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Abstract

The vortex gas injection into plasma torch is considered as a method for reducing electrodes erosion. In order to investigate
the effects of vortex gas injection on plasma structure, as well as the effect of gas viscosity on the rate of rotation, a three-
dimensional nonequilibrium and time-dependent non-transferred DC plasma torch model has been simulated. Viewing the
general characteristics of the plasma shows that the model works well. The results have shown that if the components of the
inlet gas velocity are not properly selected, it is possible that the rotary effects of the gas are greatly depleted even before
the gas reaches the cathode tip and plasma formation. In this case, only the change in the axial component of the gas causes
changes in the structure of the plasma. Vortex reduction is also observed during the movement of cold gases. It is observed
that the change in viscosity of gas has significant effects on the rate of the vortex.

Keywords Plasma torch - Thermal plasma - Swirl - Simulation

Introduction

Plasma torch is widely used in many applications such as plasma
spraying, plasma cutting, plasma welding, and plasma waste
disposal [1]. This device is typically made up of two electrodes
in which the plasma is formed by creating an arc between them.
There are two types of direct current (DC) plasma torches: non-
transferred and transferred arc torches. In non-transferred DC
plasma torches, the electrodes are inside the body of the torch.
Whereas in transferred, one electrode is outside [2]. Since the
study of plasma behavior is costly and time consuming, the
simulations are very cost effective [3]. Different simulations
are performed in two-dimensional or three-dimensional, steady-
state, or time-dependent models with different approximations.

Here, the goal is to simulate a relatively complete model for
the study of the properties of the plasma. Therefore, the model
is considered as three dimensional, nonequilibrium, and time
dependent. Plasma is considered to be fluid, composed of heavy
particles and electrons. In the local thermodynamic equilib-
rium approximation (LTE), the temperature of the electrons
and the heavy particles is the same. This approximation is set
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for the plasma interior, but no longer exists in areas where the
plasma interacts with the electrodes or with the cold gas [4,
5]. In the NLTE approximation, the electron temperature is no
longer the same as heavy particles, and for each type, separate
energy equations are solved. The use of NLTE models allows
better investigation of plasma behavior, especially near the
electrodes and regions with high-temperature gradients. So, a
perfect plasma torch model should be three-dimensional, time-
dependent and non-equilibrium [5].

Unfortunately, the erosion of electrodes is one of the most
important problems in the design and construction of the
plasma torch, which occurs due to the arc collision and the
high temperature of the plasma. There are many ways to elim-
inate this problem. For example, an external magnetic field or
swirl of the gas at the inlet is used to rotate the arc [6-8]. The
plasma swirl causes a constant arc movement and thus reduces
erosion of the electrodes [9]. In most of the researches on the
gas rotation, the effect of the degree of gas spin on the plasma
structure is usually studied. For example, the gas is introduced
through a pipe and is rotated by changing the angle of the
tube, and the effects of the gas rotation on the plasma structure
are investigated [10]. However, the effects of the change in the
velocity of each of the gas components are less considered.

In this paper, we try to examine this issue. The results
indicate that gas rotation decreases gradually during the
movement. So, if the components of the gas velocity are

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s40094-019-00357-1&domain=pdf

Journal of Theoretical and Applied Physics (2020) 14:1-10

not properly selected, the rotation may be lost even before
plasma formation. This is also evident in the rotation of
cold gases. However, the rate of decrease of rotation inside
the plasma torch is higher. Another goal of this paper is to
study the effect of viscosity on the reduction of rotation in
cold gases and to examine this dependence on the structure
of the plasma torch. In “Model description” section, the
description of the model is given. The boundary conditions
are described in “Boundary conditions” section. The results
and discussions are given in “Results and discussion” sec-
tion, and finally, the conclusions are obtained in “Conclu-
sion” section.

Model description
Model setup

Figure 1 shows the simulation area, which includes the
space between the electrodes, the gas inlet, and the outlet.
In order to better understand the properties of the plasma, a
part of the gas outlet area is also shown. The radius of the
cathode is 1.5 mm and its length is 10 mm and the anode
radius is 5 mm and its length is 25 mm. The simulation area
is meshed to more than 10° cells. The gas enters the inlet
region and after passing through the arc between the elec-
trodes, the plasma goes out of the nozzle hole.

Assumptions

The model is considered based on the following main
assumptions:

e The plasma is in the nonequilibrium condition, and the
temperature of the electrons and heavy particles are dif-
ferent.

e The plasma is considered optically thin.

e The gravitational effects are negligible.

Fig.1 Schematic of the simula-
tion area
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Governing equations

In this paper, the plasma behaves like a fluid which contains
electrons and argon particles such as argon atoms, electroni-
cally excited atoms (Ar*), and atomic ions (Ar"). The role of
Ar*?jons is very low and can be ignored.

The main reactions are presented in Table 1. These reactions
include elastic, scattering, excitation, de-excitation, etc. These
reactions include electron-induced reactions which depend on
the temperature of the electrons and the reactions of heavy spe-
cies which are dependent on the temperature of the gas.

The mass conservation equations are given as follows:

dp -
2Ly (o) =0, 1
” p 6]
where V is the particle velocity and p is total mass density,
containing the mass of ions and electrons.

The Navier—Stokes equations can be written as
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Table 1 The plasma main
reactions
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where u, v, and w are components of the velocity of particles
along the coordinate axes. In these equations, the viscosity u
is calculated from the mix kinetic theory of gases

=2.6693 x 107° . 3
e 0, 3)
where Q is the collision integral and is given by
1.16145 0.52487 2.16178
Q, = T+0.14874 + £(0.77320T%) + £(2.43787T%) S
and T* = & is the dimensionless temperature. Using the

Chapman—Enskog theory, the viscosity of a mixture of gases
can be calculated as

le 5
p Z zﬁxﬂ % (5)

where ¢, is equal to

1 1 142
1 Ma T2 My 2 Mﬂ 2
=—(1+— 1+ — — , 6
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where N is the total number of particles in the gas mixture,
X,, Mg and M, are the molar fraction, viscosity, and molecu-
lar mass of the particle a.

Heavy particle conservation species equations are writ-
ten as

o(pY,)
o)

+V. (ﬁya) =V.J +5,. @)

In Eq. 7, the Y, is the mass fraction of species, V is the
average particle velocity, S, is the production rate of the
particle @, and J, is defined as follows:

‘7a=_pDaVYa+pl7daYa+‘72’ (8)

which is the same as diffusive flux. In Eq. 8 D, is the diffu-
sion coefficient and

Ugo = <qaﬂa - Z qﬂﬂﬁY/j‘>E )
I

where p,4 is the mobility of ions and is calculated from the
Langevin formula:

_ 13.853x 107

Hoo = \/ 0M,

where 6, is polarizability and m, is the reduced mass of ions
and neutral species.

’ (10)

The energy equations for electrons and heavy particles
should be solved separately. The electron transport equation
is written as

Me G F =g 11
0t e — Mo ( )

where I’ -, the electron density flux, is equal to
I,=unNe-D/\Vn, (12)
where y, is the mobility of electrons and D, is the diffusion

coefficient. The electron temperature is obtained using the
energy equation:

;5( T)+V(§TF —)(VT6>=P—neankre,,

(13)
where y = (g )neDe and power density P is the total energy

r

absorbed by electrons, such as Joule heating, inductive heat-
ing, and external heating.

P = Poule + Pmd + P (14)

In the plasma fluid model, the electron distribution function
is assumed to be Maxwellian, and the electron transfer proper-
ties can be calculated as

— De — e
He = T, - m,v,, (1%
_ 1 1
v, = ’_z—/v (e)ezfy(e) de. (16)
0

A good approximation for electron collision frequency is
(11]

- P

Vp = Vlm- a7

The constant value v, is specified as 2 X 10”. The energy
equation for heavy particles is given by

dapT
Cp<7+V >=V-(kVT)+Zi:J[Cp[-VT
+0- Z £,w, + Z £,W;.
r=non elec. [=elastic
(18)

Gas heating sources have been added to include the follow-
ing phenomena: electron elastic and inelastic collisions,
ion ohmic heating, ion-surface recombination, and kinetic
impact.

Maxwell’s electromagnetic equations can be written for the
magnetic vector potential as [6]

V.j=0. (19)
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4
E= —Vo. (20)
}=ae<—v(p+\7><1§>. @1)
VA = —pug),. 22)
B=VXA. (23)

The standard K — € model is introduced to turbulence.
The effect of turbulence on heat transfer and mass diffusion
is accomplished through the following relationships:

uC
ke = k+ —2, (24)
o,
Hy
Dy =D+ ——.
ff (So), (25)

In these relations, thfz: turbulent component of viscosity
is defined as y, = pC ”KE. The standard model uses the fol-
lowing transfer equations for K and € [12]:

d(pK
90K) 4 V. (pkV) =V [&VK] +2uE,; E;—p €,
ot o
(26)
dp €) My € e?
T +V. (p (S V) =V- [G—kV E] + CIEEZ”’EU' . E’J - CZE[J?.
(27)

The constant values in the K— € model, which are calcu-
lated using data fitting for a wide range of turbulent fluids,
are given as [11]

C, =009 og=100; o=130; Cjc=144; Cp =192

(28)
Boundary conditions

Table 2 shows the details of the intended boundary con-
ditions. In the plasma torch inlet, the gas temperature
is 1000 K, and the gas enters with a total velocity of 2=.
The gas flow rate in inlet is 8.5 slpm. At the outlet, a fixed
pressure condition is applied. The cathode temperature is
considered to be 1500 K. In the cathode and anode, no-slip
condition is considered (u = v = w = 0) [8]. At the anode
surface, a convective boundary condition with a heat transfer

coefficient of 10° % and a cooling water temperature of
300 K is used [13]. The electron temperature in the elec-
trodes is in the thermal flux balanced, in which the electron
temperatures in the cells surrounding electrodes face are
used to set their electron temperature.

The tangential components of the electric field and mag-
netic vector potential on the surface of the perfect conductor
is considered zero. The total electrical current is 200 A. The
cylindrical part of the cathode is thermally adiabatic, in this
case, the wall temperature is floating and calculated by the
solver.

Results and discussion

In order to investigate the effects of gas rotation on plasma
structure, a three-dimensional, nonequilibrium, and time-
dependent plasma torch model is simulated.

Examining the results, and comparing them with the work
of other researches [10, 11, 14, 15], shows that the model
works well (“General characteristics of the plasma” section).
The purpose of “Rotational effects” section is to study the
effect of gas rotation on the plasma structure, and for this
purpose, the inlet gas enters the simulation zone with two
general methods. In the first case, the gas is introduced at a
constant total velocity and the effect of the inlet gas rotation
is investigated. In this case, both tangential and axial veloc-
ity components are changed. In the second case, the aim is
to observe the effect of the change in the tangential velocity
component on the plasma structure. In this case, only the
axial component of the gas velocity will be constant.

Finally, by simulating the movement of cold gases, their
rotational motion, as well as the effect of changes of viscosity
on the rate of rotation reduction, is also studied. The results
indicate that the rotary motion of the gas is rapidly reduced
by moving it to the front direction. Although increasing the
viscosity of the gas will increase the rate of rotation reduc-
tion. The decrease and disappearance of gas rotation are also
seen in the plasma torch, but due to the large change in the
viscosity of the gas inside the plasma torch, the rate of rota-
tional loss is much higher than that of cold gases. So, accord-
ing to geometry, the axial velocity of the gas should be such
that the rotary motion of the gas reaches the cathode tip.

Table2 Summary of boundary

" Boundary V (m/s) T (K) Magnetic T, (ev) Chemically
conditions
Anode No slip 300 Perfect conductor Thermal flux balanced  Zero flux
Cathode No slip 1500 Perfect conductor Thermal flux balanced  Zero flux
Inlet 2 1000 Extrapolation 0.086 Argon
Outlet Fixed pressure 300 Extrapolation ? =0 Argon
Cathode wall ~ No slip Adiabatic  Zero current density "7{2 =0 Zero flux

on
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General characteristics of the plasma

Figure 2a, b shows the plasma temperature and velocity pro-
files as a function of the time right in front of the cathode
at the desired point at x = 15 mm, respectively. The total
simulation time is 0.04 s, and after about 0.01 s, the plasma
reaches a steady state and no further time is needed to extract
data. This indicates simulation convergence.

=
=
=
2
=
]
-

Time(Normalized)

The plot of the argon ions mole fractions as a function of
the axial and radial distance is shown in Fig. 3. It is observed
that the greatest amount of ionization of the gas in front of
the cathode occurs. Approximately about 0.1 percent of the
gas is ionized.

The temperature and velocity distributions profile are
shown in Fig. 4a, b, respectively. As the gas approaches the
cathode tip, it is ionized and accelerated, and therefore, its

Time(MNormalized)

(b)

Fig.2 Temperature (a) and velocity (b) of the plasma as a function of the time
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Fig.3 Axial and radial mole fractions of the plasma, in front of the cathode
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Fig.4 Temperature and velocity distributions of plasma through the vertical cross section

velocity increases sharply. The highest temperature of the
plasma is observed in the front of the cathode.

Rotational effects

In this section, the effects of the vortex gas injection on
plasma velocity and temperature are investigated. The effect
of viscosity on the reduction in gas rotation is also studied.
The inlet gas enters the simulated area with different values
of rotation. Two general methods for studying the gas rota-
tion on the plasma structure are considered:

1. Changing the amount of gas rotation by changing the
two components of the velocity vector, while the total
velocity is constant.

2. Changing the amount of gas rotation by changing the
tangential velocity component, while the axial compo-
nent is constant.

In the first case, both the axial and tangential components
of the gas velocity will change. However, the total velocity
of the inlet gas is constant. In the second case, the axial
component of the gas velocity is constant and the effects
of the tangential component on the plasma structure are
investigated. In both cases, the gas velocity has no radial
component.

Gas rotation with constant total velocity

The gas enters the simulation area with different values of
the axial and tangential components of the velocity. Table 3
describes different modes of gas entry to the device. In all
states, the total gas velocity is constant at 2%. The ratio S is
defined as the ratio of the tangential component to the total
velocity:

@ Springer

Table 3 Different modes of gas swirl. Both the axial and tangential
components of the inlet gas velocity are changed, while the total
velocity is constant

= v_ﬁ m m m
§= Veot vx(?) Vo ( :) vlot(?)
0.9 1 1.8 2
0.75 1.4 1.5 2
0.5 1.8 1 2
0 2 0 2
g0

Viot

The increase in S represents an increase in the tangential
component of the velocity and the reduction in its axial
component. Figure 5 shows the changes in plasma velocity
and temperature with radial changes in front of the cathode.
These graphs are plotted along the desired probe line on the
x—y plane and at x=15 mm. As S increases, the total plasma
velocity decreases which brings the temperature up. There-
fore, the reduction in the axial component of the velocity,
and increasing its tangential component, reduces the velocity
of the entire plasma results in rising the temperature. It is
not clear here that which component of the inlet gas velocity
results in all these changes. In method 2 in order to reveal
this issue, only, the tangential component of velocity has
been changed.

The temperature and velocity changes in the plasma,
along with the change in the axial distance from the cathode
tip to the outlet, are shown in Fig. 6. However, in all states
at almost one point, the plasma velocity is close to zero. As
aresult, it can be said that the flame length does not change
for different values of the gas rotation (Fig. 6a). It is also
observed that with increasing the degree of rotation of the
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Fig.5 Temperature and velocity diagrams of plasma along y, in the front of the cathode, at x=15 mm

Q
S~
E
>
5=
(]
o
()
>

0.03 0.04

Axial distance, x (m)

(@)

-

Temperature(K)

0.02 0.03

Axial distance,x (m)

)

0.04

Fig.6 Axial changes in velocity and temperature of the plasma in front of the cathode to the full gas exit

gas, the peak of the graphs, i.e., the maximum plasma veloc-
ity, moves to the smaller x, toward the tip of the cathode. By
increasing the amount of S, the maximum plasma tempera-
ture will increase, while the plasma temperature decreases
faster at the outlet (Fig. 6b). This can be justified by compar-
ing the plasma velocity. The higher the degree of swirl gas,
the less its velocity will be, and as a result, the temperature
of the plasma will decrease faster. For different degrees of
gas rotation, all plasmas reach the same temperature at one
point. That is, at this point, the gas velocity is almost zero
and the temperature reaches a constant value. This point can
be considered as the end of the flame. The temperature of the
plasma at this point is about 900 °C. The plasma tempera-
ture drop in the device is much lower than the outside of it.
The point shown with the white vector, in Fig. 6b, is a good
illustration of this change.

Although variations in the velocity vector components
caused changes in the plasma properties, the results of the
next section show that, with this input total velocity (2 %), the
rotational motion of the gas has become negligible before
plasma formation. That is, only the change in the axial veloc-
ity component has transformed the plasma structure.

Rotation with constant axial component

Since in method 1, both the axial and tangential components
of the velocity were changed when increasing the amount of
gas rotation, it was not exactly known which of these com-
ponents changed the properties of the plasma. So, here the
simulation of the plasma was performed for different values
of the rotational component of the inlet gas velocity. In this
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Table 4 Gas rotation with various values of the tangential component
of velocity, while the axial component is constant

=Y
$= Viot Vx(%) vG(%) Vl()l(

« |3
~—

0 2 0 2
0.24 2 0.5 2.06
0.44 2 1 2.23
0.6 2 1.5 2.5
0.83 2 3 3.6
0.93 2 5 5.38
0.98 2 10 10.19

case, the constant axial component of the gas is considered
to be 2% (Table 4). This is while the total gas velocity is no
longer constant. Figure 7 shows the velocity and temperature
values of the plasmas right in front of the cathode at the
desired point x=15 mm.
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Fig.7 Changes in plasma temperature and velocity for different values v,
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It is observed that the change in the tangential component
of the gas velocity does not have much effect on the plasma
structure, but what changes the plasma is the change in the
axial component of the inlet gas velocity. Because of the
viscosity, the tangential gas velocity component decreases
rapidly with the arrival and movement of gas in the region
between the electrodes. As the gas approaches the tip of
the cathode, the rotation of the gas almost disappears. This
is consistent with the results of method 1; what caused
the change in the plasma structure for different modes in
Figs. 5 and 6 can be the change in the axial component of
the incoming gas.

The value of w on the x — y plane represents the rotational
component of the gas velocity. The w component changes
with increasing x are shown in Fig. 8. The reduction in
this velocity component is almost linear, and its amount
is greatly reduced before the gas reaches the cathode tip
and the formation of the plasma. Therefore, before the gas
reaches the tip of the cathode, its rotational effects almost
disappear, and as a result, the initial rotation of the gas does

N
wv

w
S
E
>
=
(]
=]
(Y
>

0.002 0.004 0.006 0.008 0.01

Axial distance, x (m)

Fig.8 The variations in the w component of the gas velocity, with increasing x, on the probe line in the middle of the anode and cathode
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not have much effect on the plasma structure. The linear
reduction in w indicates its uniformity during successive
rotations and the upward movement of the gas. In Fig. 9,
gas velocity vectors are shown on three levels perpendicular
to the cathode. The reduction in gas rotational motion is also
well visible in this figure.

The viscosity of gases varies with their temperature rise
[16]. Surely, changes in viscosity will affect the rotation of
the gas. In order to study how to reduce the rotation of gases,
as well as the effect of viscosity on rotation, the motion of
cold gases was also investigated. For this purpose, a hollow
tube similar to the region between the anode and the cathode
(Fig. 10) was considered, and the motion of cold gases was
simulated. Cold gas enters the simulation zone with different
viscosity values. Viscosity values are considered in the areas
of the change in the viscosity of argon at various tempera-
tures, as reported by Murphy [16]. Both the tangential and
axial components of the inlet gas velocity are considered
to be 2%. The diagram of the reduction in the tangential
component of the velocity, with the motion of the gas inside
the tube, is shown in Fig. 11 for different viscosity values.

By increasing the amount of viscosity, the rate of reduc-
tion in the rotating component of the gas velocity increases.
Therefore, the rotary movement of the gas will be eliminated

x =4mm x = 8mm

x=0

Wall

200mm

Fig.9 Gas velocity vectors in three planes perpendicular to the cath-
ode. The reduction in the rotary component of the velocity vectors
with increasing x is well visible

Wall

outlet

200mm

Fig. 10 Simulation area to examine the flow of cold gas

more quickly. An increase in viscosity increases the number
of collisions between the gas molecules and thus changes
the way they move. The comparison between Figs. 8 and 11
shows that although there is a loss of rotation for cold gases,
this reduction rate for cold gases is much lower than the
plasma. Therefore, the gas will travel longer until the spin
disappears. One of the reasons for this is the high variation
in viscosity during the gas movement in the plasma torch.
However, the changes in other plasma properties may also
affect this downturn.

Conclusion

Three-dimensional, time-dependent, and non-transferred
plasma torch was simulated to investigate the plasma struc-
ture and the effects of inlet gas rotation. A review of the
general characteristics of the plasma showed that the model
works well. The velocity and temperature profiles are con-
sistent with what was obtained by a similar model in [6].
Plasma properties were investigated by changing the amount
of gas rotation in the inlet. The results show that by reducing

2e-5kg/ms 4e-5kg/ms 5e-5kg/ms 10e-5kg/ms

15e-5kg/ms
2.5

20e-5kg/ms

25e-5kg/ms

Fig. 11 Reduction in the w component of the gas velocity, along with
the gas flow inside the pipe and the increase in x, on a probe line
shown in Fig. 10
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the axial component and increasing the spin component, the
temperature of the plasma can be increased and the total
velocity can be reduced. By changing the degree of rotation
of the gas, the maximum plasma velocity approaches the
cathode tip. The reduction rate of the temperature inside the
device is lower than the outside. For higher degrees of gas
swirl, the plasma temperature reduction rate will be higher.
Also, by changing the degree of rotation of gas, the flame
length does not change. The study of gas rotation showed
that the proper selection of the axial component of the inlet
gas velocity is very important. Otherwise, the rotational
component of the gas movement may be lost. Therefore, in
order to use the gas spin in the plasma torch, the axial com-
ponent of the inlet gas velocity must be determined so that
the rotational effects of the gas do not disappear before the
formation of the plasma. The loss of rotational effects in the
movement of cold gases is also well visible. This reduction
is due to the viscosity of the gas. The results showed that
increasing the amount of viscosity of gas increases the rate
of reduction in rotary effects. However, due to the change in
gas structure during movement, the rate of this decrease for
plasma torch is much higher. Other features of plasma may
also have effects on this rate increase.

Open Access This article is distributed under the terms of the Crea-
tive Commons Attribution 4.0 International License (http://creativeco
mmons.org/licenses/by/4.0/), which permits unrestricted use, distribu-
tion, and reproduction in any medium, provided you give appropriate
credit to the original author(s) and the source, provide a link to the
Creative Commons license, and indicate if changes were made.
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