0.5 bar, and thermal efficiency of 75.1%, makes it an ideal
environment for pyrolysis. The flame temperature of approx-
imately 3500 K, which is higher than the other conditions,
validates this consideration. Our electrical and spectroscopic
characterizations established that the system maintains stable
discharge and energy delivery, both of which are vital for con-
tinuous processing of viscous carbon-rich liquids.
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2012 Water vapor plasma torch: design, characteristics and
applications Int. J. Phys. Math. Sci. 6 1444–7

[27] Chau S W, Hsu K L, Lin D L and Tzeng C C 2007
Experimental study on copper cathode erosion rate and
rotational velocity of magnetically driven arcs in a
well-type cathode non-transferred plasma torch operating in
air J. Phys. D: Appl. Phys. 40 1944

[28] Nogues E, Fauchais P, Vardelle M and Granger P 2007
Relation between the arc-root fluctuations, the cold
boundary layer thickness and the particle thermal treatment
J. Therm. Spray Technol. 16 919–26

[29] Laux C O, Spence T G, Kruger C H and Zare R N 2003
Optical diagnostics of atmospheric pressure air plasmas
Plasma Sources Sci. Technol. 12 125

[30] Kubota Y, Hara T, Ichiki R, Yamaguchi N and Takemura Y
2009 Spectroscopic analysis of nitrogen atmospheric
plasma jet J. Plasma Fusion Res. 8 740–3

[31] Fauchais P and Vardelle A 1997 Thermal plasmas IEEE Trans.
Plasma Sci. 25 1258–80

[32] Solonenko O 2003 Electric arc generators of thermal plasma:
review Thermal Plasma Torches and Technologies: Plasma
Torches: Basic Studies and Design vol 1 (Cambridge
International Science Publishing) pp 1–19

[33] Mogensen P and Thörnblom J 1987 Electrical and mechanical
technology of plasma generation and control Plasma
Technology in Metallurgical Processing (Iron and Steel
Society, Inc) pp 65–76

[34] Yas’ Ko O I 1969 Correlation of the characteristics of electric
arcs J. Phys. D: Appl. Phys. 2 733

[35] Duan Z and Heberlein J 2002 Arc instabilities in a plasma
spray torch J. Therm. Spray Technol. 11 44–51
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