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ABSTRACT
A non-transferred plasma torch is a device used to generate a steady thermal plasma jet. Plasma torches have the potential to replace fossil
fuel burners used as heat sources in the process industry. Today, however, the available plasma torches are of small scale compared to the
power used in the burners in the process industry. In order to understand the effects of large scales on the plasma flow dynamics, it is
essential to understand the operation of the plasma torch under different operating conditions and for different geometries. In this study,
the analysis of a non-transferred plasma torch has been carried out using both computational and experimental methods. Computationally,
the magnetohydrodynamic (MHD) equations are solved using a single-fluid model on a 2D axisymmetric torch geometry. The experiments
are performed using emission spectroscopy to measure the plasma jet temperature at the outlet. This paper explains the changes in the arc
formation, temperature, and velocity for different working gases and power inputs. Furthermore, the possibilities and disadvantages of the
MHD approach, considering a local thermal equilibrium, are discussed. It was found that in general, the computational temperature obtained
is supported by the experimental and equilibrium data. The computational temperatures agree by within 10% with the experimental ones at
the center of the plasma torch. The paper concludes by explaining the significant impact of input properties like working gas and power input
on the output properties like velocity and temperature of plasma jet.

© 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0129653

I. INTRODUCTION

A non-transferred plasma torch is a device used to generate
a steady thermal plasma jet. There are some traditional and newly
developed applications of plasma torches, such as thermal spraying
and waste treatment. They also have the potential to be applied in
large-scale iron, steel, and cement industries. Currently, the steel and
cement industries use fossil fuel-based burners that emit an immense
amount of carbon dioxide.1,2 Therefore, it is essential to think about
alternative burners. The electrically driven plasma burner can be
an advantageous option as it can generate a green process if the
electricity is green. The currently available plasma torches are of a
small scale compared to the several megawatt fossil fuel burners used
in steel and cement industries. There have been studies on the under-
standing of the functioning of plasma torches in the literature (see,
e.g., the work by Chinè,3 Paik et al.,4 and Westhoff and Szekely5),

but studies based on up-scaling are limited. Furthermore, the impor-
tance of ionization properties of the working gas and thermionic
emissions was not explained elaborately. This paper is the first part
of the overall project to build an understanding of how to scale
up plasma torches. Thus, one of the key steps is to understand the
effects of input parameters (working gas, power input, and inlet flow
velocity) on output parameters (plasma jet velocity, temperature,
and arc formation). Of particular interest is also to investigate the
possibilities and limitations of an MHD (magnetohydrodynamic)
description of the plasma, considering the plasma to be in local
thermal equilibrium.

The plasma formed in a non-transferred plasma torch is a
thermal plasma, where the temperature of the plasma jet ranges
from 5000 to 14 000 K or above and the velocity ranges between
100 and 800 m/s. The variation is of temperatures and velocities
primarily dependent on the input parameters and plasma torch
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geometry. Understanding the wide range of temperature and
velocity variations in a plasma torch is one of the significant
steps but also challenging. Due to the high temperature of plasma
jets, only optical measurement techniques can be used. In the
present work, experiments were conducted to measure the tem-
perature of the plasma jet at the plasma torch outlet. Optical
emission spectroscopy is used as a temperature measurement
technique in the plasma torch to evaluate the characteristics of ther-
mal plasma experimentally. Emission spectra from the jet of the
plasma torch directly indicate the plasma properties and operat-
ing conditions.6 The application of optical emission spectroscopy
for diagnosing the temperature of direct current electric arc plasma
has been carried out by, e.g., Peters et al.,7 Rajabian et al.,8 and
Scott et al.9

The computational methods are alternatives to evaluate the
plasma jet properties, bypassing the challenges in experiments, such
as high equipment cost and the inability to capture the arc behav-
ior inside the plasma torch. Plasma is a combination of electrons,
ions, and neutrals (for partially ionized plasma), so the compu-
tational methods used to model plasma is complex and require
multi-physics modeling. The two common methods used to model
plasma in a plasma torch are single-fluid and two-fluid modeling
approaches.10–13 The single-fluid modeling approach combines the
separate equations of electrons and ions into a single set of equa-
tions and assumes that the plasma is a single-component fluid. On
the other hand, the two-fluid modeling approach solves the fluid
flow in terms of a single center of mass averaged velocity while
there are energy equations, one for ions and one for electrons.14–16

The simplicity of the single-fluid modeling approach makes it more
applicable compared to the two-fluid modeling approach.

The plasma models are based on the MHD description. In
the past, many works were carried out using different computa-
tional modeling techniques to model plasma torches. One of the
noted studies of temperature and velocity changes in plasma torches
and emerging plumes was conducted by Westhoff and Szekely,5 in
which a single fluid modeling approach was used by assuming the
plasma to be at local thermal equilibrium (LTE). The work explains
the effect of gas expansion and ionization on the temperature and
velocities of the flow. It also demonstrates the role of swirl flow
in an arc formation, stabilizing the arc and reducing anode ero-
sion.5 The rapid development of computer technology encouraged
the extension of the MHD assumption. Various works consider-
ing the LTE approximation on 2D axisymmetric and 3D geometries
have been carried out to understand the importance of swirl flow,
temperature, and velocity changes particularly in plasma spray torch
applications.3,17–22

In the LTE approximation, the plasma flow is regarded as
a property varying electromagnetic reactive fluid in the state of
chemical equilibrium in which the internal energy of the fluid can
be characterized by a single gas temperature.23,24 The temperature
of electrons is presumed to be equal to the temperature of heavy
particles, which decreases near the electrodes due to water cool-
ing. This results in an extremely low electric conductivity and limits
the flow of electric current between the cathode and anode.25 The
literature also suggests that the plasma jet may be in LTE at the cen-
ter of the torch, apart from at the anode. Due to this, there was a
debate that non-local thermal equilibrium (NLTE) models should be
opted for as they have better agreement with the experiments than

LTE models.26 In the NLTE models, the temperature is defined
separately for respective plasma particles, resulting in solving two
separate energy equations. Collisions between the particles are
also modeled. It was concluded that the NLTE models provide
more accurate results near the electrodes but are complicated and
time-consuming to model and solve.

The principal objective of this work is to conduct a paramet-
ric numerical and experimental study of a commercially available
plasma torch (with an eye on the application of this knowledge to
the up-scaling as introduced earlier in this section). The power, gas
velocity, and plasma working gas were varied. The plasma temper-
ature was measured by optical emission spectroscopy. The single
fluid modeling approach was chosen in this work because of its sim-
plicity in modeling and to reduce the computational time. The LTE
assumption was used both in the experimental procedure of the data
treatment and in numerical simulations. In an attempt to under-
stand the applicability boundary of the LTE approach, we compare
the measured and calculated plasma temperature at the outlet region
of the torch.

II. METHOD
The two main components of a non-transferred plasma torch

are the cathode and anode. The cathode material is copper with a
tungsten or hafnium tip. The cathode tip is supplied with power,
and a voltage difference is imposed between the cathode and anode,
producing an arc channel between the electrodes. The natural ten-
dency of the arc is to form at the shortest distance between the
cathode tip and anode, resulting in a direct and low arc voltage.5
Various working gases can be used in a plasma torch: argon, nitro-
gen, oxygen, air, carbon dioxide, or even organic compounds such
as methane based on the application.27 The working gas enters the
electrode region of the torch in a swirl motion. The swirl motion of
the flow is generated due to the four aerofoil-shaped inlets placed at
90○ to each other. In addition to the swirl motion, a flow in the axial
direction is also defined in the computational modeling due to a neg-
ative pressure gradient resulting from a higher pressure upstream
than the ambient pressure at the outlet. When the working gas inter-
acts with the arc, the arc gets stretched as a longer arc, resulting in
higher voltage. The gas temperature increases near the cathode tip
and ionizes as it interacts with the arc current. The plasma formation
is accompanied by an increase in the gas temperature and velocity
due to gas expansion. The interaction between the flow and the self-
induced magnetic field results in the Lorentz force, which accelerates
the jet toward the outlet. From the working of the non-transferred
plasma torch, an understanding is obtained that the computational
modeling requires a combination of electric fields, magnetic fields,
heat and mass transfer, and fluid flow models to solve the fluid and
Maxwell’s equations.

In the present study, the computational analysis is carried
out using the commercially available software environment COM-
SOL Multiphysics v.5.6. The plasma model used is the Equilibrium
Discharge Interface (EDI), which is an adaptation of the single-
fluid MHD equations.28 The MHD equations couple the plasma
mass density, plasma velocity, pressure, and electric and magnetic
fields. The EDI solves the MHD equations using the following
assumptions:
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(1) The fluid flow, heat transfer, and arc formed are assumed to
be axially symmetrical. Hence, the governing equations are
written for the two-dimensional case.

(2) A steady-state study is carried out, assuming that the
operation of the arc is steady.

(3) A laminar flow modeling is carried out and its details are
explained in the computational section.

(4) The arc is assumed to be in local thermal equilibrium (LTE),
meaning the temperature difference between the electrons
and the heavy particles is negligible.

(5) An optically thin plasma is considered, leading to a set of
simplified MHD equations.

A. Governing equations
Considering the above-mentioned assumptions, the equations

governing the flow inside the plasma torch are modeled for a 2D
axisymmetric stationary model. The governing equations comprise
the following:

1. Mass conservation

∂ρ
∂t
+∇ ⋅ (ρu) = 0, (1)

where the velocity (u) is defined in the axial and azimuthal
directions. Here, ρ is the mass density of the fluid.

2. Momentum equation

ρ(∂u
∂t
+ u ⋅ ∇u) = −∇p −∇τ + j × B, (2)

where p denotes the pressure, τ represents the stress tensor, j is the
current density, B is the magnetic field, and j × B is the Lorentz
force.

3. Conservation of energy
The computational model used in the present study is based

on the LTE assumption. The plasma can be motivated to be in LTE
in most places of the plasma torch except in the region near the
cathode and water-cooled anode. The energy equation reads as

∂

∂t
(3

2
nακTα) +

∂qα
j

∂xj
+ ∂

∂xi
(5

2
nακTαuα

i ) + nqαEuα
i = −Qαβ, (3)

where

Qαβ =
nαmα

mα +mβ
vαβ[3κ(Tα − Tβ) +mβ(uβ − uα)

2]. (4)

Here, α and β are the particle species, n is the particle density, T is
the temperature, q is the heat flux, ui is the velocity, E is the elec-
tric field, m is the mass, vαβ is the particle collision frequency, and
κ is the Boltzmann constant. The collision frequency between the
species is larger for high temperatures, meaning the first term in
Eq. (4) drives the plasma to equilibrium. In the plasma torch, the
gas ionizes and reaches high temperature downstream the cathode.
Close to the cathode, LTE is not fulfilled. In that region, even a
fluid model is incorrect due to the existence of an extremely thin

collisionless plasma sheet in which charge-neutrality is violated. A
bit away from the cathode, at the center of the plasma torch, and due
to high temperatures, the plasma tends to be at equilibrium. In addi-
tion, near the anode, the temperature is lower due to applied water
cooling, and LTE equilibrium does not exist.

The energy equation used by COMSOL for plasma modeling is
a single temperature equation that reads as

ρcp(
∂T
∂t
+ u ⋅ ∇T) = ∇ ⋅ (k∇T) + j ⋅ E − 4πεr

+ 5
2

kB

e
j ⋅ ∇T − ( ∂ ln ρ

∂ ln T
)

P

Dp
Dt

, (5)

where cp is the specific heat capacity, k is the thermal conductiv-
ity, j × B is the Joule heating, 4πεr is the volumetric radiation loss,
kB is the Boltzmann constant, and Dp

Dt
is the work performed by the

pressure.

4. Current conversion

∇ ⋅ J = Q( j, v), (6a)

J = σE + σu × B + Jeo, (6b)

E = −∇V. (6c)

Here, Qj,v = 0 as in current equations, there is no source within the
plasma, J is the current density, E is the electric field, V is the electric
potential, σ is the electric conductivity, and Jeo is the external current
density. Furthermore, the self-induced magnetic field is calculated
from Ampere’s law,

∇×H = J, (7a)

B = ∇×A. (7b)

B. Experiments
1. Experimental setup and procedure

Experiments are performed using a direct current (DC) 18 kW
plasma torch (PNIX-100R1 model) manufactured by Plasnix (South
Korea).29 The plasma torch was mounted on a 3D positioner used
to adjust its position. The two main components of the plasma torch
are the cathode and anode, where the cathode is inserted inside an
anode to a certain distance, see Fig. 4. The working gas is injected
through four inlets positioned 90○ to each other and in the airfoil
shape. Experimentally, the gas is injected into the plasma torch at
two locations: before and after the arc formation. The pattern of the
inlets ensures a swirl flow to enter the plasma torch. The initial gas
inserted near the cathode can be argon, nitrogen, or any inert gas,
but in this study, it was always nitrogen, and its flow rate was main-
tained constant at 7 l/min. The secondary gases inserted at the anode
are nitrogen, air, and oxygen, and their flow rates are varied for dif-
ferent case studies. Furthermore, the anode surface is cooled with
water, which is connected to a water inlet and outlet. The flow of
water is maintained constantly at 8 l/min, and the temperature of
the water at the inlet and outlet (diameter = 6 mm) is measured using
K-type thermocouples.
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FIG. 1. Experimental setup.

Figure 1 shows the schematic of the experimental setup. Emis-
sion spectra were acquired using a spectrometer (Ocean Optics
HR2000 + GC) in the wavelength range from 200 to 1100 nm.
The spectrometer was intensity-calibrated using a blackbody
calibration source (Dias, PYROTHERM CS 1500). The radiation
was collected by collimating the lens (f = 10 cm), which focused
the radiation into an optical fiber with a 400 μm core diameter.
The fiber was coupled to a UV–vis range high-speed spectrometer
(Ocean Optics HR2000 + GC) equipped with a diffraction grating
(Ocean Optics, HC − 1 grating, 600 gr/mm, blazed at 300 nm).
The spatial resolution of measurements in the direction perpen-
dicular to the line of sight was about 0.5 mm. From the spectrum
obtained, the temperature of the plasma jet is calculated using the
two-line and N/N2 methods, assuming that the plasma is at LTE.
The temperature calculation methods are explained in detail in the
following sections.

The temperature calculations performed in the experiments are
also based on the LTE assumption, and to estimate the accuracy
of the LTE models, the plasma arc’s heat energy is used. The heat
energy of the plasma arc is the electric energy transferred to the
plasma arc that is processed by the arc column.30 The net power used
by the plasma torch is calculated from the heat losses to the cooling
water by using the condition

Q = qwCwΔT, (8)

where qw is the water mass flow rate, Cw is the heat capacity of
water, and ∆T is the increase in the cooling water temperature
under plasma operation defined using the inlet and outlet water
temperatures.

2. Two line method
The two-line method is used to determine the excitation

temperature, given by

T = (E2 − E1) ⋅ h ⋅ c
k ⋅ ln( I1

I2
⋅
√

E1
E2
⋅ f 2g2(λ1)3

f 1g1(λ2)3 )
, (9)

TABLE I. Cu line parameters.

Cu line no. λ(nm) E(cm−1) fg

1 510.56 30 770.05 0.031
2 515.32 49 925.72 0.977
3 521.82 49 925.72 1.860

where I1 and I2 are the spectrally integrated intensities of copper
(Cu) lines, k is the Boltzmann constant, h is the Planck constant,
c is the speed of light, E is the level energy, g is the level statisti-
cal weight, f is the oscillator strength, and λ is the wavelength.31

In the present study, the Cu emission lines at 510.5, 515.3, and
521.8 nm wavelengths are used to determine the excitation temper-
ature, and the respective parameters are given in Table I. Figure 2

FIG. 2. Emission spectra of Cu measured at the following experimental conditions:
plasma gas = air; flow = 40 L/m. (a) Power = 3.0 kW, (b) power = 4.6 kW, and (c)
power = 10.6 kW.
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shows the emission spectra of Cu for air plasma at different powers
(3, 4.6, and 10.6 kW) and the temperature derived from the two pairs
of lines (1, 2) and (1, 3). Figure 2 also displays the relative intensity
of the peaks, reflecting that the population distribution of the excited
levels is dependent on temperature. The intensities of peaks 2 and
3 grow with respect to the intensity of peak 1 with an increase in
temperature.

3. N/N2 method
The second method is based on comparing the measured and

equilibrium N/N2 ratios in nitrogen and air plasma. The first step
is to calculate the equilibrium mole fractions as a function of tem-
perature. Figure 3 shows the equilibrium N2 and N mole fractions
as a function of temperature for nitrogen plasma gas. Then, using
Specair software version 3.0, the emission spectra are simulated by
using the equilibrium mole fractions and corresponding tempera-
tures.32 To account for the spectrometer apparatus function in the
simulations, the trapezoidal slit function was used with a 3 nm width
of the base, and the intensity of the peak is 1. The comparison of
the experimental ratio of the integrated features of N and N2 with
the calculated ratios provides the temperature. The spectral region
near 870 nm was selected for the evaluation of the spectrally inte-
grated N/N2 ratio as a function of temperature. To illustrate the data
treatment procedure, Fig. 3 shows the spectral simulation of the N2
plasma emission at 6110 K (N = 0.245, N2 = 0.755) together with the
N2 emission at temperature 6110 K and N2 = 0.755. In Fig. 3, black
vertical lines show the restricted spectral region used for the calcu-
lation of the integral ratio. In the selected region, a separation line
(black dashed line) is introduced, which approximately separates the
contribution of N2 and N to the overall spectra. The area below
the separation line approximately corresponds to the N2 integral
emission, and that above the separation line represents the N inte-
gral emission. Figure 3 summarizes the calculations of the spectrally
integrated emission N/N2 ratio made for a number of equilibrium
conditions; Fig. 3 shows the equilibrium temperature as a function
of the spectrally integrated N/N2 ratio. The plotted difference is
approximated with two logarithmic expressions, one for the N/N2
ratio below 0.9 (blue line in the figure) and the second for the N/N2
ratio above 0.9 (red dots). The experimental spectra were treated
similar to the simulated ones to obtain the N/N2 ratio. The reported
logarithmic expressions were used to evaluate the temperature of
nitrogen plasma.

C. Computational modeling
As introduced earlier, the software COMSOL Multiphysics

v.5.6 is used in the present study. The details about the geome-
try, mesh, boundary conditions, and solvers are explained in the
following sections.

1. Geometry and computational mesh
Figure 4 presents a 2D axisymmetric geometry used for the

computational analysis. The cathode shape of the Plasnix laboratory
scale burner is cylindrical with a flat cathode tip, and an identi-
cal structure of the cathode is used for the computational study.
The material of a physical cathode is tungsten or hafnium tip, and
the body is made of copper, as shown in Fig. 4(b). However, in
the model, the complete cathode is defined as tungsten because

FIG. 3. (a) Equilibrium N and N2 mole fraction vs temperature (for N2 plasma
gas), (b) the Specair simulations of N + N2 and N2 emission spectra made at
the equilibrium species concentration at T = 6110 K, and (c) the temperature as
a function of the spectrally integrated emission ratio of N and N2 calculated for
nitrogen plasma gas.

two materials (tungsten and copper) could not be defined for one
geometry. The material of the anode is defined as copper in the
computational model. In experiments, two gases are used at two
inlets, and the initial gas inserted before the arc formation is 11%
of the overall inlet gas. However, for the numerical model, only a
single inlet with a single gas was considered. The inlet plasma gas in
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FIG. 4. (a) Schematic of the axisymmetric geometry. The solid red lines show the
orientation of plot lines used to analyze the current density distribution in the space
between the cathode and anode, see Sec. III B and (b) the cathode of the plasma
torch.

COMSOL can be any equilibrium discharge gas (whose properties
are predefined with ionized gas properties), and for this study, air,
oxygen, and nitrogen gases are used. The geometry is meshed with
a free triangular mesh without any boundary layers. The mesh size
used for all the case studies is 223 145 triangles, and the average
element quality maintained is 0.94.

2. Boundary conditions
The Equilibrium Discharge Interface (EDI) in COMSOL is

a combination of electric currents, magnetic fields, heat transfer
in fluids and solids, and laminar flow models. The electric cur-
rents and magnetic field models are solved in the fluid and anode
regions. In the electric current model, the temperature is used to
calculate the correct electric conductivity of a material, and using
a correct temperature value is important to ensure that the con-
ductivity is updated as the temperature changes in the model.
The other boundary condition in the electric current model is
the normal current density, defined at the cathode tip, and it
varies for different power inputs. The anode is defined as ground
(zero potential). The magnetic field components are solved in the
in-plane vector potential as the electric currents only solve in-plane
currents. The laminar flow model is solved in the fluid regions, and
the case studies are conducted by varying the inlet flow rate from
42 to 77 l/min. The velocity of the jet is very large, but the density
is quite low, resulting in the Reynolds number at different points

between 2500 and 2800. Therefore, a laminar flow model is used. The
heat transfer in fluid and solids is solved in all three regions (cath-
ode, anode, and fluid regions). The input values for the heat transfer
models are the cathode tip temperature and the anode heat flux.
Convective heat flux is defined at the anode where the heat trans-
fer coefficient (h) is of the order of 104 and the external temperature
(Text) is 500 K.17 The convective heat flux yields

−n̂ ⋅ q = q0, (10a)

q0 = h(Text − T). (10b)

At the cathode tip, the temperature is defined to generate the
thermionic emission, a process of liberation of electrons by virtue
of temperature. The emission of electrons occurs due to the cur-
rent dependency on local cathode temperature and voltage drop,
and it is required to obtain discharge at low voltages. The voltage
near the cathode tip is minimum, and the cathode tip temperature
is dependent on the current. The number of emissions is directly
related to the input temperature, which is when the temperature
defined is low, the emissions are low, and high emissions occur when
the defined temperature is high. Table II explains the temperature
range for thermionic emissions. For temperatures below 1600 K, the
emissions are low, and for the temperature range of 1600–2000 K,
the emissions are medium. High emissions are observed for a
temperature range of 2000–2400 K, and for temperatures above
2400 K, very high thermionic emissions were observed. The present
study of plasma is an ionized case, and the first ionization occurs
at around 14 000 K.33 To obtain that amount of temperatures
for the ionized plasma, high-temperature emissions are required.
Thus, the defined cathode tip temperature for thermionic emissions
is 3500 K.34

Working gases such as argon, nitrogen, oxygen, and air can
be used in plasma torches based on the application. In the EDI
modeling, an ionized plasma that obeys LTE is considered, so the
material properties are defined accordingly. The material proper-
ties of ionized plasma gases are different from ideal gas properties.
The material properties such as density, specific heat, and thermal
conductivity are defined for ionized plasma gases. For example, the
calculation of specific heat at constant pressure (cp) is different for a
normal gas,

cp = (
∂h
∂T
)

p
, (11)

and for plasma gas,

cp = c f
p + cr

p. (12)

TABLE II. Temperature range for thermionic emissions.

Thermionic emissions Temperature range (K)

Low <1600
Medium 1600–2000
High 2000–2400
Very high >2400
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FIG. 5. Temperature dependence of the specific heat at constant pressure
(100 kPa) of nitrogen plasma.35

Here, there are individual cp values contributing to the overall cp for
the plasma gas. That is, c f

p is the frozen specific heat that is a sum of
contributions of different species in the system, and it corresponds
to a mixture with no chemical reactions. However, cr

p is the reac-
tional specific heat associated with the chemical reactions at a given
temperature.33

Figure 5 shows the cp variation of a nitrogen plasma gas
obtained from the thermal plasma handbook and thermodynamics
gas properties obtained using the TEC program that has the data
needed to calculate the final state of plasma gas.33 The plot explains
the dissociation at 7600 K, that is, when gas at room temperature
and atmospheric pressure is heated, the molecules dissociate due to
an endothermic reaction. The first ionization begins at 14 000 K; as
the temperature increases, the ionization undergoes an endothermic
reaction, and the process is called first ionization. When the temper-
ature increases further, gas ions tend to lose more electrons, forming
second ionization at 30 000 K. The ionization reactions for nitrogen
read as

N2 ↔ 2N − ED
N , (13a)

N ↔ N+ + e − EI
N+ , (13b)

N+ ↔ N++ + e − EI
N++ , (13c)

where ED
N is the dissociation energy, EI

N+ is the first ionization
energy, and EI

N++ is the second ionization energy.

3. Solvers
For multiphysics problems, two of the most suggested solvers

are a multifunctional massively parallel sparse direct solver
(MUMPS) and parallel space direct solver (PARDISO). MUMPS and
PARDISO solvers are direct methods based on lower-upper (LU)
decomposition. MUMPS and PARDISO solvers work on general
systems of the form Ax = b. In MUMPS, the solution of large lin-
ear systems is obtained with symmetric positive definite matrices,
general symmetric matrices, and general unsymmetrical matrices.36

Moreover, PARDISO solves unsymmetrical, structurally symmet-
ric, or symmetric systems. PARDISO enables one to rapidly and

TABLE III. Case study for different solvers.

Solver Solution time (s) Memory (GB)

MUMPS, segregated 1722 5.22
PARDISO, segregated 1023 5.61
MUMPS, fully coupled 625 6.71
PARDISO, fully coupled 94 8.02

accurately reduce the computing time by taking advantage of the
system of multiple processors (SMP) and massively parallel process-
ing (MPP) technology.37,38 In COMSOL, a solution is obtained by
segregated or fully coupled approaches. A fully coupled approach
forms a single large system of equations that solves for all the
unknowns and includes all the couplings between the unknowns
at once within a single iteration. However, the segregated approach
will not solve all the unknowns at one time, but it subdivides the
problem into two or more segregated steps. However, as a fully
coupled approach includes all the couplings terms between the
unknowns, it often converges more robustly and in fewer iterations
than the segregated approach.39 A case study was conducted between
MUMPS and PARDISO solvers and segregated and fully coupled
approaches to obtain an appropriate solver and approach for the
analysis (Table III). From the case study, it was observed that a PAR-
DISO solver with a fully coupled approach has less solution time
and better convergence than the other solvers, so it was used for all
further analysis.

III. RESULTS
The current section presents the studies on the effect of power

input and plasma gas on the plasma jet velocity and tempera-
ture profiles. The outlet temperatures obtained using computational
analysis and the temperature values obtained from optical emission
spectroscopy are compared with each other. A brief explanation of
the arc formation under different conditions is presented.

A. Velocity and temperature variation in a plasma
torch

In a plasma torch, the current input is defined at the cathode
tip. The electrons from the cathode emit due to the thermionic
emission, and the electric arc is formed between the cathode and
anode. When the gas interacts with the electric arc, the velocity
and temperature increase due to the gas expansion and ionization.5
Furthermore, both the temperature and velocity decrease near the
outlet due to the anode cooling. Following the theory, the surface
plots in Figs. 6 and 7 show the increase and decrease of velocity and
temperature.

B. Arc formation
A case study was conducted to understand the position of the

arc formed. The working gas used for this study is nitrogen. In
Fig. 8, the current density (power of 9.97 kW) is plotted along a
set of parallel vertical lines. These lines are located 2–3 mm from
the center line, where 3 mm is the distance to the anode from
the center line, see Fig. 4(a). The origin of the parallel lines is at
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FIG. 6. Surface plot of velocity magnitude in the plasma torch.

FIG. 7. Surface plot of temperature variation in the plasma torch.

z = 14 mm, and each line stretches in the axial direction to the outlet.
Figure 8(b) shows the current density at the inner walls of the anode
for different input currents; it can be seen from Fig. 8 that the arc
is consequently initiated at the cathode tip and develops toward the
anode with decreasing current density. Figure 8(b) shows the posi-
tion at which the arc is attached with the anode. As the input power
is increased, the intensity of the current density on the anode wall
also increases. The arc length is calculated by taking the axial posi-
tion of the center of the current distribution curve (i.e., the location
of the peak), which in this case yields an arc length of 9.6 mm. The
location at which the first current peak is formed on the anode is
almost identical for all cases, independent of the current intensity.
Figure 8 shows that there is more than one peak of current density
observed in the plots. The reason behind it can be due to the geom-
etry changes or arc attachment and reattachment that are stated in
the literature.4,17 The more profound reason behind the peaks could
not be stated because in single fluid modeling, tracking ionization
and movement of the electric arc is difficult, but it will be studied
in future work.

FIG. 8. (a) Current density variation from the cathode tip to the anode. (b) The
location of the current peak at the anode wall. The location of the peak is used to
calculate the arc position and length.

C. Case study for different working gases
The type of plasma gas has a significant influence on the veloc-

ity and temperature of the plasma jet.4 Figure 9(a) shows the velocity
changes obtained computationally in a plasma torch for different
input plasma gases such as nitrogen, oxygen, and air. The first
observation is that the increase in the gas velocity in all four cases
represents the plasma formation due to gas expansion. The second
observation made is concerned with the change in velocities for dif-
ferent inlet gases. For the cases of nitrogen and air, the velocity
variations are quite similar. The maximum velocity is 490–500 m/s,
and the decrease in velocity from the cathode tip to the outlet is not
significant in these cases. However, in the case of oxygen plasma
gas, near the cathode tip, the velocity is 510 m/s. Near the outlet,
however, the velocity is 400 m/s, which is less than the velocity for
nitrogen and air.

Figure 9(b) shows the computationally obtained temperature
variations across the plasma torch. It could be observed from the
plots that the temperature changes in the case of nitrogen and air
plasma gases are very similar. However, in the case of oxygen plasma
gas, the temperature near the cathode tip is higher, and near the
anode, the temperature is lower than in nitrogen and air cases.

It is of interest to briefly discuss the differences in the
behavior of nitrogen and oxygen plasma gases based on the TEC
analysis. Figure 10 shows the equilibrium temperature as well as
nitrogen and oxygen concentrations as a function of enthalpy for
nitrogen and oxygen plasma gases. The figure demonstrates that the
differences in the behavior of nitrogen and oxygen plasma gases
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FIG. 9. (a) Velocity and (b) temperature variations for different plasma gases that
are plotted from the cathode tip to the outlet (computational results).

can be explained by the stronger bond within the nitrogen molecule
compared to the oxygen molecule. Close to the cathode tip, nitro-
gen and oxygen plasma gases consist mostly of (N, N+, e−) and
(O, O+, e−), respectively. With increasing distance, the tempera-
ture decreases, and the nitrogen concentration increases (due to
exothermic recombination reactions) faster than the oxygen con-
centration, which leads to higher temperature of nitrogen plasma,
see Fig. 9. The results are further validated by comparing them with
the experimental results and thermodynamic equilibrium data using
TEC analysis. In the computational analysis, the amount of heat

FIG. 10. Temperature and concentrations for different plasma gases obtained from
the TEC program.

FIG. 11. Mass average temperature of different gases at the plasma torch out-
let: comparison between experiments, numerical results, and thermodynamic
equilibrium data.

transferred to the plasma can be calculated by integrating the gas
heat enthalpy through the plasma torch outlet. Hence, the heat
energy of the plasma arc is described by

T(av) = ∑MiTi

∑Mi
, (14a)

Mi = ρvS dt, (14b)

S = 2πr dr, (14c)

where r is the radius, Mi is the total mass flow rate, v is the veloc-
ity, t = 1 as it is a steady state case, and ρ is the mass density. The
calculation process is carried out by dividing the total radius of the
outlet into small regions (0.3 mm) of radius r, and the mass flow is
calculated for that region. The total mass flow rate Mi is the sum-
mation of mass flows from the divided regions. Figure 11 shows the
comparison of experimental and computational mass-averaged tem-
perature variations for different input gases with the thermodynamic
equilibrium data. The temperature is plotted for different powers
and gases. It could be observed that the temperature of oxygen is
much lower than the temperature of nitrogen and air, as expected.
It is clear from the figure that the mass-averaged temperature
calculated using the experimental temperature profile is signifi-
cantly higher than the equilibrium mass-averaged temperature. On
the other hand, the black line in the image shows the maximum
temperature (the temperature at the center point of the plasma torch
outlet) obtained computationally for different gases and different
powers. The maximum computational temperature is much closer
to the experimental temperatures.

D. Comparison between temperature calculation
methods and computational results

Figure 12 shows the comparison of the radial temperature
across the plasma torch outlet for computational and experimen-
tal results. The experimental measurements were performed at a
location 2 mm above the torch outlet using a nitrogen (7 l/min)–air
(53 l/min) mixture. The computational results are plotted for
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FIG. 12. Radial temperature comparison of different temperature calculation
methods (experimental and computational) at the plasma torch outlet (6 mm
diameter).

air plasma gas at the torch outlet. The experimental temperature
profiles obtained using the two-line and N/N2 ratio methods show
a rather good agreement. The radial temperature has its maxi-
mum at the center of the jet, and it slowly decreases toward the
edge of the torch. The temperature decrease is below 1000 K. The
numerical temperatures are lower than the experimental values, with
the difference being small near the center of the jet, but increas-
ing rapidly with the radial distance. The reason is that the flow
region near the anode, called the plasma sheath or plasma bound-
ary layer, has different properties from the flow at the center of
the torch. To model the flow at the plasma sheath region, extra
equations are to be included to capture the fast transition in the
region. However, the equations to solve the plasma sheath region
are not incorporated in the EDI, so we could not get accurate results
near the walls of the plasma torch. Furthermore, as explained in
Sec. III A, the LTE approximation, which is a part of the EDI, is
valid at the center of the plasma torch. Near the water-cooled anode,
it may not be valid, which is indicated by the current variation
in temperature.

E. Case study for different powers and input velocities
Figure 13 shows the measured and calculated center line

temperatures as a function of electrical power for different inlet
velocities for (a) nitrogen, (b) air, and (c) oxygen plasma gas. It
is observed that with an increase in input power, the experimen-
tal and calculated temperatures for a given velocity increase for
all plasma gases. For the nitrogen plasma, the experimental tem-
perature does not vary significantly with the velocity while for
the air and oxygen plasma, the experimental plasma temperature
reduces with an increase in the inlet velocity. Moreover, the reduc-
tion is stronger for the oxygen plasma. The numerical results do
not express any variation in velocity. The observed effect of the
plasma velocity on the measured plasma temperature can, to some
extent, be explained by the stronger effect of the enthalpy on the
plasma temperature for oxygen plasma than for nitrogen plasma
in the measured temperature range, see Fig. 10. To illustrate this,
Fig. 14 shows the equilibrium data as a function of power of the
oxygen plasma. The calculations were made in the range of pow-
ers describing the measured centerline temperature. The TEC data

FIG. 13. Comparison of temperature changes for the computational and
experimental analysis: (a) nitrogen, (b) air, and (c) oxygen.

FIG. 14. Temperature variation for oxygen plasma gas for different inlet powers
and velocities. Equilibrium data from the TEC program.
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demonstrate a trend similar to the experimental one. The TEC calcu-
lations made for the nitrogen plasma (not shown) have significantly
milder dependence on the velocity for a given power. The difference
in the trend of the computational and experimental results should,
however, be addressed for further understanding. Theoretically,
when the velocity of the gas increases, the temperature should
decrease as more gas is to be heated for the same power. However,
the computational results do not show them accurately as in the
EDI, the coupling between the velocity and temperature is not done.
Therefore, the model does capture the changes in temperature with
the inlet velocity.

IV. SUMMARY AND DISCUSSION
This study is a primary step of the main project of up-scaling

the plasma burner. The process of up-scaling begins with an under-
standing of what input factors affect the output parameters. Thus,
in this study, parametric studies are conducted to understand the
effect of input power, flow rate, and working gas on arc forma-
tion, velocity, and temperature of the plasma jet. The experiments
are conducted on an 18 kW DC plasma torch, and the temperature
at the plasma torch outlet is measured by optical emission spec-
troscopy. The steady state computational analysis is conducted on a
2D axis-symmetric geometry (that has the same shape, dimensions,
and inflow conditions of the plasma torch used in the experiments).
The computational analysis is carried out in COMSOL Multiphysics
(v5.6) using an equilibrium discharge interface, an adaptation of the
magnetohydrodynamic (MHD) equations.

First, the ionization and plasma formation in a plasma torch
are explained by the velocity and temperature increase at the cath-
ode tip and decrease at the anode. The computational results show
that the temperature of the plasma jet near the cathode tip is
12 000–14 000 K, and the first ionization and the theory explain
that the first ionization occurs at those temperatures.33 Further-
more, the power supply at the cathode tip results in an arc formed
at the shortest distance between the cathode and anode, and this
type of arc formation was also observed by Westhoff and Szekely.5
The structure of the arc formed is understood by plotting the
current density on the inner walls of the anode, and the plots
show two peaks for different powers. The approximated reason
behind the peaks is the geometry variations or arc attachment and
reattachment.4,17

The experimentally and computationally obtained radial tem-
peratures at the plasma torch outlet were compared with each other.
The results show a good match at the center of the plasma torch, but
near the anode wall, there is a significant difference in experimen-
tal and computational temperatures. This variation in temperature
explains that the plasma is in LTE at the center of the plasma torch
and not in LTE near the water cooled anode.40

Case studies were performed to understand the impact of the
working gases (nitrogen, oxygen, and air). The temperature vari-
ations between air and nitrogen cases are very similar. Oxygen,
however, showed a higher temperature initially and lower tempera-
ture at the outlet than other gases. The behavior of oxygen is mainly
because most of the energy is used in breaking the oxygen bonds, and
thus, the temperature is reduced at the outlet. The second case is per-
formed by changing the inlet properties by means of the velocity of
the working gas and power for different gases. For the nitrogen case,

the maximum temperature at the outlet increased with an increase
in power and inlet velocities. However, for the cases of air and oxy-
gen, the experimental results showed that the temperature increases
with the power but decreases when the velocity increases. However,
both the numerical and experimental data agree well with each other
for high-power input cases.

From the case studies, an understanding was obtained about the
changes in the temperature, velocity, and arc formation for different
input conditions. The study explains the factors and their effect on
the plasma torch, and that is an important understanding in the pro-
cess of scaling up plasma torches, which is planned in the future. It
was concluded that the Equilibrium Discharge Interface (EDI) using
the assumption of local thermal equilibrium can give accurate results
at the center of the plasma torch, but near the boundary (when the
plasma is not under the equilibrium condition), the obtained results
diverge from the experimental results. This study gives an edge to
continue the research using a two-fluid modeling approach to model
non-local thermal equilibrium plasmas.
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