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Abstract

Greenhouse gases and their negative effects on climate is one of the most discussed
topics around the world. Globally, fossil fuel-related emissions from process industries,
transportation, and electricity generation are one of the biggest contributors to greenhouse
gases. One of the prime questions asked globally is how to reduce these emissions. Plasma
burners can be an answer to the question. They are entirely electric-driven burners and
operate at high temperatures. Presently, the available burners are small scale due to
which they are not applicable in industries. So a substantial amount of interest lies in
up-scaling them. However, to begin the up-scaling process, it is fundamental to clearly
understand the working of the plasma burner and the various factors that affect its
operation. The present thesis explains the working of a plasma burner under different
operating conditions is studied experimentally, computationally, and the obtained results
are validated with theoretical data. Experimentally, the temperature measurements at the
plasma torch outlet were carried out using optical spectroscopy. The velocity and structure
of the plasma jet coming from the outlet were studied using a high-speed camera. The
experimental measurements were carried out for varied input working gases, velocities, and
powers. The computational analysis was perfomed using COMSOL multiphysics software.
The primary modeling was done using the equilibrium discharge interface model (EDI)
in which plasma is considered to be fully ionized and at local thermal equilibrium. But
considering the drawbacks of the EDI model, further computational analysis was initiated
by modeling weakly ionized plasma. Different geometries of the plasma torch, working
gases, velocities, and power are analyzed computationally. Further, the experimental and
computational results are validated with each other and thermodynamic equilibrium data
obtained using the TEC program. Finally, this thesis promises to give an overview of the
plasma torches, their working under different operating conditions, and a brief discussion
about the future focusing on up-scaling the plasma burners.
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Summary





Chapter 1

Introduction

The study of physics is also an adventure. You will find it challenging, sometimes
frustrating, occasionally painful, and often richly rewarding.
- Hugh D.Young

1.1 What is a plasma?
Plasma - "that which is formed or moulded", originating from the Greek language
(πλασµα) [1]. The American scientist Irving Langmuir 1922 proposed that the electrons,
ions, and neutrals in ionized gas could be similar to corpuscular material in some kind
of fluid medium called the medium as plasma. A plasma is referred to as the fourth
state of matter in the sequence of solid, liquid, gas, and plasma. Its composition is a
mixture of electrons, ions, and neutrals in the ground state, excited species, and photons.
However, such a mixture is said to be plasma only when the positive and negative charges
balance each other and that plasma is electrically neutral and the property is called quasi
neutrality [2]. The electric conductivity and high energy content of plasma lead to several
important applications. The primary parameters used to classify plasma are [3]:

(1) The particle density n, measured in particles per cubic meter.

(2) The temperature T of each species, is usually measured in electron volts (eV).

(3) Steady state magnetic field B, measured in Tesla.

1.1.1 Plasma classification

More than 99% of the universe is in plasma state, and a popular example is the sun
whose interior temperature exceeds 107 K. Another earliest known plasma phenomena are
lightning strikes (high pressure) and aurora borealis (low pressure). The plasma occurs in
a wide range of pressure and the pressure of plasma is used to determine the luminosity,
energy, or temperature of plasma components and their thermodynamic state. However,
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2 Chapter 1. Introduction

Figure 1: Classification of plasma. From Maher et al. [2].

the plasmas are classified in terms of electron temperature (units: 1eV = 4440 K if there
is a Maxwell-Boltzmann distribution) and electron densities, as shown in figure 1. The
figure shows both natural and artificial plasmas. Solar corona is an example of a weak
plasma with temperatures exceeding 106 K, while the plasmas in the ionosphere with
similar densities do not have temperatures more than 103 K. Some flames (degree of
ionization = 10−10 at atmospheric pressure) with high electron density and temperatures
can also be classified as plasmas. The glow discharges are operated in a pressure range
from 10−4 to 1 kPa and have electron temperatures in the order of 104 K and heavy
particle temperature close to room temperature. Further, thermonuclear fusion plasma
display extreme conditions of electron density and temperature (106 − 108 K).

1.2 Thermal plasma
The research work presented in this thesis comprises thermal plasmas that are a source
of concentrated energy, inhibiting positive and negative ions, high active radicals, and
intense radiation. By definition, thermal plasmas are atmospheric pressure plasmas that
approach a state of local thermal equilibrium (LTE) and exist at temperatures of the order
of 104 K with electron densities ranging from 1021 − 1026 m−3 [2]. However, the existence
of plasma at LTE is rather hypothetical because many plasmas termed as thermal plasma
may not meet all the requirements of LTE, i.e. they are not in complete local thermal
equilibrium (CLTE). The reason for this can be due to the lack of excitation equilibrium
(Boltzmann distribution). That is, because the lower-lying energy level of atoms may be
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underpopulated due to the high radiative transition probabilities of these levels, resulting
in a corresponding overpopulation in the ground state. Because of the small contribution
of excited species to the enthalpy of plasma there is a deviation from CLTE, and those
thermal plasmas are called plasmas in partial local thermal equilibrium (PLTE).

Major deviations in high-speed plasmas are from kinetic (Te ̸= Th) and chemical (com-
position) equilibrium is observed in the fringes of plasma or in the vicinity of walls or
electrodes [4]. The deviations from chemical equilibrium are evident because chemical
reactions cannot follow the rapid macroscopic motion of species resulting in a chemical
’frozen’ situation. In this case, electron densities may be substantially higher than one
would expect from prevailing temperatures [5]. Further, kinetic equilibrium (Te = Th)
requires that the energy acquired by the electrons in an electric field between collisions
must be especially trivial compared to the average kinetic energy of electrons. The
relation between energy and pressure (E/P ) plays an important role in determining
kinetic equilibrium. The pressures in LTE plasma exceed 10 kPa (≈ 0.1 atm) and when
the pressure is below 10 kPa, the temperatures of electron and heavy particles separate
(Te > Th).

1.2.1 Generation of thermal plasma

As explained previously, there are both natural and artificially generated plasmas. The
artificial plasmas can be generated by passing an electric current through a gas. However,
the gas at room temperature is an insulator, and a sufficient number of charge carriers
must be generated to make the gas electrically conducting. This process is called electrical
breakdown, and there is a number of ways to accomplish it. A widely used electrical
method for producing thermal plasmas is high-intensity arcs or inductively coupled
high-frequency discharges and microwave discharges. When the nonconducting gas is
broken-down, a conducting path between a pair of electrodes is formed. The passage of
an electrical current through the ionized gas leads to an array of phenomena known as
gaseous discharges [2]. This process was one of the standard methods to generate plasma,
but based on applications, the other plasmas are produced. For example, electrode less
RF discharges by microwaves, transient plasmas generated by shock waves using laser
or high-energy particle beams, and heating gases (only metal vapors with low ionization
potential) in a high-temperature furnace.

1.2.2 Properties of thermal plasma

Plasma is a complex medium with different particle species present. In this subsection,
the properties of plasmas are introduced and explained.

Plasma composition

The composition of a plasma can be derived differently for different types of gases
(monoatomic gas, molecular gas, complex molecules, and gas mixtures). If the plasma
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is generated from a monoatomic gas such as Argon, the species present are electrons,
neutral atoms, and positive Argon ions respectively

Ar ↔ Ar+ + e.

For the cases of monoatomic gases, the plasma composition can be derived from the
Eggert-Saha equation which is the mass action law derived from thermodynamic principles
(minimization of Gibbs free energy), Dalton’s law, and the condition of quasineutrality of
the plasma respectively

neni

n
=

2Qi

Q

(
2πmekT

h2

)1.5

exp

(−Ei

kT

)
(1a)

p = (ne + ni + n)kT (1b)
ne = ni. (1c)

Here ne is the electron number density, ni and n are the ion- and neutral number densities
(regardless of their state). Qi and Q are the partition functions of the ions and neutrals
obtained from statistical weights of energy levels on the ions and neutrals and the
corresponding energy levels of their excited state. Further, h is Planck’s constant, and Ei

is the ionization energy. Through Eqns. 1a-c, the plasma composition as a function of
temperature for a given pressure can be calculated. For example, in the case of argon at
100 kPa pressure, the total particle number density is shown to decrease with increasing
temperature.

On the other hand, in the case of molecular gases like nitrogen, the number of possible
species comprising the plasma will be increased due to the presence of molecular species.
In such plasmas, the chemical process includes dissociation of the molecules into atoms
and ionization of some atoms according to [6]

N2 → N+
2

N2 → N++ +N

N2 → N++ +N−

N2 → N+ +N+.

If the formation of molecular ions is neglected, the dissociation process in the nitrogen
plasma can be described by the mass action law for the dissociation process. This equation
is similar to the Eggert-Saha equation. Thus, the composition of plasma can be calculated
by considering dissociation, ionization, and the presence of additional species. For example,
a nitrogen plasma at 100 kPa pressure contains no nitrogen molecules due to dissociation
at T > 104 K. The ionization of nitrogen atoms reaches its peak at T = 1.5× 104 K and
at T > 2× 104 K, leading to a fully ionized plasma, and the number density of atoms is
neglected.
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Figure 2: Mass density of nitrogen plasma at 100 kPa. From Maher et al. [2]

Thermodynamic properties

The thermodynamic properties of a plasma comprise density, internal energy, enthalpy,
specific heat, and entropy. Additionally, the derived thermodynamic functions are the
Helmholtz function (free energy) and Gibbs function (free enthalpy or chemical potential).
The mass density, ρ can be obtained from the plasma composition

ρ =
∑

i

nimi, (2)

where ni is the number density of various species present in the plasma and mi is the
corresponding mass. Figure 2 shows the mass density for the case of nitrogen at 100 kPa
pressure. Note how the mass density decreases with an increase in temperature.

The internal energy of the plasma can be obtained from the partition function that
establishes a link between the coordination of microscopic systems and macroscopic
thermodynamic properties

U =
∑

s

gs exp

(−Es

kT

)
(3a)

Es = Es,tr + Es,int, (3b)

where Es represents all forms of energy that a particle can assume and gs represents the
degeneracy or statistical weight of each energy level. Es,tr is the translational energy
and Es,int is the internal energy. The energies are associated with the corresponding
translational and internal degrees of freedom of a molecule including electronic exci-
tation, rotation, vibration, nuclear spins, and chemical reactions. According to the
Born-Oppenheimer approximation for gases and plasmas, the total internal energy of a
molecule is the sum of all the above mentioned energies. The general definition of specific
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Figure 3: Temperature dependence of the specific heat and constant pressure of a nitrogen
plasma. From Maher et al. [2]

heat at constant pressure for the plasma that behaves as a perfect gas with a zero mixing
enthalpy is

cp =

(
∂hg

∂T

)

p

(4a)

hg =

∑K
i=1 xiHi∑K
i=1 xiMi

, (4b)

where hg is the specific enthalpy, Mi, Hi and xi are the mass of one mole, enthalpy of one
mole, and molar fraction of the chemical species i respectively. The definition of specific
heat at constant pressure for a plasma with molecular gases reads

cp = cfp + crp, (5)

where cfp is the frozen specific heat, represents the sum of contributions of all different
species i in the system without any chemical reactions. The term crp associated with
chemical reactions at a given temperature is called reactional specific heat. Calculating
the frozen term is comparatively straightforward from the plasma composition, calculated
through the second derivative of the partition function. Calculating the reaction term is
complicated because it can be obtained only by using the laws of conservation in addition
to the equilibrium constants.

One of the prime characteristics of thermal plasma is its non-linearity of thermodynamic
properties with temperature, figure 3 is an example of it. Figure 3 shows a plot of frozen
and total specific heat with respect to temperature for nitrogen plasma at atmospheric
pressure [7]. The frozen term increases linearly with respect to temperature. But the
overall cp displays three peaks where the first peak at 7600 K explains dissociation, the
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Figure 4: Specific enthalpy of various gases at atmospheric pressure versus temperature [2]

second peak at 14500 K shows first ionization, and the third peak at 30000 K shows the
second ionization.

The enthalpy and entropy can be directly calculated from equation (4b) or by integrating
over cp. Further, the overall properties can be calculated by introducing the frozen and
reactive enthalpies and entropies

hg − h0
g =

∫ T

0

cp(T )dT (6a)

S =

∫ T

0

cp(T )

T
dT, (6b)

where hg is the total enthalpy of the mixture at a given temperature and pressure. h0
g

is the total enthalpy at the reference state T = 0 K and p = 1 atm. S is the entropy.
Figure 4 shows the specific enthalpy for hydrogen, nitrogen, oxygen, argon, and helium at
atmospheric pressure with respect to temperature [8]. In all the cases, there is a steep
change in the enthalpy due to the ionization and dissociation. The enthalpy of hydrogen is
higher than the other gas due to its low mass. On the other hand, even at the maximum
temperature, the ionization did not start for helium, and even though it has a low mass
the enthalpy of helium is extremely low. From the plots in figure 4 it was concluded that
the energy supply is independent of gas and the temperature is not determined by the
chemical reactions. Some case studies were also conducted to understand the influence of
pressure on enthalpy in the case of air. The conclusion made from the study is that at
a given temperature the enthalpy of gas increases as the pressure decreases due to the
lower dissociation and ionization temperatures. Further, figure 5 shows similar behavior
for the entropy of air. However, in this case, entropy increases with decreasing pressure
and is also independent of ionization and dissociation.
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Figure 5: Specific entropy of air at 20, 100, and 500 kPa versus temperature. From
Maher [2].

Fluxes and transport properties

Most of the theoretical considerations made in plasma physics are made by assuming
uniformity of plasma, but in reality, they are non-uniform. In the non-uniform plasmas
gradients are revealed by characteristics such as particle number densities (n), applied
electric potential (V ), temperature (T ), and velocity u. These gradients can be considered
as driving forces that give rise to fluxes. If the magnitude of these gradients remains
within certain limits, there will be a linear relationship between the driving forces and
the fluxes. The linear relationship between fluxes and driving forces incorporate the
so-called transport coefficients called diffusion coefficient (D), electrical conductivity (σe),
thermal conductivity (κ), and viscosity (µ). The transport coefficients are determined by
understanding the collision between different particles where the energy and momentum
are transferred. In the past some works were carried out to understand the collisions’
cross-section for simplified models [9]. Still, the experimental data in determining collisions
is limited. From this, it could be understood that determining the collisions in complex
mixtures or during the deviation from LTE is extremely tough.

Some simplified derivations of the transport coefficients are explained below. The first
transport coefficient is the self-diffusion coefficient. It is calculated from the particle
density gradient, particle velocity (v), and mean free path before collision (l). For example,
if the gradient is in the z direction in a collision at position z, particles approach a local
equilibrium at local chemical potential µ(z) and local concentration n(z). The net particle
flux density is obtained by averaging over all directions (forwards and backward) of a
hemisphere such that

Jn,z = [n(z − lz)− n(z + lz)]
v̄z
2

= −dn

dz
v̄zlz. (7)

Here n and its derivatives are already averaged. Therefore the average of v̄zlz is calculated
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over the surface of a hemisphere, according to

< vzlz >= v̄l
2π

∫ π
2

0
cos2 θ sin θdθ

2π
=

v̄l

3
. (8)

By substituting equation 8 in equation 7 we obtain the averaged net particle flux density
and diffusion coefficient (D)

jn,z = −1

3
v̄l
dn

dz
= −D

dn

dz
(9a)

D =
v̄l

3
. (9b)

Further, for the case of a Maxwell distribution, the self-distribution coefficient is calculated
from the perfect gas formulation p = nkT , resulting in

D =
2

3
√
π
.
1

σ0p

√
(kT )3

m
(10a)

v̄ =

√
8kT

mπ
(10b)

l =
1√
2nσ0

. (10c)

Equation 10a follows that the self-diffusion coefficient is a function of pressure and
temperature. For identical conditions, it will be the highest for the lightest gases.
Viscosity is the second transport property. If a fluid moves with velocity ū, then the
average microscopic velocity does not vanish over a small volume element dr̄ but must
be averaged to ū to maintain ux =< vx >. Further, transport of momentum mv̄ is set
up because molecules arriving at some point from distance l on average carry with them
the velocity acquired during the last collision. The transport of momentum that gives
rise to internal friction is responsible for the viscosity of a gas. Following the analysis of
self-diffusion and uniform particle density, the viscosity (µ) writes

µ =
2

3
√
π

√
mkT

σ0

. (11)

The expression for viscosity uses a simplified theory that is independent of pressure. The
reason for this is, that when the number of particles is doubled in the same volume, there is
twice the number of particles available to transport momentum from one plate to another.
But the mean-free path of the molecule is halved, and the net momentum transfer is the
same. Further, the quantity of µ depends only on the square root of the temperature and
mass. However, the values of σ0 are not independent of masses in all the cases, and µ
is not strictly proportional to

√
m. The values of µ are first controlled by interactions

between neutral molecules, then as dissociation starts, they are controlled by neutral
atoms and even at high temperatures by the charged particles. Some publications state
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that when ionization is accurate, µ decreases with an increase in temperature. That drop
of viscosity is due to the ionization of the gas, resulting in Coulomb forces of relatively
long-range between the particles [10]. Further, the theory also states that the mobility of
charged particles decreases when charged-particle densities increase [11].

Continuing with the thermal conductivity (κ): It is calculated from the heat flux (qz)
caused by temperature gradients

qz = −κ
∂T

∂z
. (12)

For the case of plasma, if ē is the mean kinetic energy of the particles, qz will result
from the energy flux of particles crossing the elementary surface dA without collisions.
Thermal conductivity is also calculated similarly to the viscosity by averaging over all
directions, such that

qz =
1

2
nv̄z[ē(z − lz)− ē(z + lz)] (13a)

qz = −nv̄zlzcv
∂T

∂z
= −1

3
nv̄cvl

∂T

∂z
(13b)

κ =
1

3
nv̄cvl. (13c)

Further, by inserting l and v̄ from equations. 10b-c the final equation for the thermal
conductivity is obtained

κ =
2

3

cv
σ0

√
kT

mπ
. (14)

According to the simplified theory that gives only the transport properties of monoatomic
gases, the thermal conductivity κ is independent of pressure and depends only on the square
root of the temperature. The analysis of thermal conductivity using the simplified theory
cannot approximate polyatomic gases as the internal degree of freedom in polyatomic
molecules or monatomic gases in highly excited states, significantly contribute to the
transport of energy. In 1913, the Euken theory was developed to approximate the thermal
conductivity of polyatomic gases by introducing a constant factor. Further, the Euken
theory was reexamined with the Chapman-Enskog theory to account for the contribution
of excited states. The works concluded that thermal conductivity is the sum of κtr, further
split into κh

tr for heavy particles and κe
tr for electrons, which results from the translation

of particles, κR from chemical reactions, and κint from the internal degrees of freedom.
This yields that

κ = κtr + κR + κint. (15)

The last important transport property is the electrical conductivity σe, which is derived
from the motion of charge carriers and charge mobility by neglecting the ion motion

σe = eneµe (16a)

µe =
ele√

πkTme

. (16b)
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By inserting le given by equation. 10c in equation. 16b yields

σe =
nee

2

√
2πTmenaσen

. (17)

Here na is the neutral particle number density and σen the electron neutral collision cross-
section. The above formulation of electrical conductivity is derived with an assumption
that the electron and ion densities are low compared with that of the neutral species, and
that means the mean free path of electrons le is mainly due to collisions with neutral
particles.

1.2.3 Applications of thermal plasma

The high temperatures combined with high reactivity, presence of free ions and radicals
make the plasma a powerful medium to promote high heat transfer rates and chemical
reactions [12]. One of the industries that widely use thermal plasma technology is material
processing for the development of new materials, refining of materials, conservation of
materials, and development of new processing routes that are more energy efficient,
productive, and less damaging to the environment. One of the appealing examples of a
thermal plasma application is the high rate deposition of diamond films [13]. Examples
of other applications where thermal plasmas used are: plasma spraying, thermal plasma
chemical vapor deposition, thermal plasma physical vapor deposition, plasma synthesis of
fine powders, plasma metallurgy, plasma densification, and plasma welding and cutting
[14–18].

1.3 Plasma torches

Plasma torches, or plasmatrons, are devices that generate a directed flow of thermal
plasma. The currently available low-power (10 W to a few MW) thermal plasma torches
are applied in industrial operations like cutting, welding, and spraying. The medium
power devices (order of hundreds of kW) are used in plasma processing and metallurgical
applications. Based on the primary source, plasma torches are known as direct current
(DC) torches, alternating current torches, or radio frequency torches. In the present
study, a DC plasma torch is used, and it consists of a tungsten cathode, a water-cooled
copper anode shaped in the form of a nozzle. Plasma gas is injected between the two
electrodes. When the gas interacts with the electric current at the cathode tip, a DC
arc is formed between the electrodes, and the same is further pushed through the nozzle
resulting in high temperature and high-velocity flame. The self-induced electromagnetic
forces and gas stabilization constrict the arc column and heat the plasma to nearly 20.000
degrees. Due to their operation at high temperatures, plasma torches are also attached
with cooling chambers for the cathode and anode. The torch is supplied with water and
power through water-cooled cables which in turn are coupled to the main power supply
and water headers. There are many factors that influence the working and efficiency of a
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plasma torch: differences in arc stabilization, electrode geometry, plasma gas, electrode
cooling, and type of gas flow.

Plasma torches are completely electric driven and can be applied in various industries.
Venkatramani [12], in a review paper performed a SWOT analysis of plasma torches to
understand their applicability in industries:

(1) Strength - Temperatures, enthalpies, and heat fluxes obtained in the plasma jet are
higher than any other known techniques. Plasma jet produces effluent over a wide
range of composition and operating conditions, which can be closely controlled. The
presence of charged particles and radicals gives access to non-equilibrium operating
regimes. They can be used in both atmospheric and sub-atmospheric regimes.

(2) Opportunity - A plasma torch can be used for cutting, welding, spray-coating of
ceramic or metal powders, powder processing, and as a heat source in furnaces.
Widespread applications in areas of material testing (thermal shock, thermal re-
sistance, ablation, and dynamic oxidation). Space vehicle reentry simulation and
rocket exhaust duplication. Plasma chemical treatment of toxic waste. Due to their
electric-driven nature, they can act as a replacement for the industrial burners that
operate using fossil fuels and generate greenhouse gas emissions.

(3) Weakness - Plasma torches are highly power-intensive and are operated at a high
cost. They generate intense ultraviolet radiation and noise during operation. In
general, the physics of the process is reasonably understood and the process works
well, yet there are grey areas of understanding.

(4) Threat - Plasma, electron and laser-based machines are competing technologies.
Electron-beam machines, of necessity, operate under high vacuum conditions and
this ensures the production of high-purity and highly reactive materials. The high
control and focusing capability of laser machines enable good spatial and time
resolutions.

1.3.1 Types of plasma torches

Figure 6 shows that plasma torches can be operated in transferred or non-transferred mode
depending on whether the arc is electrically transferred to the workpiece or not [12]. In a
transferred plasma torch, electrodes are connected to a negative terminal, and the positive
terminal of a DC power source is connected to the electrically conducted workpiece. When
a sufficient voltage (around 200 V) is applied across two terminals, an electric arc is
formed between the electrode and the workpiece through the small nozzle opening. It
is however difficult to initiate the arc directly between the electrode and workpiece (in
the gap of 5-10 mm), so a backup arc is established between the electrode and nozzle
at the beginning of the work for a very short period. The plasma-forming gas that is
pumped into the gas chamber comes out through the small nozzle opening surrounding
the electric arc. Owing to the high arc temperature, the gas automatically gets converted
to plasma and emerges out of the nozzle in the form of a jet to strike the workpiece. The
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Figure 6: Transferred plasma torch (left), non-transferred plasma torch (right) [12]

transferred plasma torch that is also known as the direct arc plasma torch makes an
electrical connection between the electrode and workpiece. However, the problem with
this arrangement arises when the workpiece is not electrically conductive. In such cases,
the DC power source is directly connected to the cathode tip, while no connection is
made with the workpiece. Such an arrangement is known as a non-transferred plasma
torch or indirect arc plasma torch. In a non-transferred plasma torch, the electric arc
forms between the electrode and the nozzle. The plasma-forming gas forcefully directs
the arc into the small nozzle opening, while the gas itself ionizes and exits the nozzle as a
high-temperature velocity plasma jet.

1.4 Scope of the thesis
This thesis studies the influence of various operating conditions on the working of the non-
transferred plasma torch. The thesis presents experimental measurements, computational
analysis, and validation with theoretical data. The experiments are conducted on a DC non-
transferred plasma torch with operating power up to 20 kW. Temperature measurements
were conducted using optical emission spectroscopy, and velocity measurements were
conducted using a high-speed camera at the plasma torch outlet. Further, the experimental
results and computational results are compared with each other and also equilibrium
data. A steady state computational analysis was carried out on a 2D axis-symmetric
geometry using the commercially available software COMSOL Multiphysics v.5.6. The
modeling is done using the equilibrium discharge interface model that is an adaptation
of the magnetohydrodynamic (MHD) equations. The influence of the plasma gas, inlet
velocity, power, and geometry is studied.

This thesis is comprised of a comprehensive summary (Part I) and appended papers (Part
II). In Ch. 2, the details of the experimental setup are presented along with the details of
the temperature and velocity measurement techniques. In Ch. 3 different computational
modeling on plasma are explained along with the modeling techniques used in the current
research. In Ch. 4 a summary of the findings is presented. In addition, preliminary results



not included in appended papers are presented. The summary is concluded with the
future scope of the research work.



Chapter 2

Experimental Analysis

Measure what can be measured, and make measurable what cannot be measured.
-Galileo Galilei

2.1 Experimental setup

The experiments presented in this thesis are performed at RISE Energy Technology
Center AB (RISE) in Piteå, Sweden, using a DC 18 kW plasma torch manufactured by
Plasnix (model PNIX-100R1) [19]. The plasma torch is mounted on a 3D positioner that
is used to adjust its position. Figure 7 shows the schematic of the plasma torch, flat
tip cathode, inlets, and outlets. The cathode and anode are the two main components
of a non-transferred plasma torch, and the cathode is inserted inside the anode. The
power is supplied to the cathode tip, thus the material of the tip should be a refractory
metal to withstand high temperatures. In the present work, the cathode material is a
mix of Copper (region apart from the tip) and Tungsten (at the tip). The gas enters the
plasma torch through four inlets placed 90 degrees to each other, with the shape of an
aerofoil. The experiments are performed on two different types of plasma torches (shown
in figure 7(a,d)). (1) One that has a single inlet: close to the bottom of the cathode, and
where the gas is injected upstream of the arc formation. (2) One that has two inlets: the
first being near the cathode upstream of the arc formation and the second inlet near the
anode downstream the arc formation. The arrangement of the inlets is such that the
flow has a characteristic swirl motion to stabilize the plasma jet. Considering the gas
effects on cathode erosion and formation of soot, the ratio between the initial gas and the
total amount of gas should be less (12% of total gas). The initial gas is preferably argon,
nitrogen, or any inert gas. In the present research, the initial gas used was always nitrogen.
The secondary gas (88% of total gas) used in the experiments is nitrogen, oxygen, air, and
carbon dioxide. Further, as shown in Figure 7(b,c), there are also water inlets and outlets
used to cool the electrodes. The flow of the water is maintained constant at 8 l/min.
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Figure 7: (a) Schematic of plasma torch with single inlet, (b) cathode, (c) inlets, (d)
Schematic of plasma torch with two inlets.

2.1.1 Temperature measurement

The temperature of the plasma jet coming out of the plasma torch varies between 5000
and 7000 K when nitrogen, air and oxygen are used as working gases. The traditional
temperature measuring tools or methods cannot be used to measure such high temperatures.
However, understanding the temperatures inside and outside the plasma torch is of special
interest. In the early 90s, laser scattering methods were used to measure the temperatures
in the plasma plume regions. The works concluded that, with the use of laser methods,
they could capture the temperature for different operating conditions over the wide range
of plasma plume regions [20–22]. On the other hand, the temperature measurements at
the plasma torch outlet were usually done using optical spectroscopy by assuming the LTE
conditions. But some studies stated that the temperature calculated from the spectral
lines is typically overestimated and also errors might occur if the energy levels that deviate
from the excitation equilibrium are used [2, 23]. To overcome the shortcomings of the
spectrometer, Peir et al. developed the alexandrite effect spectropyrometer for thermal
temperature measurements [24]. The spectropyrometer is dependent on the alexandrite
effect, which refers to the color change phenomenon in alexandrite crystals between
different light sources [25]. Their research concluded that, with the use of an alexandrite
effect spectropyrometer, they could determine the thermal temperature accurately and
also could measure in the regions where LTE is not attained [24]. Thus, from the literature,
it is understood that optical measurement techniques are found to be a good option to
measure the high temperatures in a plasma jet. In the present research, the temperature
of the plasma jet at the outlet is measured using optical emission spectroscopy.
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Figure 8: Experimental setup for temperature measurements

Figure 8 shows the schematic of the experimental setup for temperature measurements.
The temperature of the plasma jet is measured at the plasma torch outlet for different input
powers, gases, and velocity conditions. The optical measurements are conducted using
a spectrometer (Ocean Optics HR2000+GC). The procedure is such that the emission
spectra from the refracted light are collected using a spectrometer in the wavelength range
from 200-1100 nm. As a first step, the spectrometer used is calibrated using a blackbody
calibration system (Dias, PYROTHERM CS 1500). The radiation was collected using
a collimating lens (f = 10 cm) which focused the radiation into an optical fiber with a
400 µm core diameter. The fiber was coupled to a UVvis 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 perpendicular to the line of sight was 0.5 mm. From the obtained spectrum, the
temperature of the plasma jet is measured using the two-line method or N/N2 method by
assuming that the plasma is at LTE. A detailed explanation of the method is given in paper
B, but the following section provides a summary of the methods. Additionally, to calculate
the temperature, the overall power used by the plasma torch is to be calculated. That is
done by calculating the heat losses to the cooling water using qw is the mass flow rate of
water, Cw is the heat capacity of water and ∆T is the increase in cooling water temperature
under plasma operation defined using inlet and outlet water temperatures.

Q = qwCw∆T. (18)

The two-line method

The first method to calculate the temperature is the two-line method calculated using the
spectrally integrated intensities of the copper lines.

T =
(E2 − E1)hc

k ln

(
I1
I2

)
·
√

E1

E2

f2g2(λ
3
1)

f1g1(λ3
2)

, (19)

where, I1 and I2 are spectrally integrated intensities of Copper (Cu) lines. k is the
Boltzmann constant, h the Planck constant, c the speed of light, E level energy, g level
statistical weight, f oscillator strength, and λ the wavelength.
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The N/N2 method

Obtaining the temperature of the plasma jet using the N/N2 method is done by comparing
the measured and equilibrium N/N2 ratios in nitrogen and air plasmas. First, the
equilibrium mole fraction is calculated as a function of temperature. Then with the use
of Specair air software (v3.0), the emission spectra are simulated by using the equilibrium
mole fractions and the corresponding temperatures [26]. A trapezoidal split function is
used with 3 nm width of the base, and the intensity of the peak is 1 to account for the
spectrometer apparatus function in the simulations. Finally, the temperature is obtained
by comparing the experimental ratio of the integrated features of N and N2.

2.1.2 Velocity measurements

Understanding the velocity variations in a plasma torch is necessary because it helps to
make better designs and operations. Initially, the studies on velocity fields in thermal
plasma are done using Laser Doppler Velocimetry (LDV). The advantage of the LDV
technique is that, it is non-intrusive, and provides in situ, local, and rather instantaneous
measurements with a linear response and without calibration [27]. On the other hand, it
has many complications during the execution. The first complication is understanding
the seeding position. If the seeding is injected with the main gas, the heavy swirl flow
does not allow for proper tracking. Arc disruption and severe particle evaporation that
results in low data generation is observed when the seeding is injected near the cathode
tip. Finally, some literature studies concluded that the seeding injection radially near the
nozzle is a better option. Though the particle carrier gas is mixed with plasma flame,
it reduces the temperature and velocity of the plasma, thus changing the angular and
linear velocity of plasma jet [28, 29]. The second challenge with the LDV technique is
choosing the seeding type. The particles are exposed to high temperature and velocity jet
therefore, they need to be small to follow the fluid and big to resist strong heat transfer.
The ability of the particles to follow the flow depends on their shape, size, and relative
density with respect to the density of the fluid and particle concentration. The particle
dynamics can be calculated using the Stokes number (St)

St =
τp
τf
, (20)

τp is the characteristic particle response time, and τf is the time scale of flow variations.
By overcoming the challenges of LDV techniques, velocity measurements in the past were
carried out and concluded that in high enthalpy flows aluminium oxide (Al2O3) at 50 hPa,
size 5-10 µm, Zirconium oxide (ZrO2), and Silicon oxide (SiO2) of spherical shape and size
less than 1 µm diameter can be used [30–32]. However, due to the difficulties with the LDV
technique, the recent shift is towards optical measurement techniques. From the literature,
it is found that the use of optical methods based on the propagation of the plasma jet
luminosity fluctuations, laser absorption, and laser-induced fluorescence techniques, is
much easier and could provide more accurate velocity measurements [33–37].
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Based on the literature study, high-speed photography is used to understand the plasma jet
structure and measure its velocity in the present research. The high-speed digital camera
Photron SA-1 used is a sophisticated camera system, capable of recording 5400 frames/s
at a full resolution of 1024x1024 pixels. By reducing the active number of pixels the
framing rate can be increased to 575000 frames/s. 16 GB of 12-bit images can be stored in
one recording. Once the recording is completed, the images are transferred to a computer
via a Gigabit Ethernet connection. Further, the shortest exposure time is 370 ns and
freezes the motion even for very fast events.

The case studies were carried out for nitrogen and air plasma gases using a single inlet
plasma torch for different inlet powers and velocities. The camera is placed 24 cm away
from the plasma torch outlet. The initial measurements are carried out using a 105 mm
lens, to measure the velocity at a certain region of the jet emerging from the outlet. Hence,
the camera is focused at a 10 mm-12 mm distance from the outlet, the field of view is
16 mm, and the resolution is 256x256 pixels. In the second set of measurements, the
complete jet structure coming out of the plasma torch is captured using a 50 mm lens,
and the field of view is 50 mm. Then the recording is done by setting the frame rate as
54000 frames/s and exposure time as 1/101000 s. From the obtained images The velocity
is calculated by measuring the distance the plasma structure moves divided by the the
time. The time is the number of time steps divided by the framing rate.





Chapter 3

Computational Modeling

It doesn’t matter how beautiful your theory is, it doesn’t matter how smart you are. if it
doesn’t agree with experiment, it’s wrong.
- Richard P. Feynman

3.1 Computational modeling of plasma
A fully ionized plasma is a combination of electrons and ions, and a partially ionized
plasma is a combination of electrons, ions, and neutrals. From the plasma combination it
could be understood that it is a multi-fluid with different particles. The thermal plasma
can be modeled in different ways, but the two methods important in the current research
are single-fluid and two-fluid modeling approaches [38–40]. In the single fluid model
(SFM) approach a single set of equations are solved by assuming the plasma to be a
single fluid. Furthermore, a two-fluid modeling (TFM) approach is where equations are
solved separately for each particle species: electrons, ions, and neutrals respectively. The
simplest computational model of a plasma is the magnetohydrodynamical(MHD) model
in which the plasma is described using a set of single fluid equations in combination with
electromagnetic model equations. In MHD, the magnetic fields can induce a current in
a moving conducting field which in turn polarizes the fluid and results a change in the
magnetic field. In ideal MHD, the plasma fluid is considered to be an ideal conductor
where the resistivity is zero. Any movement of a conducting material in an external field
generates an electric current (I), which in turn induces a magnetic field. A self-consistent
set of ideal MHD equations co-relates the plasma mass density (ρ), plasma velocity (v),
thermodynamic pressure (P ), electric field (E) and the magnetic field (B).

In the case of a non-transferred plasma torch, computational modeling is executed on
the basis of its working. The main parts of a non-transferred plasma torch and their
materials defined in computational modeling are cathode (tungsten), anode (copper), and
fluid (air, oxygen, argon, and nitrogen) regions. The voltage difference imposed between
the cathode and anode gives rise to an arc in the channel between the electrodes. The
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natural tendency of the arc is to form at the shortest distance between the cathode and
the anode, but it may not be true in all cases. When the working gas is injected near the
cathode and is forced to flow through the channel, it stretches the arc so that a longer
arc and higher voltage results under normal operating conditions. The current in the arc
gives rise to Joule heating which heats and ionizes the gas. The transition to the plasma
state is accompanied by a rapid expansion and a large resulting increase in the plasma
velocity. Additionally, when the arc current interacts with its self-induced magnetic field,
the resulting Lorentz force accelerates the gas towards the outlet. Thus, from the working
of a non-transferred plasma torch, it can be understood that the computational model
should include the interaction between fluid dynamics, heat transfer, and electromagnetic
effects to get the torch’s natural voltage-current versus flow rate characteristics [41].

In the present research, the computational analysis was performed using COMSOL
Multiphysics (v5.5) and (v5.6) as it provides an acceptable interface for multiphysics
modeling. The computational analysis was initiated using the single-fluid modeling
approach. Further, due to the shortcomings of the approach, a study about the weakly
ionized plasma modeling approach has been initiated, and some preliminary studies
have been carried out. In this chapter a summary of the two computational modeling
approaches is presented.

3.1.1 Single-fluid modeling approach

Detailed modeling done using an SFM approach is presented in paper B but this section
provides a summary of some literary works and work done in the present research using
the approach. As explained previously, an SFM approach is a case where the equations
of different plasma particles (electrons and ions in the case of fully ionized plasma) are
modeled into one single equation. In the 2000s many works were conducted in various
applications of plasma using single-fluid modeling. For example, studies were conducted to
understand the formation of magnetic flux tube in a converging flow of solar photosphere,
and Alfvén waves in a weakly ionized photospheric plasma were also studied [42, 43].
Works on the effect of partially ionized plasma on emerging magnetic flux tubes were
conducted, and concluded that the chromospheric neutrals may transform the magnetic
tube into a force-free configuration [44, 45]. Collisions between the plasma particles
play an important role in plasma modeling and the importance of ion-neutral collisions
in the damping of MHD waves in chromosphere and prominence were analyzed [46].
Further, major computational analyses of non-transferred plasma torches are done using
the SFM approach due to its simplicity and ability to provide most of the physics. By
solving the ideal MHD equations a fully ionized plasma is modeled and case studies
were conducted on different geometries of non-transferred plasma torches, the effect of
operating conditions like inlet velocity (both axial and swirl flow), power input, plasma
gases, and arc formation are studied and could obtain accurate understanding about the
parameters [41, 47–50].
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Figure 9: The 2D axisymmetric geometry (left), cathode used in experiments (right).

Equilibrium Discharge Interface Modeling

In present research, the computational model is performed using the Equilibrium Discharge
Interface (EDI), which is an adaptation of the single-fluid MHD equations in COMSOL
v.5.5 and v.5.6. The EDI is used to study static electric currents and fluid flow. The
following assumptions are made:

(1) The fluid flow, heat transfer, and arc formed are assumed to be axially symmetrical.
Hence, the governing equations are written accordingly.

(2) Steady-state.

(3) The Reynolds number (Re) of the flow at the inlet is 5747, and in the rest of the
torch Re is around 2500-2800 except at the cathode tip where the Re can become
quite large, so laminar flow modeling is used. 1

(4) The plasma is considered to be fully ionized.

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

(6) An optically thin plasma is considered, leading to a set of simplified MHD equations.2

(7) Plasma is considered charge neutral.

The geometry used is a 2D axis-symmetric non-transferred plasma torch that has the
same dimensions and shape as the plasma torch geometry used in experiments. A grid-

1For flow rate 60 l/min, Reinlet = 5747, Re14mm = 2563, Re30mm = 2833, Re45mm = 2759
2Optical thin approximation is used when κ

′

vL << 1. κ
′

v is the absorption coefficient per unit length
at frequency v and L is the thickness of a gaseous layer
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Table 1: Governing equations and boundary conditions in the EDI.

Model used Region solved Governing equation Boundary conditions
Electric current Fluid and anode Current conservation equation −n · J = Jn (cathode tip),

∇ · J = Qj,v Ground = anode
Magnetic fields Fluid and anode Maxwell equations Magnetic potential =

∇×H = J, inner walls of cathode
B = ∇×A,

J = σE+ σu×B+ Je

Laminar flow Fluid Momentum and continuity equation flow rate
ρ(u · ∇)u = ∇ · [−ρI+K] + F a = 60 L/min

∇ · (ρu) = 0 Outlet
Heat transfer in Cathode, Conservation of energy T = 3500 K at cathode tip:
solids and fluids anode and fluid ρCpu · ∇T +∇ · q = for thermionic emission

Q+Qp +Qvd heat flux at anode
q = −k∇T h = 104, Text = 500

aK = µ(∇u+ (∇u)T )− 2
3µ(∇ · u)I

independent study was conducted to understand the impact of mesh, and an unstructured
triangular mesh with 223145 elements gave good results. The mesh used does not have
any boundary layers and is the same for all the case studies. The governing equations
are solved separately for the cathode, anode, and fluid regions, and all the models are
not solved in the three regions. The details about the geometry and governing equations
are explained in detail in Paper B. Here ,Tab. 1 shows a summary of the equations and
boundary conditions.

Further, there are different solvers available in COMSOL to solve the electromagnetic
equations. In the case studies, various solvers were used (Paper B: explanation in detail).
A steady state solution is obtained using a parallel space direct solver (PARDISO) solver
and a fully coupled approach.

3.1.2 Two-fluid modeling approach

A single fluid modeling approach is a simple and available model hence, the initial studies
can be carried out using the approach. But some of the disadvantages of the SFM is
that it assumes the plasma to be fully ionized, which is far from reality in most cases.
By using the SFM approach it is difficult to solve the plasma sheath regions as the
condition of charge-neutrality is violated. Local thermal equilibrium is also hard to
be attained in regions close to the wall, where ion and electron temperature may be
different. Further, the SFM approach can be valid for time scales and length scales are
longer than the ion-neutral collision time, but the approximation fails for the shorter
time scales as well as length scales of the order of the mean-free path [51]. Hence the
TFM approach is more complete for many applications. As explained previously, a TFM
approach is a case where different fluid equations are solved for electron-ions and neutrals,
and the collisions between them are modeled. The TFM is comprised of the Navier-Stokes
equations with additional source terms due to collisions between ions, electrons and



3.1. Computational modeling of plasma 25

Table 2: Governing equations and boundary conditions of for the weakly ionized plasma
model

Model used Region solved Governing equations Boundary conditions
Electric current Fluid and anode ∇ · j = 0 −n · J = Jn at cathode tip,

j = σE a Anode grounded
j · n = jn σ in fluid region

Transport of diluted species Fluid Rc = ∇ · (−Dc∇)c = Dc=12 · 10−3m2/s b

Kicoce −Krc
3
e

c0,e = 4jR/NAevth,e
c c0 =1e− 9 mol/m3

c0 = 10−9mol/m3d ce = 7.8049e− 6 mol/m3

n · ∇c|s = 0 e

Laminar flow Fluid ρ(u · ∇)u = u0 = 60 L/min
∇ · [−ρI+K] + F outlet

∇ · (ρu) = 0
Heat transfer in Cathode, ρCpu · ∇T +∇ · q = T=2800 K at cathode tip
solids and fluids anode and fluid Q+Qp +Qvd Tustr and Text = 400 K

q = −k∇T h = 104 W/(m2K)
Heat source Q0

aConductivity, σ = NAcee
2

meven
bDc is ambipolar diffusion
ccathode
dinlet
eanode

neutrals and Maxwell’s equations [52]. Performing a complete description of the plasma
in which a momentum equation has to be solved for each species, electrons and neutrals
is extremely complicated and up to the authors knowledge no such computational model
has been developed for complicated geometry. The approach for the treatment of the
flow is therefore an averaged center of mass single flow equation of motion. Non LTE
conditions can still be treated by using separate heat flow equations for the individual
species but keeping the source terms including collisions, leading to energy interaction
between the species [53, 54]. The literature on plasma torches using a two-fluid modeling
approach is very limited but a lot of works were carried out in other plasma applications
mainly in simple geometries. A recent theoretical development of a TFM of great interest
is Li et al [55]. Some publications though cover different plasma applications, such as the
theoretical paper by Li et al. [55]. Further, the TFM approach is mainly used to model
the plasmas in astrophysics and partially ionized plasma in astrophysics and fusion power
applications, and MHD waves in solar plasma [51, 52].

Weakly ionized TFM model

In the present research, a weakly ionized plasma model is used that is also called TFM
for a partially ionized plasma. In such a model the concentration of ions and electrons
is much smaller than the neutrals, and the collision frequency between electrons and
neutrals is the most important. An example of such a model is given in [55]. The ion
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and electron motion can then be described approximately by equations of motion of the
neutral gas with the addition of forces due to diffusion and mobility in an electric field.
Since the concentration of the neutrals is much larger than the concentration of ions and
electrons their effect on the neutral motion is very small and the neutral can be described
by a single Navier-Stokes equation. The ions and electrons then follow approximately the
gas of the neutrals with modification calculated from diffusion and mobility equations.
The diffusion equation of electrons and ions in the electric field can then be simplified by
the condition of charge-neutrality leading to one single diffusion equation for electrons
with a modified diffusion so-called ambipolar diffusion, in which the effect of the electric
field is included. The effect of ionization and recombination of particles may be included
in a source term. In this way, a closed set of equations is found as explained in table
2.

The set of equations can be solved with some physical interfaces in Comsol (V6.0).
Laminar flow describes the velocity field of the neutrals. Transport of diluted species
describing the convective flow and ambipolar diffusion with reactive source terms due to
ionization and recombination. The electric field is composed of an ambipolar electric field
and a conduction electric field. The conduction electric field is calculated from Ohms
law via the Electric current interface in which the conductivity is determined from the
concentration of electrons and therefore not treated as a material parameter in Comsol.
Finally, the whole set of equations is completed by the Heat transfer in fluids interface
including convection and as source terms ohmic heating and a cross term described by the
scalar-product of conduction electric field and temperature gradient (see paper B).
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Summary of Results

Physics is really nothing more than a search for ultimate simplicity, but so far all we have
is a kind of elegant messiness.
- Bill Bryson

This thesis comprises experimental and computational work carried out on a laboratory
scale DC 18 kW non-transferred plasma torch. The effect of various operating conditions
and geometry on the temperature, velocity, and arc formation in a plasma torch were
analyzed. A detailed investigation of the effects of varying operating conditions and
geometries were explained in papers A, B, and C. In this section, a summary of the results
obtained so far in this Ph.D. project is presented. The results are essentially presented in
the appended papers, but some additional results are also included.

4.1 Plasma arc formation
The arc in a non-transferred plasma torch forms due to the voltage difference between the
electrodes. Figure 10(a) shows the voltage development obtained using the EDI across
the electrodes. In the electric current model, the basis of current conservation is Ohm’s
law that uses the scalar electric potential as a dependent variable. Therefore, when the
current density is defined at the cathode tip the voltage is calculated accordingly. From
Fig. 10(a), a voltage increase from the cathode tip towards the anode is observed that
represents the movement of electrons from the cathode to the anode. Figure 10(b) shows
the location of the arc formed for different current inputs for the case of nitrogen as
plasma gas. From the literature, it can be found that the natural tendency of the arc
is to form along the shortest distance between the cathode and anode, but factors such
as plasma torch geometry and operating conditions have an effect on the arc formation,
and its location [41]. Moreover, by using the EDI the movement of electrons or ions
could not be captured as the modeling is done by considering plasma as a fully ionized
and combined gas. Therefore, only the location of the arc formation for different current
inputs is captured. In Fig. 10(b) the graph is plotted on the inner walls of the anode in
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Figure 10: (a) Voltage across the electrodes, (b) Location of arc formation for different
current inputs. Both graphs are obtained using the EDI and nitrogen as working gas.

terms of power (product of the current and voltage across the cathode tip). From figure
10(b) it could be observed that the location of the arc formed is the same for all cases
of different currents. Further, it could be observed that with the increase in the current
input the intensity of current inside the arc is also increased, and a sharp maximum is
established in local current density.

Studies were conducted to understand factors that affect arc formation. These cover the
geometry, current input, cathode tip temperature defined for thermionic emissions, and
inlet gas velocity. The effects of geometry, the current input, and cathode tip temperature
on the arc formation could be captured using the EDI but the effects of velocity could
not be captured. The reason is that in the EDI a direct coupling between the laminar
flow model and electric currents could not be modeled.

4.2 Plasma jet structure

Figure 11(a) shows the plasma jet from the non-transferred plasma torch. It could be
observed that the jet is relatively homogeneous and laminar. A strong difference between
plasma jet density and the atmospheric air is expected to increase the level of turbulence
and decay the mixing process of the jet [56]. Yule et al. [57] studied the plasma jet (see
Fig. 11(b)) and found that the jet encountered a steep laminar shear at the outer edge.
This large velocity difference causes the flow around the nozzle exit to roll up into a
ring vortex that is pulled downstream with the flow, allowing the process to repeat itself
again at the nozzle exit. Adjacent vortex rings on the outer edge of the jet have the
tendency to coalesce, forming larger vortices; perturbations to these vortices then cause
wave instability to start growing around the entire ring. Next, the distorted vortex rings
start entangling themselves with adjacent rings, finally, resulting in a total breakdown of
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Figure 11: (a) Plasma jet exiting the torch, (b) Plasma jet observed in the literature [57].

the vortex structure into large-scale eddies and the onset of turbulent flow [29]. In the
present work, the structure of the plasma jet is studied using a high-speed digital camera
Photron SA-1; see Fig. 12 for the jet development. The image sequence shows in order
(1-5): A steep laminar jet as observed in the literature (1). In subsequent subfigures,
the jet breaks down into smaller vortices in a step-by-step process. Three important
observations made are: (i) The jet structure and breakdown time is not the same for
all cases. (ii) As shown in Fig. 12(5), small particles are observed when the jet breaks
down. (iii) The jet development is not continuous, which means once a laminar streak
develops, and breakdown occurs, it takes a few microseconds for the next structure to
emerge. The reasons for the above observations are not found yet and are reserved for
future work.

4.3 Effect of Swirl flow
As explained previously, the arc in the non-transferred plasma torch forms between the
electrodes, it is highly turbulent, and disturbance from equilibrium is undesirable as it
will tend to extinguish the arc [12]. The arc formed tends to have a high temperature,
and if the location of arc formation is the same in all conditions, the anode surface erodes.
Under such circumstances, a stabilizing mechanism should be used, such as injecting
tangential flow. As swirling of the flow causes the arc column to remain in the center
of the nozzle, but rotates the anode arc attachment point and thus greatly reduces the
anode erosion. In the DC non-transferred plasma torch that is used for the experiments,
a tangential flow is generated by four airfoil-shaped inlets placed 90 degrees from each
other. Whereas in computational studies, the tangential flow is defined based on the swirl
number calculated as the ratio of angular to axial momentum

S =

∫ R0

0
ρUWr2dr

R0

∫ R0

0
ρr(U2 − 0.5W 2)dr

. (21)
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Figure 12: Jet structure captured using high speed digital camera.

In experiments, the whole flow injected is in a tangential direction but in the computational
modeling tangential flow alone could not be injected as it also needs an axial component.
Spores et al. [29] tried to measure the swirl number at the exit of the plasma torch
and found it to be 0.04. The study concluded that angular momentum at the nozzle
exit is fairly low, and it may not be considered a major flow parameter. Hence the
numerical studies which not include the tangential velocity component can probably
generate accurate results. In the conference paper in part two [58], the effect of swirl flow
is explained in detail. However, as a major difference in results could not be observed due
to swirl flow in computations, the computational analysis is conducted by defining 50 %
of the flow as tangential flow and 50 % as axial flow.

4.4 Effect of inlet velocity

The inlet velocity is one parameter which has an impact on plasma jet temperature and
arc formation. An increase in flow rate will result in an increased arc length [41]. Figure 13
shows the velocity and temperature plotted from cathode tip to outlet at the center line
for argon gas, at an input power of 7.7 kW and different inlet velocities. Both the velocity
and temperatures increase at the cathode tip due to gas expansion and ionization. Further,
they decrease at the outlet due to convection from the cathode. The velocity changes
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Figure 13: Effect of inlet velocity in (a) velocity (b) Temperature across plasma torch
using EDI modeling

in Fig. 13(a) show that with the increase in the inlet velocity there is an increase in
the overall jet velocity. In Fig. 13(b) it is however shown that with the increase in inlet
velocity there is no change in the temperature of the jet, which is far from the reality.
This explains the first drawback of the EDI which is that it fails to capture the effects
of velocity on temperature. Therefore, a case study was done using the weakly ionized
plasma model to understand the effects of inlet velocity. Figure 14 shows the velocity and
temperature changes from the cathode tip to an outlet at the center point for nitrogen gas
at 0.36 kW power. The behavior of velocity and temperature is the same as in the EDI,
but in Fig. 14(b) it could be clearly observed that with the increase of inlet velocity there
is also an increase in the overall jet temperature. The results obtained by using a weakly
ionized plasma model are for very low powers, and convergence errors occurred when the
power is increased. Therefore, the complete development of the modified MHD model is
reserved for future work. In the present thesis most of the computational results presented
are done using the EDI. The velocity of the jet is also captured using the high-speed
camera for nitrogen and air cases for different inlet powers and velocities. The results of
the case studies are presented in Tab. 3.
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Table 3: Plasma jet velocity measured experimentally using high speed camera

Gas Inlet flow rate [l/min] Power [kW] Number of frames Jet velocity [m/s]
Nitrogen 60 11.6 4 410
Nitrogen 60 11.6 7 231
Nitrogen 60 15.6 3.5 470
Nitrogen 30 12.4 3.5 470
Nitrogen 30 12.4 6 271
Nitrogen 30 12.4 10 161
Nitrogen 30 6.8 3 551
Nitrogen 30 6.8 6 271
Nitrogen 30 14.4 6 271
Nitrogen 30 15.1 5 320
Nitrogen 30 15.1 10 160

Air 60 11.6 4 123
Air 30 12.7 8 571
Air 30 12.7 10 457

4.5 Effect of different working gases
Argon, hydrogen, carbon dioxide, nitrogen, oxygen, and air are different working gases
that can be used based on the applications. Paper B explains in detail the effects of
nitrogen, oxygen, and air. The computational results obtained uses the EDI to present
the velocity and temperature changes for different working gases at the center point from
the cathode tip to the outlet. Further, the temperature at the plasma torch is measured
experimentally and compared with the CFD data and equilibrium data using the TEC
program. The observations made in this case study are:

(1) From the temperature variations obtained using the EDI, it was observed that the
temperature variations for the case of nitrogen and air are very similar, but in
the case of oxygen, the temperature at the cathode tip is higher and lower at the
outlet than the temperature obtained by nitrogen or air. To analyze this behavior
of oxygen the temperature obtained at thermodynamic equilibrium conditions for
different working gases is plotted using the TEC program. From the temperature
plots, it was concluded that the behavior of oxygen is such because most of the
arc energy is used to convert oxygen molecules to radicals rather than heating the
working gas inside the torch. In a nitrogen plasma the arc energy is used mostly to
heat the gas.

(2) The maximum temperature at the center point of the outlet is measured experi-
mentally for nitrogen, air, and oxygen gases and compared with the data obtained
using EDI modeling. The maximum temperature obtained at the center point is in
good agreement with experimental and CFD results. However, near the boundaries
of the plasma torch, there is a huge difference between the temperature obtained
experimentally and computationally. That is because the EDI cannot solve the
plasma sheath region accurately as the region does not follow complete LTE.
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Figure 14: Effect of inlet velocity in (a) velocity (b) Temperature across plasma torch
using modified MHD modeling

4.6 Effect of input power

Current is defined at the cathode tip for both experimental and computational analysis.
The product of current and voltage supplied to the cathode tip is the input power. The
effect of input power on the resultant temperature for different working gases and inlet
velocities is studied. Paper B explains the affects in detail, but the conclusions made from
the case study are presented here:

(1) For the same inlet velocity of the gas, when power input is increased, the temperature
at the outlet also increases.

(2) When the inlet velocity is increased simultaneously with the input power, then the
output temperature decreases. This phenomenon is observed in the case of oxygen
and air working gases. Whereas in the case of nitrogen working gas, the temperature
increases with an increase in velocity and power.

(3) On the contrary, the computational results obtained from the EDI show that when
inlet velocity and power are increased simultaneously, the temperature at the outlet
also increases for respective gas: nitrogen, air, and oxygen.

(4) The reduction of temperature in the case of oxygen working gas is much higher than
in nitrogen and air cases when the velocity and power are increased. The reason
for this kind of reduction is that there is a strong effect of enthalpy on the plasma
temperature for the case of oxygen plasma compared to air or nitrogen plasmas.

(5) The behavior of the oxygen plasma is further validated with the equilibrium data
obtained from the TEC program and observed that the theoretical data is much
closer to the computational results as they are both generated for fully ionized
plasma that is in LTE.



34 Chapter 4. Summary of Results

(6) Theoretically, when the velocity increases, the temperature should decrease as
more amount of gas is to be heated. But the contradiction between CFD and
experimental results is because in the EDI model the coupling between the velocity
and temperature is not done accurately. Hence, further analysis should be done
using weakly ionized plasma model, and that is reserved for the future work.

4.7 Effect of non-transferred plasma torch geometry
The cathode and anode are the two main parts of a non-transferred plasma torch. The
shape and positioning of electrodes have an adequate impact on the operation of the
plasma torch. Therefore, different shapes of cathodes (conical and flat tip) are studied and
their effects on flow in the plasma torch are presented in detail in Paper C. Cylindrical
and stepped anodes are the two anodes that can be used in the plasma torch, and the
flow variations in them are also presented in Paper C. In this section some conclusions on
the geometrical impact of non-transferred plasma torch are presented:

(1) The shape of the cathode has a significant impact on the cathode tip temperature
and arc formation.

(2) Flow separation is observed at the tip of flat cathodes, which is a disadvantage to
plasma formation. Injection of swirl flow and operating the plasma torch at higher
power can reduce the flow separation.

(3) The velocity of the jet in the cylindrical anode is much higher than in the stepped
anode.

(4) The diameter of the anode influences the velocity of the jet as it decreases and the
intensity of current in the arc is reduced by spreading the between the electrodes.



Chapter 5

Future Work

Scientists have become the bearers of the torch of discovery in out quest for knowledge.
-Stephen Hawkings

The present thesis explains the computational modeling done using the EDI and gives an
introduction to the modified MHD model. The temperature measurements performed
using a spectrometer at the plasma torch outlet for different operating conditions are
explained. Further, the analysis of plasma jet structure and velocity using a high-speed
digital camera is illustrated. From the research done until now, an overall idea about
the effects of different input conditions and geometries on the flow properties of plasma
torches is obtained. However, there are some areas where further work and understanding
are required.

Computational Analysis

The works done using the EDI are widely presented in this thesis work. The EDI captures
the effects of geometry and input power quite accurately. The temperature of the jet
at the center point is also quite accurate, but near the walls, the temperature decreases
rapidly which is not physical. That is because, flow near the boundaries called plasma
sheath region is not a fully ionized plasma and not at LTE. The equations that evaluate
the plasma sheath region are different and they are not included in the EDI model.
Another major drawback of the EDI is that it fails to capture the effects of velocity
on temperature or arc formation. Thus, an introduction to the weakly ionized plasma
model that solves partially ionized plasma, which overcomes the drawbacks of the EDI is
presented in the thesis. However, the analysis using the weakly ionized plasma model
could be done only for very low-power cases, and convergence errors were experienced
when the high-power simulations were performed. Therefore, in the future, the first step
is to solve the convergence issues and perform detailed case studies for different conditions
using the model.
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Experimental studies
The maximum temperature at the center point of the plasma torch outlet and radial
temperature across the outlet using optical spectroscopy is demonstrated in the thesis.
The maximum temperature obtained at the center point is accurate, but the temper-
ature measured near the boundaries is rather inaccurate. Therefore, The temperature
measurements at the boundary need to be conducted.

The jet structure and approximate jet velocity could be captured using the high-speed
digital camera. But the detailed velocity measurements for different operating conditions
are planned to be performed using laser technology.

Understanding, the various species coming out of the plasma torch is interesting and that
can be done using Raman spectroscopy. Provided the availability of the equipment some
experiments may also be conducted using Raman spectroscopy.

NOx study and up-scaling the plasma torch
Further, NOx production is one of the unwanted characteristics of the plasma torch. The
initial studies related to NOx production are planned to be performed using computational
modeling.

The main objective of the Ph.D. project is to build an understanding of the fundamental
mechanisms in order to scale-up the non-transferred plasma torch to make them applicable
to large-scale industry applications, such as heat sources in the concrete- and mining
industry. In order to be able to scale-up the torches it is crucial to understand the effect
of various operating and input conditions, which is performed in the first two years. Now
that an idea is obtained about the various factors that affect the operation of the plasma
torch, ideas about the upscaling of the plasma torch will be developed in the next stage
of the project.
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1 Introduction
Plasma torches are used in a wide number of applications such as the processing of materials and
the energy industry. They have also become an attractive alternative to fossil fuel-driven burners
as heat sources in the process industry. The available torches (burners) today are however small
in comparison to many industrial fossil fuel-driven burners, leading to a need of a proper under-
standing of the dynamics when scaling up the plasma torch power. As a first step, it is important
to understand effect of different parameters on the formation and development of plasma jet inside
a plasma torch. In this paper the dynamics inside a non transferred plasma torch is modelled nu-
merically, using COMSOL Multiphysics and the Equilibrium Discharge Interface (EDI). Different
velocities, swirl numbers and input current conditions are considered.

Mass conservation equation:
∂ρ

∂t
+∇ · (ρu) = 0 (1)

The velocity (u) is defined in axial and azimuthal directions. ρ is the density of the fluid.
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.
Heat transfer modeled is used to solve the energy equation in both fluid and solid regions.

ρCp

(
∂T

∂t
+ u · ∇T

)
= ∇ · (k∇T ) + j · E− 4πεr +

5

2

kB
e
j · ∇T −

(
∂lnρ

∂lnT

)

P

Dp

Dt
(3)

Where, Cp is specific heat capacity, k is thermal conductivity, j.E represents the joule heating, 4πεr
is the volumetric radiation loss, KB is the Boltzmann constant and DP

Dt
is the work done by the
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(a) (b)

Figure 1: Computational domain (a) and arc orientation for stationary flow (b).

pressure.
The current conservation equation ?? is solved in the fluid and anode regions

∇.J = Q(j, v) (4)

J = σE+ Je (5)

E = −∇V (6)

In the above equations J is the current density, E is the electric potential and σ is the electric
conductivity.
Further, the self induced magnetic field is calculated in the fluid and anode regions by following
the relation from Ampere’s law.

∇XH = J (7)

B = ∇XA (8)

J = σE+ σv ×B+ Jeo (9)

2 Numerical model
High-intensity DC arcs present in actual geometry can be considered to meet the conditions for
partially or complete local thermodynamic equilibrium (LTE) [1]. For length scales of the order
of the dimensions provided by the geometry, the flowing medium can be treated as a continuous

2



Model Applied region Boundary conditions
Electric currents Fluid and anode Current density = 1e-6 A/m2

Ground = Anode region
Magnetic fields Fluid and anode Gauge fixing Ψo=1 A/m
Laminar flow Fluid Vin (m/s) = 0.18, 0.23, 0.28, 1, 2, 4
Heat transfer in solids and fluids cathode, anode and fluid Cathode tip 3500 K (thermionic emission)

Inlet temperature = 300 K
Heat flux (anode) = 104 W/(m2K)
External temperature = 500 K

Table 1: Boundary conditions

fluid. This in turn yield that the MHD equations can be used [2]. In COMSOL, the Equilibrium Dis-
charge (thermal plasma) Interface model is essentially an MHD model with some further modelling
facilities and assumptions1 which lead to a set of simplified MHD equations (Ref. [3], p. 222).

Figure 1 shows the geometry considered. Here Argon is injected through the marked inlet in-
tegrating the Copper anode and Tungsten cathode. The analysis is carried out for different inlet
velocities. The top boundary is a pressure outlet with ambient (atmospheric) pressure. The elec-
trode boundaries are defined as walls with given electric current and magnetic properties. The
cathode tip is also defined with a 3500 K temperature for thermionic emissions. Finally, the heat
transfer coefficient and external temperature of anode are defined as 104 W/m2K and 500 K respec-
tively. The computational grid is created with 83,162 free triangular elements without boundary
layers. The average element quality is 0.95 which indicates a higher mesh element quality. The
simulations are carried out at steady state condition using a stationary solver and a fully coupled
solver.

3 Results and discussion

3.1 Influence of inlet velocities
A case study is conducted to understand the influence of inlet velocity on the flow temperature and
velocity in the plasma torch. Figure 2 shows the velocity and temperature variations along the center
line stretching from the cathode tip to the outlet.Near the cathode tip the flow interacts with the arc
discharge and undergoes Joule heating, leading to ionization of the gas and plasma formation, thus
resulting in high temperature and increased velocity. The plots also explain that when the inlet
flow is turbulent the distribution of velocity towards the outlet is more steady, whereas in laminar
case the decrease in velocity is rapid. This statement also is supported by Deng et al. [4] who
have done similar work using laminar and turbulent inflows. Further, the temperature distribution
is interesting, as near the cathode tip the maximum temperature is the same for all the velocity
cases as the current input and cathode tip temperature is same for all the cases. However, as the
flow approaches the outlet the temperature is rapidly decreased for the laminar velocity cases. The

1Namely: Fully ionized plasma, LTE, Newtonian flow, laminar- and quasi-incompressible flow, no viscous dissipa-
tion or pressure work, negligible displacement current, magnetic Reynolds number << 1, optically thin plasma
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Figure 2: (a) Velocity variation when inlet flow is laminar (left) (b) Velocity variation when inlet
flow is Turbulent (middle) (c) Temperature variation for laminar and turbulent velocity cases (right)

Figure 3: Temperature and velocity variations with respect to swirl flow

residence time of plasma gases in the case of laminar flows is longer than that of turbulent flows
thus leading to fast energy transfer.

3.2 Influence of swirl flow
The high temperature inside a plasma torch leads to anode erosion. The use of Swirling flow can
control the erosion as it creates a vortex in the discharge tube and stabilizes the torch flame in the
center. Figure 3 shows the temperature and velocity distribution in the plasma torch for different
swirl flows. It is observed that an increase in swirl increases the velocity across the plasma torch
and decreases the temperature. This trend is also observed by Felipini and Pimenta [5].

3.3 Arc orientation
Klinger et al. [6] states that the plasma arc is formed at the shortest distance between the cathode
and anode. This conclusion is confirmed by identifying the peak-current values between the cathod
and anode; see Fig. 1b showing the location of the peak values. The arc orientation is then obtained
by connecting the dots. For the present stationary case the arc root position is mainly unaffected by
the flow velocity and current. The dynamics of the arc location is to be further studied in transient
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models. The literature states that the velocity also affects the arc length. To investigate this further
the movement of electrons from the cathode tip, species modeling and/or a two-fluid model should
be developed - something which is reserved for future work.

4 Concluding remarks
In present study, the plasma formation in a non transferred plasma torch is numerically modelled
using COMSOL Multiphysics and its Equilibrium Discharge Interface. A steady-state analysis is
carried out on a 2D axi-symmetric geometry comprised of a Tungsten cathode, Copper anode, and
Argon as working gas. The influence of inlet velocity and swirl flow is studied for different cases.
The orientation of the arc is also obtained. It was observed that that velocity has a limited effect on
the temperature of plasma jet. The effect of swirling flow could only be observed for high swirling
conditions. Finally the arc formed is confirmed to travel the shortest distance between the cathode
and anode.
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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. This would however require that the largest torches available on the market
today are scaled up several orders of magnitude. In order to understand the scaling effects, a
first step is to understand the variations in temperature and velocity in an existing plasma torch
for different operating conditions. 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 axi-
symmetric torch geometry. Moreover, due to the high temperature of the plasma jet, optical
measurements using a spectroscope are used to measure the plasma jet temperature. The arc
formation, variation of temperature, and velocity for different working gases and power inputs
were presented along with the validation of the computational results with experimental results.
An important observation of the work is that working gas, power input, and swirl flow param-
eters have a significant impact on the plasma jet. Further, the paper is concluded by stating
advantages and drawbacks of the single-fluid model and future work that can be carried out in
the present research.

1 INTRODUCTION
Plasma, being the fourth state of matter, is a combination of electrons, ions, and neutrals (for
partially ionized plasmas). It can be considered as natural occurring or artificial. Plasma in general
has a wide range of applications like waste management, automobiles, nuclear applications, etc.
But the study of plasma can be complex due to its nature. Computationally a plasma can be modeled
using a single-fluid or two-fluid model, combining the Navier-Stokes equation for flow motion, heat
transfer equation, and Maxwell’s equations. Experimentally, plasma can be analyzed using optical
techniques like emission spectroscopy.

*Corresponding author. E-mail address: likitha.siddanathi@ltu.se. Telephone: +46 920 491000
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A non-transferred plasma torch is a device used to generate a steady thermal plasma jet. There
are many applications of plasma torches like arc cutting, welding, thermal spraying, and waste
treatment. Additionally, they can be potentially applied in large-scale iron and steel, and cement
industries. Currently, the steel and cement industries use fossil fuel-based burners that produce
an immense amount of carbon dioxide emissions (21% of CO2 emissions in Sweden come from
fossil fuel-based burners) [1]. Therefore, it is essential to think about the alternate burners, and the
electrically driven plasma burner can be one of the good options. However, the available plasma
torches are small in comparison to fossil fuel burners used as heat sources in the process industry.
For example, in the mining industry 40-60 MW coal powder burners are used in the grate-kiln
to dry iron ore pellets. The power of these burners is several orders of magnitude larger than
the maximum available plasma burner existing today. Resulting in a prime interest in up-scaling
them to be applicable in large industries. To begin the up-scaling process, the primary step is to
understand the effects of geometry, working gas, power input, inlet velocity, and swirl flow on the
overall performance and efficiency of the plasma torch.

In a plasma torch, the jet exits at a very high temperature ranging 5000 K-14000 K or above, and
the velocity of the jet ranges between 100 m/s to 800 m/s. These wide ranges majorly depend on the
power input, geometry, and working gases. Boulous in the thermal plasma book explains that the
first ionization of the plasma occurs at 14000 K temperature and the plasma consisting of electrons
and ions alone is said to be completely ionized [2]. 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, the usual temperature measuring devices could not be used but
optical measurement techniques can be used. Additionally, the velocity of the plasma jet in the late
’80s was measured using the Laser Doppler velocimetry (LDV) technique but due to the complica-
tions with seeding the velocity measurements are also performed using optical techniques [3, 4, 5].
However, the present work is concentrated on temperature measurements alone in experiments so
the further explanations stick to the following. Optical emission spectroscopy is one of the used
temperature measurement techniques in the plasma torch to evaluate the characteristics of thermal
plasma experimentally. Emission spectra from the flame jet of the plasma torch directly indicate
the plasma properties and operation conditions [6]. The cited references give some examples of
the application of optical emission spectroscopy for diagnostics of the temperature of direct current
electric arc plasma [7, 8, 9]. Further, in the literature, some arguments are found for a scenario
where the experimentally measured plasma temperature could be different for the same plasma
source. There are many reasons for this, such as incorrect calibration of the spectroscopic system,
distinct signal to noise ratio of observed spectral lines, imprecise knowledge of spectroscopic con-
stants, line of sight integration of radiation, and impossibility or low accuracy of Abel inversion,
optically thick environment together with the self-absorption of spectral lines, high gradients of
temperature in small plasma volume, and departures from thermal or chemical equilibrium [10].

The computational method is an alternative used to evaluate the temperature bypassing the
challenges in experiments, e.g. high-cost equipment and the inability to capture the arc behav-
ior. Moreover, computational methods involve the modeling of complex plasma composition and
require multi-physics modeling. One of the widely used computational modeling techniques to
model physics inside a plasma torch is by solving the MHD equations. These are used to analyze
the fluid dynamics in combination with the help of magnetic fields. One of the initial studies was
performed to predict the temperature and velocity developments in plasma torches and the emerg-
ing plume [11]. The work concludes by explaining the effect of gas expansion and ionization on the
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temperature and velocities of the flow. The paper demonstrates the role of swirl flow in an arc for-
mation, stabilizing the arc and reducing the anode erosion [11]. The rapid development of computer
technology encouraged the extension of the MHD assumptions. Various works were conducted on
2D axisymmetric and 3D geometries to understand the importance of swirl flow, temperature, and
velocity changes especially in plasma spray torch application [12, 13, 14, 15, 16, 17, 18]. Most of
the works done in the past rely on the local thermal equilibrium (LTE) approximation. The plasma
flow is regarded as a property varying electromagnetic reactive fluid in the state of chemical equi-
librium, in which the internal energy of the fluid can be characterized by a single gas temperature
[19, 20]. In LTE modeling, the temperature of electrons is presumed to be equal to the tempera-
ture of heavy particles, which decreases near the electrodes due to water cooling. That results in
an extremely low electric conductivity and limits the flow of electric current between cathode and
anode [21]. At a point, there was a debate that the non-local thermal equilibrium (NLTE) models
have a better agreement with the experiments compared to LTE models [22]. But it was concluded
that the NLTE models are complicated to solve as it requires a two-temperature chemical equilib-
rium. Huang et al. developed a time-dependent 3D model based on the LTE hypothesis and could
capture the fluctuations of plasma inside the plasma torch effectively and could validate the results
with the NLTE model [22]. In the later stages, they also developed a model with nominal electron
temperature derived from the plasma gas temperature and adjusted by the electrical field strength
to improve the underestimation of the electrical conductivity caused by the LTE assumption [21].

Most of the works done in the past explain different computational and experimental mod-
eling techniques but did not elaborate on the importance of ionization properties of the working
gas and thermionic emissions. In this paper, a dual approach comprising computational model-
ing of the flow inside a plasma torch and experimental measurements of the flow at the outlet is
presented. The research primarily aims to explain the effect of working gas and its properties on
plasma development in different conditions. Secondly, validation of computational results with the
experimental results obtained by optical emission spectroscopy is performed. Finally, the paper
concludes by stating the advantages and disadvantages of the single-fluid modeling approach along
with the future scope of the project.

2 METHOD
Figure 1 shows the (a) schematic of a non-transferred plasma torch and (b) plasma jet coming out
of the torch. The material of the anode is copper. The cathode material is copper with tungsten or
hafnium tip. The power is supplied to the cathode tip, and a voltage difference is imposed between
the cathode and anode, producing an arc channel between the electrodes. The literature studies state
that the natural tendency of the arc is to appear at the shortest distance between the cathode and
anode, resulting in a short and low arc voltage [11]. Various working gases can be used in a plasma
torch like argon, nitrogen, oxygen, air, carbon dioxide, or even organic compounds like methane
based on the application [23]. The working gas enters the electrode region in the torch having
a swirl motion. The swirl motion of the flow is generated due to the four aerofoil-shaped inlets
placed perpendicular to each other. In addition to the swirl motion, a flow in axial direction is also
present due to a negative pressure gradient resulting from a higher pressure upstream compared
to the ambient pressure at the outlet. When the working gas interacts with the arc, the arc gets
stretched as a longer arc result in higher voltage. The gas temperature increases near the cathode
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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 an induced Lorentz force. The Lorentz force
accelerates the jet towards the outlet. From the working of the non-transferred plasma torch, an
understanding is obtained that the computational modeling requires electric fields, magnetic fields,
heat and mass transfer, and fluid flow models to solve both the fluid and Maxwell’s equations.

The plasma can be modeled using single-fluid or two-fluid modeling approaches [24, 25, 26,
?, 27]. The single-fluid modeling approach combines the separate equations of electrons and ions
into a single set of equations and assumes that the plasma is a single component fluid. On the
other hand, the two-fluid modeling approach solves separate equations for electrons and ions [28].
The simplicity of the single-fluid modeling approach makes it more applicable compared to the
two-fluid modeling approach. In the present study, the computational modeling is done using the
commercial software environment COMSOL Multiphysics v.5.6 and its Equilibrium Discharge
Interface (EDI) which is an adaptation of the single-fluid MHD equations [29]. The EDI is used
to study static electric fields and neglects the influence of induction currents and fluid flow [29].
The MHD equations couple the plasma mass density, plasma velocity, pressure, and electric and
magnetic fields respectively. The EDI solves the MHD equations using the following assumptions:

(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) The Reynolds number (Re) of the flow at the inlet is 5747, and in the rest of the torch Re is
around 2500-2800 except at the cathode tip, so laminar flow modeling is done.

(4) The plasma is considered to be fully ionized.

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

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

2.1 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:

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.
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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.

Conservation of energy

ρCp

(
∂T

∂t
+ u · ∇T

)
= ∇ · (k∇T ) + j · E− 4πεr +

5

2

kB
e
j · ∇T −

(
∂ ln ρ

∂ lnT

)

P

Dp

Dt
, (3)

where Cp is the specific heat capacity, k the thermal conductivity, j ·B represents the joule
heating, 4πεr the volumetric radiation loss, kB the Boltzmann constant, and Dp

Dt
is the work

done by the pressure.

Current conservation

∇ · J = Q(j, v) (4a)
J = σE+ Je (4b)
E = −∇V. (4c)

Here J is the current density, E the electric field, V the electric potential, and σ the electric con-
ductivity. Further, the self induced magnetic field is calculated from Ampéres law

∇×H = J (5a)
B = ∇×A (5b)
J = σE+ σu×B+ Jeo, (5c)

where, Jeo is the external current density.

2.2 Experiments
2.2.1 Experimental set-up and procedure

Experiments are performed using a direct current (DC) 18 KW plasma torch (PNIX-100R1 model)
manufactured by Plasnix (South Korea) [30]. The plasma torch was mounted on a 3D positioner
that is used to adjust its position. Figure 1(b) shows the photo of the plasma torch and the plasma
jet leaving the torch. 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. There are four inlets positioned
90 degrees to each other and in the airfoil shape. There are two locations where the gas is injected,
that is in between the region of cathode and anode before the arc formation and the second inlet is
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Figure 1: Schematic of an axisymmetric non-transferred plasma torch

placed at the anode 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, as the gas cannot deteriorate the cathode material or form any
soot. The secondary gases inserted at the anode are nitrogen, air, and oxygen. The plasma torch is
connected with a water inlet and an outlet that is used to cool the anode surface. The flow of water
is maintained constant at 8 L/min, and the temperature of the water at the inlet and outlet (diameter
= 6mm) is measured using K-type thermocouples for different power conditions.

Figure 2 shows the experimental set-up. Emission 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 lens (f = 10 cm), which focused the radiation into an optical
fiber with 400 m core diameter. The fiber was coupled to a UVvis 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 perpendicular
to the line of sight was 5 mm. The emission spectra recorded by the spectrometer for air and
nitrogen gases at temperature around 6700 K are shown in Figure 3. From the spectrum obtained,
the temperature of the plasma jet is calculated using the two-line and N/N2 methods assuming that
plasma is at LTE. The methods are explained in detail in the following sessions. Additionally, the
heat losses to the cooling water are calculated from the following equation:

Q = qw · Cw ·∆T (6)

to obtain the net power used by the plasma torch. Here qw is the mass flow rate of water, Cw the
heat capacity of water, and ∆T the increase in cooling water temperature under plasma operation
defined using inlet and outlet water temperatures.

2.2.2 Two line method

The two line method is used to determine the excitation temperature which is given by

T =
(E2 − E1) · h · c

k · ln · ( I1
I2
·
√

E1

E2
· f2g2(λ1)3

f1g1(λ2)3
)
, (7)
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Figure 2: Experimental setup of Plasnix plasma burner

Figure 3: Emission spectra from air and nitrogen at T approximately 6700 K

where I1 and I2 are spectrally integrated intensities of copper (Cu) lines, k is the Boltzmann con-
stant, h the Plank constant, c the speed of light, E level energy, g level statistical weight, f oscillator
strength, and λ the wavelength. In the present study, the Cu emission lines at 510.5 nm, 515.3 nm,
and 521.8 nm wavelengths are used to determine the excitation temperature, and the respective pa-
rameters are given in Tab. 1. Figure 4 shows the emission spectra of Cu for air plasma at different
powers (3 kW, 4.6 kW, 10.6 kW) and the temperature derived from two pairs of lines (1,2) and
(1,3). Figure 4 also displays the relative intensity of the peaks reflecting 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.

Table 1: Cu lines parameters

Cu line No. λ(nm) E(cm−1) fg
1 510.56 30770.05 0.031
2 515.32 49925.72 0.977
3 521.82 49925.72 1.860
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Figure 4: The emission spectra of Cu measured at the following experimental conditions: Plasma
gas - Air, Flow = 40 L/m, Power = 3.0 kW (a), Power = 4.6 kW (b) and Power = 10.6 kW (c)

2.2.3 N/N2 method

The second method is based on comparing the measured and equilibrium N/N2 ratios in N2 and
Air plasma. The first step is to calculate the equilibrium mole fractions as a function of temperature,
figure 5 shows the equilibrium N2 and N mole fractions as a function of temperature for nitrogen
plasma gas. Then by using the Specair software version 3.0, the emission spectra are simulated
by using the equilibrium mole fractions and corresponding temperatures [31]. 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 the N and N2 with the calculated ratios provides the temperature. The
spectral region near 870 nm was selected for the evaluation of the spectrally integrated N/N2 ratio
as a function of temperature. To illustrate the data treatment procedure, figure 6 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 6110K and N2 = 0.755. In figure 6 black vertical lines show the restricted
spectral region used for the calculation of the integral ratio. In the selected region a separation
line (black dashed line) is introduced, which approximately separates the contribution of the N2

and N to the overall spectra. The area below the separation line approximately corresponds to the
N2 integral emission and above the separation line represents the N integral emission. Figure 7
summarizes the calculations of the spectrally integrated emission N/N2 ratio made for a number of
equilibrium conditions; figure 7 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
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Figure 5: The equilibrium N and N2 mole fraction vs temperature (for N2 plasma gas)

Figure 6: The specair simulations of N+N2 and N2 emission spectra made at the equilibrium species
concentration at T=6110 K

0.9 (red spots in the figure ). The experimental spectra were treated similarly to the simulated
ones to obtain the N/N2 ratio; the reported logarithmic expressions were used to evaluate the
temperature of nitrogen plasma.

2.3 Computational Modeling
As introduced earlier, the software environment COMSOL Multiphysics v.5.6 is used in the present
study. The details about the geometry, mesh, boundary conditions, and solvers are explained in the
following sessions.

2.3.1 Geometry and computational mesh

Figure 8 presents a 2D axisymmetric geometry used for the computational analysis. The cathode
shape of the Plasnix laboratory scale burner is a cylindrical structure with a flat cathode tip, and
an identical structure of the cathode is used for the computational study. A real cathode used in
the plasma torch is made of tungsten or hafnium tip and the body is made of copper as shown in
figure 8(b). But in the model, the complete cathode is defined as tungsten, because two materials
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Figure 7: The temperature as a function of the spectrally integrated emission ratio of N and
N2calculated for nitrogen plasma gas

(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 uses at two inlets, the initial
gas inserted before the arc formation is 11% of the overall inlet gas. However, in CFD only single
inlet with a single gas was considered. The inlet plasma gas in COMSOL can be any equilibrium
discharge gas, and the variation of plasma properties for argon, air, oxygen, and nitrogen gases
are presented. The geometry is meshed with a free triangular mesh, without any boundary layers.
The mesh size used for all the case studies is 223145 triangles and the average element quality
maintained is 0.94.

2.3.2 Boundary conditions

The equilibrium discharge interface model is a combination of electric currents, magnetic fields,
heat transfer in fluids and solids, laminar flow, and multiphysics that couples the mentioned models.
The electric currents and magnetic field models are solved in the fluid and anode regions. Using
the electric currents models the normal current density at the cathode tip is defined and it varies for
different power inputs.The anode is defined as ground (zero potential). The laminar flow model is
solved in the fluid regions and the inlet velocity is varied from 42 l/min to 77 l/min. The velocity of
the jet is very large but the density is quite low, resulting the Reynolds number at different points
between 2500− 2800, therefore a laminar flow model is used. The heat transfer in fluid and solids
is solved in all three regions (cathode, anode and fluid regions respectively). The input values for
the heat transfer models is the cathode tip temperature and the anode heat flux. A convective heat
flux is defined at the anode where the heat transfer coefficient (h) is of the order of 104 and the
external temperature (Text) is 500 K [12]. The convective heat flux yields that

−n̂ · q = q0 (8a)
q0 = h(Text − T ). (8b)

The cathode tip temperature is defined to generate the thermionic emission which is a process
of liberation of electrons by the virtue of temperature. The emission of electrons occurs due to
the current dependency on local cathode temperature and voltage drop and it is required to obtain
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Figure 8: (a) Schematic of the axisymmetric geometry, (b) Cathode of the plasma torch

Table 2: Temperature range for thermionic emissions.

Thermionic emissions Temperature range
Low < 1600K

Medium 1600-2000 K
High 2000-2400 K

Very high > 2400K

discharge at low voltages. Voltage near the cathode tip is minimum and cathode tip temperature
is dependent on current. The number of emissions is directly related to the input temperature,
that is when the temperature defined is low the emissions are low and high emissions occur when
the defined temperature is high. Table 2 explains the temperature range for thermionic emissions,
that is when the temperature is below 1600 K the emissions are low, for the temperature range
of 1600 - 2000 K temperatures the emissions are medium. High emissions are observed for a
temperature range of 2000-2400 K and temperatures above 2400 K very high thermionic emissions
were observed. The present study of plasma is a fully ionized case and a complete ionization occurs
at around 14000 K [2]. To obtain that amount of temperatures for the completely ionized plasma,
high-temperature emissions are required. Thus the defined cathode tip temperature for thermionic
emissions is 3500 K[32].

Different working gases like argon, nitrogen, oxygen, and air can be used as working gases in
plasma torches based on the application. In the EDI modeling, a fully ionized plasma is considered
that is at LTE, so the material properties are defined accordingly. The material properties of the
fully ionized plasma gases are different from the ideal gas properties. The material properties such
as density, specific heat, and thermal conductivity are defined for fully ionized plasma gases. For
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Figure 9: cp variation of plasma gas

example, the calculation of specific heat at constant pressure (cp) is different for a normal gas

cp = (
∂h

∂T
)p (9)

and for plasma gas

cp = Cf
p + Cr

p . (10)

In Eq. 10 there are individual cp values contributing to the overall cp for the plasma gas. That is, cfp
is the frozen specific heat that is a sum of contributions of all different species i, and it is a mixture
of no chemical reactions. Whereas Cr

p is the reactional specific heat that is associated with the
chemical reactions at a given temperature [2].

Figure 9 shows the cp variation of a plasma gas obtained from the thermal plasma handbook
and ideal gas properties obtained using the TEC program from TECOM which has the data needed
to calculate the final state of plasma gas [2]. It could be observed that the plasma gas properties
are defined for high temperatures. The graph represents dissociation (7600 K), first ionization
(14500 K), and second ionization (30000 K).

2.3.3 Solvers

For the multiphysics problems, one of the most suggested solvers is a multifunctional massively
parallel sparse direct solver (MUMPS) and parallel space direct solver (PARDISO). Both 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
linear systems is obtained with symmetric positive definite matrices, general symmetric matrices
and general unsymmetrical matrices [33]. Moreover, PARDISO solves unsymmetric, structurally
symmetric, or symmetric systems. PARDISO enables one to rapidly and accurately reduce the
computing time by taking advantage of the system of multiple processors (SMP) and massively
parallel processing (MPP) parallel processing technology [34, 35, ?]. Further, in COMSOL a solu-
tion is obtained by segregated or fully coupled approaches. A fully coupled approach forms a single
large system of equations that solve for all the unknowns and includes all the couplings between
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Table 3: 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

the unknowns at once within a single iteration. On the other hand, 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 compared to the segregated approach [36].
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 (Tab. 3). From
the case study, it was observed that a PARDISO solver with a fully coupled approach has less so-
lution time and better convergence compared to the other solvers, so it was used for all the further
analysis.

3 RESULTS
The current section presents the studies on the effect of power input and plasma gas on the plasma
jet velocity and temperature profiles. The computational results obtained from the CFD modeling
and the temperature values obtained from optical emission spectroscopy are compared and vali-
dated with each other. Also, a brief explanation of the arc formation under different conditions is
presented.

3.1 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 ionization
and gas expansion [11]. Further, both the temperature and velocity decrease near the outlet due to
the convection from the anode. Following the theory, the surface plots in figure 10, and figure 11
show the increase and decrease of velocity and temperature in surface plots.

3.2 Arc formation
The current density and temperature for thermionic emission are defined at the cathode tip. The
electric arc is thus formed between the cathode and anode. The natural tendency of the arc is to
take the shortest path between cathode and anode, resulting in a short arc and low torch voltage
[11]. A case study was conducted to understand the position of the arc formed. The working gas
used for this study is Nitrogen. The current density is plotted along the inner walls of the anode as
shown in figure 12 for different input currents. The figure shows that as the input current increases,
the intensity of the current density on the anode wall is also increasing. But the location at which
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Figure 10: Surface plot of velocity variation in the plasma torch

Figure 11: Surface plot of temperature variation in the plasma torch
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Figure 12: Location of current peak at the anode wall. The location of the peak is the arc root
position

the current peak is formed on the anode is the same for all the cases. Meaning, that even when the
intensity of the input current has increased the location of the arc formation is the same. Figure
12 also shows that when the current increases a sharp maximum is established in the local current
density. This phenomenon can also represent a decrease in arc length with an increase in input
current, and that could not be captured with the EDI model used [11]. However, the statement is
reasonable because at higher current levels the arc will tend to fill the channel more completely and
hence will be able to strike closer to the cathode [11].

3.3 Case study for different working gases
Based on the applications, different working gases can be used in a plasma torch such as Nitrogen,
Oxygen, Carbon dioxide, Argon, and Air. The type of plasma gas also has a considerable impact on
the velocity and temperature of the plasma jet [37]. Figure 13 shows the velocity changes obtained
computationally in a plasma torch for different input plasma gases. The velocity changes are plotted
against the distance from the cathode tip to the plasma torch outlet. 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 different inlet gases. In
the case of Argon plasma, the maximum velocity at the cathode tip is 920m/s and near the outlet,
the velocity decreased to 780m/s. For the cases of nitrogen and air gases, the velocity variations
are quite similar that as the maximum velocity is 490-500 m/s and the decrease in velocity near
the outlet is not significant in those cases. In the case of oxygen plasma gas, near the cathode tip,
the velocity is 510m/s but near the outlet, the velocity is 400m/s which is less than the velocity of
nitrogen and air cases.
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Figure 13: Velocity variations for different plasma gases (computational results)

Figure 14 shows the computationally obtained temperature variations across the plasma torch.
The graphs are plotted on the center line of the plasma torch from the cathode tip to the outlet.
From the graphs, the first observation is that the temperature of the argon jet is much higher than
the other plasma gas cases. The temperature changes in the case of nitrogen and air plasma gases
are very similar. But in the case of oxygen plasma gas, the temperature near the cathode tip is
higher and the near the anode the temperature is lower than nitrogen and air cases.

It is of interest to briefly discuss the differences in behaviour of nitrogen and oxygen plasma
gases based on TEC analysis. Figure 15 shows the equilibrium temperature as well as N2 and
O2 concentrations as a function of the enthalpy for nitrogen and oxygen plasma gases. The figure
demonstrates that the differences in behaviour of nitrogen and oxygen plasma gases can be ex-
plained by the fact that N2 molecule has a stronger bond than O2 one. Close to the cathode tip,
nitrogen and oxygen plasma gas consists mostly of (N, N+,e- ) and (O, O+,e- ), respectively. With
increasing distance, the temperature decreases and N2 concentration increases (due to exothermic
recombination reactions) faster than O2 one, which leads to higher temperature of nitrogen plasma
above 20 mm, see figure 14.

The results are further validated by comparing with the experimental results. Figure 16 shows
the comparison of experimental computational maximum temperature variations for different input
gases. The maximum temperature at the plasma torch outlet (at the center of the torch) is plotted
for different powers for different gases. It could be observed that the temperature of oxygen at the
outlet is much lower than the temperature of nitrogen and air as expected.
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Figure 14: Temperature variations for different plasma gases (computational results)

Figure 15: Temperature variations for different plasma gases obtained from TEC program
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Figure 16: Maximum temperature of different gases at the plasma torch outlet (comparison between
experiments and CFD)

3.4 Comparison between experimental and numerical methods
Figure 17 shows the comparison of radial temperature across the plasma torch outlet for compu-
tational and experimental results, the experiments were performed at 2 mm above the torch outlet
using Nitrogen (7 l/min) - air (53 l/min) mixture. Whereas the computational results are plotted for
air plasma gas. Figure 17 shows that the experimental temperature profiles obtained using two line
and N2/N ratio methods agree with each other quite well. The radial temperature profiles are at the
maximum at the center of the jet and slowly decrease to the edge of the torch. The temperature
decline is below 1000 K. The numerical temperatures are lower than the experimental ones, the
difference is small near the center of the jet, but increases rapidly with radial distance. The reason
is that the flow region near the anode, called the plasma sheath or plasma boundary layer have dif-
ferent properties compared to the flow in the middle of the torch. To model the flow at the plasma
sheath region, extra equations are to be included that calculated the fast transitions in the region.
However, the equations to solve the plasma sheath region are not incorporated in the EDI model so
we could not get accurate results near the walls of the plasma torch.

The interest to understand the accuracy of the computational results lead to validating the com-
putational results with the theoretical data obtained using TEC analysis. The comparison is made
using the mass average temperature calculated using the following formula:

T(av) =

∑
MiTi∑
Mi

(11a)

Mi = ρ.v.S.dt (11b)
S = 2πrdr (11c)

The calculation process is done by dividing the total radius of the outlet into small regions (0.3mm)
of radius r and the mass flow is calculated for that region. Mi is the total mass flow rate which is
the summation of mass flows from the divided regions. v is the velocity, t is 1 as it is a steady state
case, ρ is the density. figure 18 shows a good agreement between the computational and theoretical
data. Further, It is clear from the figure that the mass averaged temperature calculated using the
experimental temperature profile is significantly higher than the equilibrium mass-averaged tem-
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Figure 17: Radial temperature comparison of different temperature calculation methods (experi-
mental and computational) at the plasma torch outlet

perature. The reason for this is apparently that the plasma gas near edges is not at local equilibrium.
Considering this, we choose to compare below the measurements and calculations at the centre line.

3.5 Case study for different powers and input velocities
Figure 19 shows the measured and calculated centreline temperatures as a function of the electrical
power for different inlet velocities for nitrogen (top), air (middle), and oxygen (bottom) plasma
gas. From the figure, it could be observed that with the increase in input power the experimental
and calculated temperatures for a given velocity grow for all plasma gases. For nitrogen plasma,
the experimental temperature does not vary significantly with changes in velocity. While for air
and oxygen plasma, the experimental plasma temperature reduces with the increase of the inlet
velocity, moreover the reduction is stronger for oxygen plasma. The CFD calculations do not
express any variation with velocity. The observed effect of the plasma velocity on the measured
plasma temperature can be, to some extend, explained by the stronger effect of the enthalpy on
the plasma temperature for O2 plasma than for N2 plasma in the measured temperature range, see
figure 15 To illustrate it, Figure 20 shows the TEC of temperature as a function of the power for
oxygen plasma, the calculations were made in the range of powers describing the measured centre
line temperature. As can be seen, TEC data demonstrate a trend similar to the experimental one.
TEC calculations made for N2 plasma (not shown) have significantly milder dependence on the
velocity for a given power.

However, the difference in the trend of CFD and experimental results should be addressed for
further understanding. Theoretically, when the velocity of the gas increase the temperature should
decrease as more gas is to be heated for the same power. But the computational results do not show
them accurately as the in the EDI model the coupling between the velocity and temperature is not
done. Therefore, the model does not show the changes in temperature with the inlet velocity.
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Figure 18: Validation of computational results with the theoretical data obtained for different gases
using TEC program

4 DISCUSSION
The work aims to understand the changes in the plasma properties for different input conditions us-
ing experimental and computational analysis. The steady-state computational analysis is performed
on a 2D axis-symmetric geometry in COMSOL using equilibrium discharge interface modeling,
which is an adaptation of the MHD equations. On the other hand, the experiments are conducted
on a laboratory scale plasma burner. The temperature measurements at the plasma torch outlet were
obtained using optical spectroscopy and later by using the two-line method and N/N2 methods, ex-
citation temperature is calculated. The case studies were conducted by varying the input working
gases, velocities, and power.

The first observation from the obtained results is that the velocity and temperature increase
near the cathode tip due to ionization and gas expansion and decrease near the torch outlet due to
convection from the anode. Secondly, the position of the arc formed is analyzed, and observed that
the location of arc formation is same for all the input power conditions and the arc chooses the
shortest distance between cathode and anode.

A comparison was made to understand the deviation between different temperature calculation
methods i.e. two-line method and the N/N2 methods. It was observed that the difference between
both the temperature calculation methods is insignificant, so both the methods can be used to evalu-
ate the temperature of the plasma jet. A comparison of radial temperatures across the plasma torch
outlet is compared between the experimental and computational results and the results were a good
match at the center point of the torch and deviates near the walls. The reason behind the deviation
is that the EDI models are not equipped to solve the plasma sheath regions accurately. Due to this
a rapid decrease in the radial temperature is observed near the plasma torch walls. This decrease
can be corrected by scaling the sigma values in the COMSOL but the sigma values tend to affect
the overall temperature in the plasma torch. Therefore that step is avoided in this study. However,
to validate the accuracy of computational results, a comparison is made with the theoretical data
obtained from TEC program and observed a good agreement between for the results.

Further, a case study is performed to understand the impact of the working gases (Argon, Ni-
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Figure 19: Comparison of temperature changes for CFD and experimental analysis: nitrogen gas
(top), air (middle), oxygen (bottom)

21



Figure 20: Temperature variation for oxygen plasma gas for different inlet powers and velocities -
theoretical data from TEC program

trogen, oxygen, and air). Argon, the gas having higher density results in higher temperature. The
temperature variations between air and nitrogen cases are very similar. On the other hand, oxygen
showed higher temperature initially and lower temperature at the outlet compared to other gases.
The behaviour of oxygen observed is mainly because most of the every is used in breaking the
oxygen bonds and thus the temperature is reduced at the outlet. The second case is done by chang-
ing the inlet properties like 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. But for the cases of air and oxygen, the experimental results showed that the temperature
increases along with the power increase but decreases with velocity increase. However, both the
CFD and experimental data agree well with each other for high power input cases.

From the case studies, an understanding was obtained of the changes in the plasma properties
for different input conditions. It could be concluded that the EDI model is simple and can be used
to understand the plasma properties. However, it assumes that the gas is completely ionized, and
does not solve for the different plasma particles separately (ions, electrons, and neutrals). Due to
this, it fails to capture the effects of velocity and plasma properties in the sheath region accurately.
Hence, the aim for the future is to develop a two-fluid model that can calculate the properties
of plasma particles separately and can capture the effects of velocities. On the other hand, the
experimental results presented in the paper are only temperature measurements. In the future, the
idea is to develop methods to evaluate the plasma jet velocities. Finally, the paper explains the
variation of temperature for different conditions, and a good agreement between the theoretical
data, experimental and computational works are presented.
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1Division of Fluid and Experimental Mechanics, Luleå Uniersity of Technology, SE-971 87 Luleå
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Abstract

A non-transferred plasma torch is a device used to generate steady thermal plasma jet.
These electric driven plasma burners can be upscaled and applied in large scale steel and ce-
ment industries as an alternate to fossil fuel based burners. A non-transferred plasma torch is
a combination of cathode, anode and the fluid that flows between the electrodes to generate
plasma jet. To upscale the available small scale plasma torches, it is important to understand
the effects of different shapes of electrode geometries on its operation. Therefore, the present
paper presents a computational analysis of different cathode and anode geometries. The com-
putational analysis is done using magnetohydrodynamic (MHD) modelling for a fully ion-
ized plasma. The results presented explains the velocity and temperature variations in plasma
torches with different cathode and anode geometries, formation and effects of flow separation
observed in certain cathode shapes and the influence of anode diameter on arc location. Further,
the efficiency of different plasma torches is calculated and the electrodes shape and size with
high efficiency is presented.

1 Introduction
Plasma is the quasi-neutral partially or fully ionized gas with macroscopic properties. Plasma tech-
nology due to the high temperatures and reactivity of plasma, results in large heat transfer rates and
chemical reactions, that makes them applicable in various industrial applications like: aerospace,
automobiles, bio-medicine, computers, waste management, textiles, optics and etc. Plasma occur
over a wide range of pressures that are majorly classified as natural and artificial plasma. Plasma
torches or plasmatrons are the electric driven devices that generate directed flow of thermal plasma.
The plasma torches are majorly used in plasma cutting, welding, melting or spraying operations [1].
Further, the electric driven nature and high temperatures of plasma torches makes them an alterna-
tive to fossil fuel based industrial burners used in steel and cement industries, there by reducing the
amount of carbon dioxide emissions. The currently available plasma torches are laboratory scale
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plasma torches that operate between 20 kW to 8000 kW cannot be applicable in large-scale indus-
tries. Therefore, there is a huge interest to upscale them but the research question is how to upscale
them? The first step is to understand the various factors that influence the working of plasma torch:
Geometry, input power, working gas and inlet velocity.

A non-transferred or indirect arc plasma torch is a device in which electric arc is constituted
between an electrode and a nozzle and the same arc is continued for entire operation. Depending
on the primary source, there are direct current (DC), alternating current (AC) or radio frequency
plasma torches. The present study is carried out using a DC non-transferred plasma torch, that
consists of a tungsten cathode and a nozzle shaped water cooled copper anode. The electrodes are
separated with an insulated region through which working gas is injected. Cathode tip is supplied
with power and when the working gas interacts with the current, an electric arc is formed between
the electrodes. The current in the arc, gives rise to Joule heating which heats and ionizes the
gas. Resulting a transition to plasma in which an increase in temperature and velocity of gas at
the cathode tip is observed. Further, due to the electric field, a self sustained magnetic field is
also present and when the gas interacts with the magnetic field, Lorentz force is formed. The
Lorentz force helps the arc to sustain and accelerate the jet towards the outlet. Thus, computational
modeling of a plasma torch should solve the electric currents, magnetic fields, heat transfer and fluid
flow. The widely used computational modeling approach used to solve the transport phenomena
inside plasma torch is my solving magnetohydrodynamic (MHD) equations, which are combination
of fluid flow and electromagnetic equations. The previous works done based on MHD modeling
could obtain results that are found to be in reasonable agreement with the experiments [2, 3, 4].

The geometry of a non-transferred plasma torch has an impact on its working. Studies were
made on different shapes of cathode and anode. The two types of cathodes used are the conical and
flat tip cathodes. Cylindrical and stepped anodes are the two anode shapes available. The shape of
the electrodes and the diameter of the anode has a major impact on the arc formation. Thus, this
paper presents a computational study of different cathode and anode shapes and their effects on the
operation of plasma torch.

2 Computational modeling
The computational analysis is done using COMSOL Multiphysics (v5.6). The analysis is done
by solving the single fluid MHD equations that are adapted in the Equilibrium Discharge Interface
(EDI). The EDI can solve all the physics required as it is a multiphysics combination of electric cur-
rent, magnetic fields, heat transfer and laminar flow modules. Further, the following assumptions
are used by the EDI to solve the single fluid MHD equations:

(1) A steady state two-dimensional asymmetric analysis is performed and the equations are writ-
ten accordingly.

(2) The operation of the arc is assumed to be steady.

(3) A laminar flow is considered, based on the Reynolds number in the plasma jet.

(4) The EDI solves for a fully ionized and optically thin plasma.

(5) The arc formed is assumed to be in local thermal equilibrium (LTE) that is the temperature
difference between the electrons and heavy particles are neglected.
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2.1 Governing equations
The governing equations for the two-dimensional, axisymmetric, steady state case comprise:

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.

Momentum equation

ρ

(
∂u

∂t
+ u · ∇u

)
= −∇p−∇τ + j×B, (2)

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

Conservation of energy

ρCp

(
∂T

∂t
+ u · ∇T

)
= ∇ · (k∇T ) + j · E− 4πεr +

5

2

kB
e
j · ∇T −

(
∂ ln ρ

∂ lnT

)

P

Dp

Dt
, (3)

where Cp is the specific heat capacity, k the thermal conductivity, j · B represents the joule
heating, 4πεr the volumetric radiation loss, kB the Boltzmann constant, and Dp

Dt
is the work

done by the pressure.

Current conservation

∇ · J = Q(j, v) (4a)
J = σE+ Je (4b)
E = −∇V. (4c)

Here J is the current density, E the electric field, V the electric potential, and σ the electric con-
ductivity. Further, the self induced magnetic field is calculated from Ampéres law

∇×H = J (5a)
B = ∇×A (5b)
J = σE+ σu×B+ Jeo, (5c)

where, Jeo is the external current density.

3



Figure 1: Non-transferred plasma torch [8]

Model Boundary condition location
Electric currents normal current density cathode tip

(anode and fluid ) (changes with geometry, power = 9 kW all cases)
Ground Anode

Magnetic fields Magnetic potential inner walls
(anode and fluid)

Laminar flow Velocity=60 l/min inlet
(fluid) Outlet plasma torch outlet

Heat transfer T=300 K inlet
in solids and fluids T=3500 K [9] Cathode tip

(fluid, anode and cathode) Heat transfer coefficient= 104 W/(m2K) anode
T=500 K anode

Table 1: Models and boundary conditions.

2.2 Computational setup
As shown in Fig. 1 the geometry of non-transferred plasma torch consists of a cathode, anode
and working gas. As the paper is about the effect of geometrical variations in a plasma torch,
the case studies are carried out using different cathode and anode shapes but the positioning of
the electrodes and working gas in all the cases is similar to Fig. 1. The computational analysis is
done on 2D axisymmetric geometries tungsten cathode, copper anode and nitrogen is used as the
working gas. Further, the mesh is adjusted according to each geometry but all the geometries are
meshed with free triangular mesh without boundary layers. The boundary conditions and models
used are explained in Tab. 1. The solutions for all the cases are obtained using the parallel space
direct solver (PARDISO) solver using fully coupled approach [5, 6, 7].

3 Results and discussion
In this section the effects of on the flow from electrode shape and size is presented.
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Figure 2: Flat tip and conical cathode shapes used in the case studies.

3.1 Effect of cathode shape
In the non-transferred plasma torch, power is supplied to the cathode tip and it acts as a source of
electrons to maintain the arc discharge. The cathode derives heat from the arc and the electrons are
emitted thermionically. To obtain the thermionic emissions in the computational setup, a tempera-
ture of 3500 K is applied to the cathode tip. The location at which the arc terminates is called the
cathode spot and is dependent on the cathode geometry, material, its cooling, and the arc current
[1]. In a non-transferred plasma torch, the plasma is formed at temperatures around 14000 K. Thus,
to obtain such high temperatures and heating, a high current density should be defined for which
the cathode material must be a refractory metal and should be sufficiently cooled. Considering
the requirements, the materials of cathode in non-transferred plasma torch are tungsten, thoriated
tungsten, graphite, copper, zirconium/zirconia. Tungsten is widely used cathode material, but can
be operated only in inert atmosphere like argon or nitrogen. A cone-shape cathode tip is the second
type of cathodes available but are truncated for high powers [1]. Such cathodes are made with
Zirconium or Hafnium and air is used as the working gas. With these electrodes, an oxide film is
formed on the surface, which at normal temperatures is insulating. So a high operating temperature
is desirable that is almost close to melting point of the oxide when it becomes conducting. Further,
the non-thermionic cathodes are used for operation at high power levels in oxidizing or reactive
environment. These are hollow, ring, or flat cathodes and the cathode spot is made to move over
the surface through fluid dynamic or magnetic means. The arc stability is comparatively low and
the arc voltage is high.
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Figure 3: Velocity (a) and current (b) distributions for the flat tip and conical cathode shapes.

There are studies published covering research on non-transferred plasma torches having differ-
ent shapes and sizes of cathode; see e.g. [4, 10, 11, 12, 13, 14]. The trend of velocity, temperature
and arc formation are similar but the magnitude of them is different. Hence following the litera-
ture, this section presents a comparison of flow variation in a plasma torch with different cathode
geometries. In Fig. 2(a) the different cathode shapes (cone shaped and flat cathodes respectively)
used for the case study and size of all cathode and anode (outlet diameter = 6 mm) are the same.
The case studies are performed using nitrogen as working gas, inlet flow rate of 60 l/min at 10 kW
power. Figure 3 shows the velocity variations for different cathodes plotted from the cathode tip
to the outlet. The first observation is that in all the cases the velocity increases near the cathode
tip, explaining the gas expansion at this location. Second, the velocity variations among different
cathodes is very small. But for the case of conical cathodes the velocity variation across the jet is
almost constant but for the case of flat cathodes there is a slight decrease in jet velocity at the outlet.

A normal current density is defined at the cathode tip, due to which an electric arc is formed
between the cathode and anode. Figure 3(b) shows the arc formation of different cathodes plotted
on the inner walls of anode. From the plot it could be observed that the location of arc formation
is same for all. Further, the input power (p), which is the product of the current and voltage is the
same for all cases, but the current intensity, nature and length of the arc, is varying for different
cathodes. Cathodes c, b, and a are conical and show higher current and a smaller arc. On the other
hand, cathode d being a conical cathode still shows very less current, but its arc is spread larger
than the other cathode cases. Further, cathodes e and f are flat cathodes show very similar currents
in the range of 1.4× 105 A/m2 and have smaller arcs.

Figure 4(a) shows the temperature variation in the plasma torch for different cathode tips, plot-
ted from cathode tip to the outlet. The input parameters and boundary conditions are all same, but
the temperature near the cathode tip is widely different for different cathode and quite similar near
the outlet. For a conical cathode a and b, Maximum temperature at cathode tip is nearly 10000 K
and at the outlet the temperature is 8000 K. For conical cathode c and d the temperature at the
cathode tip is 8000 K and 16000 K, and at the outlet the temperature for both cathodes is 7000 K.
For the flat cathodes e and f the temperature at the cathode tip is nearly 12000 K and at the outlet it
is 7000 K. Further, it could be observed that for flat cathodes a, b, c, the temperature decrease from
the cathode tip to the outlet is around 2000-1000 K. For the flat cathodes the temperature decreases
rapidly from the cathode tip to the outlet.

To validate the computational results, a comparison of mass average temperature obtained for
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Figure 4: Temperature distribution (a) and Power versus Temperature (b) for flat tip and conical
cathode shapes.

different cases is compared with thermodynamic equilibrium data obtained using the TEC program.
Figure 4(b) shows the temperature comparison between computational and theoretical data obtained
for a fully ionized plasma. From the equilibrium data the temperature obtained for nitrogen at
10 kW power is 5764 K. The maximum difference between equilibrium data and the computational
data is 200 K. Cathodes e and b show the mass average temperature less than the equilibrium data.
Whereas, the cathodes f, d, b show the mass average temperature above the equilibrium data.

3.2 Flow separation at cathode tip
The conical and flat cathodes are two known shapes of cathodes used in non-transferred plasma
torches. Due to the shape of flat cathodes, the inlet flow coming separates near the cathode tip.
Figure 5 shows the flow separation at the flat cathode tip. It could be observed that the separation
increases with the increase the velocity.

To understand the advantage or disadvantage of the flow separation, velocity magnitude is plot-
ted for different velocities. Figure 6 shows the velocity inside the plasma torch plotted from cathode
tip to outlet. Figure 6(a) shows the velocity magnitude for different inlet velocities injected axially
fora power of 2 kW. From the plots it could be observed that the separation increases with inlet
velocity and also the magnitude of jet is very small. Especially near the cathode tip, the plasma
is formed due to gas expansion which is supposed to increase the velocity at the cathode tip and
decrease at the outlet. However, due to the presence of flow separation the velocity development is
completely opposite to the velocity development in a plasma torch, which says that the flow sep-
aration at the cathode tip is a disadvantage. Therefore, the two ways to avoid the flow separation
in a flat cathode case is to inject the flow in tangential and increase the power input. For instance,
Fig. 6(b) shows the velocity magnitude with swirl flow for a power of 10 kW power using the flat
cathode in which no flow separation is observed.

3.3 Effect of anode shape
Choi et al. [15] analyzed the stepped and cylindrical anodes of a non-transferred plasma torch using
the enthalpy probe method. They measured the plasma jet enthalpy, temperature, and velocity
and concluded that turbulence effects and flow separation in stepped anodes results in low flow
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Figure 5: Flow separation observed for flat cathodes for different inlet velocities.

Figure 6: Velocity variations in the plasma torch (a) Without swirl flow, 2 kW power, (b) With swirl
flow, 10 kW
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Figure 7: Velocity streamlines of (a) Cylindrical anode, (b) Stepped anode.

intrusion, leading to an advantage in thermal spray applications. To understand its effect a case
study is conducted on stepped and cylindrical anodes, using a flat cathode. The computational
analysis is conducted using nitrogen as a working gas, injected at 60 l/min and input power of
3 kW. Figure 7 shows the velocity streamlines in the plasma torch and the flow separation in the
stepped anode could be clearly observed. Figure 8(a) shows the comparison of velocity in stepped
and cylindrical anode plasma torches. The cylindrical anode case results in higher velocity at the
cathode tip and the development of velocity across the plasma torch is nearly constant. On the
other hand, in the case of stepped anode, its velocity is less than cylindrical anode and the velocity
decreases from 200 m/s at the cathode tip to 100 m/s at the outlet. Further, Fig. 8(b) shows a
comparison of temperatures: at the outlet the temperature for both anode cases is basically the
same, while at the cathode tip the temperature for the cylindrical anode is 9000 K and for the
stepped anode 7000 K.

3.4 Effect of anode diameter
The electric arc is formed between the cathode and anode. Some studies in the past stated that the
arc is formed at the shortest distance between cathode and anode [4], but it cannot be true in all
cases. In a real plasma torch, a swirl flow is injected due to which the arc formed rotates making
the anode less prone to erosion. Perambadur et al. [16] studied the arc voltage perturbations and
the effects of anode diameter and concluded that the anode diameter has a significant effect on the
arc attachment. To understand the statement further, a case study is carried out on a flat cathode
for different diameters of anode. The inlet working gas is Nitrogen injected at 60 l/min and inlet
power is 4 kW. Figure 9(a) shows the velocity magnitude plotted from the cathode tip to the outlet
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Figure 8: Comparison of (a) Velocity (b) Temperature for different anodes. Nitrogen is working
gas with flow rate of 60 l/min. The applied power is 3 kW.

Figure 9: (a) Velocity and (b) Arc length comparison in anodes with 6, 8, 10 mm diameter respec-
tively.

for 6, 8, 10 mm anode diameters respectively. The plot explains that with the increase in diameter
the velocity of the jet decreases. Further, Fig. 9(b) shows the current density plotted on the inner
walls of the anode. From the plot it could be observed that for a 10 mm diameter anode the current
intensity of the arc is less but the arc is spread. Further, as the diameter of anode decreases the
current intensity in the arc increases and the length of the arc decreases.

4 Conclusions
This paper presents the effects of cathode and anode geometries in a non-transferred plasma torch.
The analysis is carried out computationally using COMSOL Multiphysics (v5.6). A steady state
analysis is performed using the Equilibrium Discharge Interface on a two-dimensional axisym-
metric geometry. The effect of different shapes and sizes of cathode and anode on the velocity,
temperature and arc formation were studied with the following conclusions.

10



(1) Both flat cathodes and conical cathodes can be used in non-transferred plasma torches as the
trend of flow properties are similar. However the shape of the cathode has a significant effect
on the cathode tip temperature and length of the arc formation.

(2) The flat cathodes, due to their shape lead to flow separation at the cathode tip. However the
flow separation is a great disadvantage in the plasma torch and can largely effect the plasma
formation. Therefore, injecting swirl flow and increasing the input current can eliminate the
flow separation at the cathode tip.

(3) Stepped and cylindrical anodes were studied and it could be observed that the cylindrical
anode results in higher velocity jet. On the other hand, the temperature at the outlet for both
cases is very close.

(4) The effect of anode diameter on the arc formation is studied and concluded that with the
increase in the diameter of the anode, the velocity of the jet decreases and the intensity of
current in the arc is reduced by spreading the between the electrodes.
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