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A plasma torch has many applications and the understanding of the electrical and thermal phenomena
that occur inside it is necessary to control its stability and extend its lifetime. Mumerical simulation
can provide a powerful tool, however, the good simulation should be close to reality, and unrealistic
boundary conditions should not be used in the modeling. In the most of performed studies so far,
the simulation region contains only the space between the electrodes (plasma), and the unrealistic
boundary conditions have been applied at the electrode surface. Taking such boundary conditions might
produced inaccurate results. Certainly, the thermal and electrical properties are not only dependent
on the plasma medium but also on the electrodes. In this study, in order to eliminate such boundary
conditions, in addition to the plasma passage area, both electrodes are included in the simulation
region. Three-dimensional, time-dependent and non-equilibrium simulation is performed and the plasma
temperature distribution is predicted. The electric current path along the cathode-plasma-anode is
determined without applying any unrealistic boundary conditions. In fact, the obtained result is in good
agreement with the experiment. The electric current passes through the tapered section of the anode
and this finding is well consistent with that of the eroded experimental sample. The heat transfer
coefficient distribution at the anode surface is also obtained. The maximum heat transfer coefficient is
about 1.6 x 10* W/(m?K) at the location of the arc attachment. A comparison with some conventional
unrealistic boundary conditions indicates that some of them are inaccurate and need to be reviewed.
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1. Introduction

A plasma torch is widely used in many appli-
cations such as plasma spray coating, chemical
and powder synthesis, extractive metallurgy, toxic
waste treatment and pyrolysis [1]. A conventional
non-transferred DC plasma torch typically consists
of two electrodes and the space between them.
The gas passes through the space between the elec-
trodes and the plasma is formed by applying an elec-
tric potential difference. The high current density
at the location of the arc attachment causes that
the electrodes become eroded [2]. By predicting
the electrical and thermal properties of the interface
between the electrodes and the plasma, it is possi-
ble to extend the lifetime of the plasma torch and
optimize its plasma. Since the experimental results
are limited because of the expensive equipment and
the difficulty of extracting the results from within
the plasma torch, one can use simulations which are
very cost-effective [3].

Many simulations have been carried out which
have greatly influenced the prediction and op-
timization of the plasma torch. In most of
the works the computational domain has only
included the space between the electrodes (plasma).
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However, inserting the electrodes into the simula-
tion area can be very interesting. This leads to
a continuity in the electrical and magnetic proper-
ties of the plasma-electrode interfaces. This also al-
lows to avoid the need to apply unrealistic boundary
conditions for heat transfer and electric current at
the electrode surface and enables more reliable re-
sults. For example, in most literature, a symmetric
Gaussian current density distribution is applied as
the boundary condition at the cathode tip while in
reality this cannot be the maximum current density,
exactly at the center of the cathode tip [4]. The ac-
curate modeling of heat transfer is also important in
a simulation of a non-transferred DC plasma torch
because a high heat flux at the location of the arc
attachment causes anode erosion and shortens its
lifetime [5].

Alaya et al. [6] incorporated the cathode into
the simulation area. Using the local thermody-
namic equilibrium (LTE) model and applying elec-
tric current density on the rear face of the cath-
ode, they calculated the heat transfer and cur-
rent density distributions at the cathode tip sur-
face. However, no model has yet been presented
in which both electrodes have been simulated. In-
corporating the anode into the simulation greatly
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increases the complexity of the model and the cost
of computation [7]. For example, it must be a non-
equilibrium model (NLTE). One of the limitations
of the LTE model is the need to apply unrealistic
boundary conditions for the passage of electric cur-
rent at the plasma-anode interface. Due to water
cooling, the temperature of the gas near the an-
ode surface drops below 1000 K and the electri-
cal conductivity of the gas is not enough to allow
electric charges to pass through the arc column to
the electrodes. It is also accepted that the results
of NLTE models are more realistic and closer to
experiments [8]. Therefore, it is better to perform
the simulation with a non-equilibrium model and
insert electrodes into the simulation area.

In this study, a three-dimensional, non-
equilibrium and time-dependent plasma torch
model is simulated and in addition to the cath-
ode, the anode has also been incorporated into
the simulation region. A method similar to that
presented in [6] is used to apply the electric current
to the cathode. No unrealistic model is used to
determine the location of the arc attachment on
the surface of the electrodes.

This model has been used to:

e predict more eroded areas by determining
the distribution of the electric current density
at the anode surface,

determine the surface temperature of elec-
trodes, predict heat transfer distribution at
the anode surface and make a comparison
with the results of applying unreal boundary
conditions, where the electrodes were not part
of the simulated region.

2. Model description

2.1. Assumptions

The model is considered based on the following
main assumptions:

e the plasma is in non-equilibrium conditions
and the temperature of the electrons and

heavy particles are different,
the plasma is considered optically thin,
the gravitational effects are negligible,

the path of the electric current passing
through the cathode-plasma-anode is deter-
mined by solving the governing equations in
the three zones,

no models are used for arc reattachment.

2.2. Governing equations

Plasma behaves like a fluid containing electrons
and argon particles, which include ground-state
atoms (Ar), electronically excited atoms (Ar*),
atomic ions (ArT) and molecular ions (Ary) [9].
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Processes taken into account. TABLE 1
Process Reaction
1 M+e—=M+e (M= Ar, Art)
2 Ar+e— Ar* +e
3 Ar*+e— Ar+e
4 Ar+e— Art 4 2
5 Ar* +e — Art +2e
6 2AT* = Ar+ Art +e
7 Ar + Ar* — 2Ar
8 Art +2 — Ar+e
9 Ar+ Art +e — 2Ar
10 Arf +e— Ar+Art +e

The processes considered in the model are sum-
marized in Table I. These reactions include the elas-
tic processes, scattering, excitation, deexcitation,
etc. The reactions comprise electron-induced reac-
tions which depend on the temperature of the elec-
trons, and the reactions of heavy species which are
dependent on the temperature of the gas. The reac-
tion rates have been taken from [9] and the software
database [10].

In description one uses the mass conservation
equation

ap B
E+V~(p'v)—0. (1)

where the total mass density p moves with particle

velocity v = (u, v,w). The Navier-Stokes equations
have the following form

d(pu) _ Op .

ot +V- (p'uu) - % +V (MUU)+(]€ X B>x7
A(pv) _ Op .

ot + V- (pov) = ~ 3y + V- (pov)+(je x B)y,
d(pw) __Op
T—FV-(pvw)——az—FV (pow)+J. x B),,

(2)
where p is the pressure, J. is the electron electric
current density vector. The viscosity p is deter-
mined from the mix kinetic theory of gases. The
conservation equations for heavy particle species «
are written as

a(’gf’) FV(pwYa) =V - J. + Sa. (3)

with Y, as a species mass fraction, and S, as a pro-
duction rate of the particle a.

Note that the energy equations for electrons
and heavy particles should be solved separately.
The electron transport is given as

where the electron density flux I'. is equal to
Te = peneVo — D Vne. (5)
Here, n. denotes the density of electron number,

e is the electron mobility, D, is the electron diffu-
sion coeflicient, and ¢ is the electron potential.

(4)

€
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To obtain the electron temperature T, one solves
the following equation
30(n.Te) 5
- =T, — k. VT, | =
2o Y (2 v )
P —n, Z Nnykp€p,

5

(6)

where ke = gneD,. is the thermal conductivity of
electron. The power density P is the total energy
absorbed by electrons, such as Joule heating, induc-
tive heating and external heating, i.e.,

P = PJoule + -Pind + Pext~ (7)
The last term on the right-hand side of (6) accounts

for the electron energy loss due to the electron-
induced reactions.

Now, the energy equation for heavy particles
reads as

c, {%)T)

— (8)
+D JiCp VT +Q = ey

+ Z €wy.

l=elastic

o V(va)} — V. (kgVT)

where C), is the specific heat with constant pres-
sure. Gas heating sources have been added to in-
clude such phenomena: electron elastic and inelastic
collisions, ion ohmic heating @, ion-surface recom-
bination and kinetic impact.

Maxwell’s electromagnetic equations applied for
the magnetic vector potential A are [2]

V-J=0, (9)
E=—Vo, (10)
J=0.(-Ve+vx B) (11)
V2A = —pod, (12)
B=Vx A, (13)

In the case of turbulence the standard K-e¢ model
applies. The effect of turbulence on heat transfer
and mass diffusion is accomplished, mainly through
expressions:

Mt Cp

off = —_— 14
ket = k + Pr, ( )
Mt
Deg =D+ —. 1
fF + Se, (15)

The turbulent Prandtl number is Pr;, while the tur-

bulent component of viscosity is = pCHK?z.
The model we are considering performs the char-
acteristic description for the turbulent kinetic en-
ergy K and dissipation rate of turbulent Kki-

netic € [11]. Namely,

I(pK) _
5 + V- (pKv) =
Ht 2
V. ((VK)> + 2 Ej; + pe, (16)
oK
9(pe) _
o + V- (pev) =
Mt 6015 ECQE
V- (Ue(ve)> + 2 B, =~ (1D
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The constant values in the K-¢ model, which are
calculated using data fitting for a wide range of tur-
bulent fluids, are [2]

C,=0.09, og =100, o=1.30,
Cie =144, Co =1.92. (18)
The heat transfer within the electrodes, which in-

cludes Joule heating and thermal conductivity, is
described as [9]:

5 = V- (AsVT) + osE>. (19)

In above expression pg is the solid mass density,
Cps is the solid heat conductivity, og is the solid
electrical conductivity, and Ag is the solid thermal
conductivity.

pSCpS

2.3. Model setup and boundary condition

The geometry used in this study corresponds
to the SG-100 plasma torch. The simulation re-
gion is shown in Fig. 1. This region consists of
three volumes: anode, cathode and plasma motion
space. The simulation region meshes to more than
2 x 10° cells. The gas enters from the inlet and after
passing through the space between the electrodes,
the plasma is formed and released from the outlet.

Table II shows the details of the intended bound-
ary conditions. In the torch inlet, the gas tem-
perature is 1000 K with the flow rate of 50 Slpm.
At the outlet, a fixed pressure condition is applied.

The anode is made of copper and the cathode
is of tungsten. The outer surface of the anode is
isothermal to its surroundings and has a tempera-
ture of 300 K. In the interface between the plasma
and the electrodes, a no-slip condition is consid-
ered (u = v = w = 0) [12]. The electron temper-
ature at the plasma-electrode interfaces is thermal
flux balanced, in which the electron temperatures
in the cells surrounding the electrodes face are used
to set their electron temperature. At the interface
between plasma and the electrodes, tangential com-
ponents of the electric field and magnetic vector
potential are zero [10]. The extrapolation bound-
ary condition for the magnetic vector potential at
the inlet and outlet specifies that each component
(spatial, real/imaginary) will have no gradient in
the direction of the face normal [10].

Side 1

Side 2

Side 3

Fig. 1.
sides.

Computational domain and boundary
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Summary of boundary conditions. TABLE TI
Boundary Velocity T K] Magnetic T. [eV]

Side 1: inlet Vi 1000 extrapolation 0.086

Side 2: cathode no-slip predict perfect conductor | thermal flux balanced

Side 3: anode outer surface - isothermal | perfect conductor -

Side 4: anode-plasma interface no-slip predict perfect conductor | thermal flux balanced

Side 5: outlet fixed pressure 300 extrapolation % =0

Side 6: rear surface of the cathode - 500 perfect conductor -

The total electric current of the plasma is 600 A. Velocity[m/s] (a)
A constant current density is applied to the rear o
surface of the cathode, as it was done in [6], -
and the current flows through the cathode-plasma- 250
anode regions. There are no additional constraints 200
to determine the path of the electric current across 1:2
different regions. Therefore, it is possible to obtain 50
the current density distribution in the interface of o

lectrodes and plasma. The arc ignition is initiated St (b)
elec p g
by an initial concentration of argon ions throughout et
the region between the electrodes. zz::
3. Results and discussion ‘i::
3.1. Plasma characteristics 200
In this study, in addition to the cathode, we also
Fig. 2. Temperature and velocity distributions of

incorporated the anode into the computational do-
main to obtain more information about the plasma
interface with electrodes. No unrealistic model has
been used to determine the location of arc attach-
ment and the passage of electric current through
the interface between the electrodes and plasma.
Figure 2 shows gas temperature and velocity dis-
tributions inside the plasma torch. The tempera-
ture distribution is not symmetric and has a higher
temperature at the point indicated by the blue pos-
itive sign. The highest plasma electron temperature
is of the order of 37500 K, which is comparable to
the reported result in [13]. The predicted potential
drop between the anode and the cathode is 28 V. In
comparison, the experimental drop is 29.5 V [13].

3.2. Electric current

The distribution of electric current density vec-
tors is shown in Fig. 3. The high density of the elec-
tric current vectors is well observed in the arc cross-
ing path. The electric current passage through
the entire simulation region is obtained only by con-
sidering the total current of 600 A and applying
it to the rear end of the cathode. No additional
boundary conditions are applied for the passage of
the current at the surfaces of the electrodes.

When we make a comparison with the plasma
temperature distribution in Fig. 2, it is evident
that the temperature is higher in areas with higher
current density. It is clear that most of the cur-
rent flow takes place through the tapered section
of the anode.

plasma through the vertical cross-section.

Current Density [A/m2]
1.26E+008
1.26+008

1E+008

8E+007

6E+007

4E+007

2E+007

1065

Fig. 3. Current density distribution (vectors color
scale) through the vertical cross-section.

Figure 4 shows the overlap of electric current den-
sity distribution in this work, with an eroded an-
ode sample provided in [13] (with permission from
the Author). The electric current passage area fits
well with the eroded zone. The electric current
passes through the tapered section of the anode and
this result is well consistent with that of the eroded
experimental sample. According to the Steenbeck
principle, when the arc current and working con-
ditions keep constant, the arc is always located in
a position with low arc voltage. When the arc at-
taches to the taper section of the anode, the arc
voltage is lower than that in the columned sec-
tion [14].

Importantly, due to the higher charge density
at the sharp points of the metals, the rough area
between the conical and the cylindrical part of
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Current Density[A/m2]
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Fig. 4. Overlap of electric current density dis-
tribution with an eroded anode sample provided
in [13] (with permission from the Author).

Temperature[K]

RS
|

Fig. 5. The electron temperature isosurface of
27000 K and the temperature distribution over it.
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the anode should be smoothed. The electron tem-
perature isosurface of 27000 K (which resembles
the shape of the arc) and the temperature distri-
bution over it, is shown in Fig. 5. The tempera-
ture of the electrons is very high, while the plasma
temperature varies at different points on the isosur-
face and decreases sharply near the electrodes. This
is the advantage of using a non-equilibrium model,
i.e., the temperature of the electrons and thus their
conductivity is high enough for the electric current
to be easily transmitted between the electrodes.

It is also possible that the most common bound-
ary condition for the electric current on the cathode
surface is the definition of the electric current den-
sity profile at its surface. Usually, in the literature,
a symmetric profile is used for current density at

the cathode surface [5]:
MCath
) ). e

Jcath = Joatho €xXp <— (Rc N
at

where Jcan is the electric current density at the tip
of the cathode, and r is the radial coordinate mea-
sured from the torch axis, and the adjustable pa-
rameters Joatho, Rcath and noaen are determined
by experimental measurements. In (20) it is as-
sumed that the largest amount of the electric cur-
rent passes through the center of the cathode tip.
However, in reality, this cannot be the maximum
current density, exactly at the center of the cathode
tip [4]. Therefore, this is an unrealistic boundary
condition. In this study, by inserting the cathode
into the simulation area, the current density distri-
bution at the tip of the cathode is also determined.

r

396
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Fig. 6. The distribution of current density at
the anode and cathode surface.

Thermal and magnetic coupling in the interface of
electrodes and plasma makes it possible to predict
the temperature and current density distributions
at the surface of the electrodes. These distributions
are shown in Fig. 6. The arc attaches to the points
of the cathode tip which are closest to the anode
surface. It should be noted that the electric cur-
rent does not pass through a singular point, and
the electric current density is higher in the arc di-
rection. The predicted maximum current density
at the cathode tip 1.2 x 10% A/m? is in good agree-
ment with the experimental value 10® A/m?, and
the value obtained by Alaya et al. [6].

The location of the arc-root attachment with
the anode surface is shown in Fig. 6b. The differ-
ence of the electric potential between the electrodes
causes the electric charges in the plasma to move
toward the electrodes, thereby causing the electric
current to pass between them. Although, most of
the current passes through the arc, there is also
the current passing elsewhere.

3.3. Heat transfer

In simulations where the cathode is not part of
the simulation region, the surface temperature of
the cathode is usually approximated by a Gaussian
profile from 500 K at the inlet to 3600 K at the cath-
ode tip. This boundary condition, of course, is not
perfect since at the location of the arc attachment,
the temperature will be higher.

Here, the thermal and magnetic coupling of
the cathode and plasma allows for predicting
the temperature distribution of the cathode sur-
face. Figure 7a shows the temperature distribution
of the cathode surface. This distribution results
from calculations with the only input data being
the temperature value at the rear face of the cath-
ode (500 K). The maximum temperature at the tip
of the cathode is 3597 K, which is in agreement
with the unrealistic boundary condition applied in
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Temperature[K]
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Fig. 7. Cathode surface: (a) Temperature distri-
bution, (b) Temperature profile along the red chord.
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Fig. 8. Anode surface: (a) Temperature distribu-
tion, (b) Heat transfer coefficient distribution.

the literature. However, the maximum tempera-
ture is not exactly at the center of the cathode tip.
The cathode temperature profile along a chord at
the cathode surface (red chord in Fig. 7a) is shown
in Fig. 7Tb. Obviously, this is not a normal Gaussian
distribution.

It is very important to determine the surface tem-
perature of the anode inside the plasma torch. Cer-
tainly, in places with higher temperatures, more
erosion occurs. Figure 8a shows the temperature
distribution of the anode surface. At the location
of the arc attachment, the surface temperature of
the anode is about 960 K.
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Usually, a simplified boundary condition for heat
transfer is applied at the anode surface [8]:

qwan = —k (gf;) ‘ =hw (T'—Tw).
Wall

The value of hy is usually considered to be in
the order of 10°. For example, in [13, 15] this coeffi-
cient is considered to be 2 x 10* W/(m?K). But here
by inserting the anode into the simulation area, it
is no longer necessary to use this boundary condi-
tion and the surface temperature of the anode is
automatically determined. As a result, the heat
transfer coefficient can also be obtained depending
on the surface temperature of the anode at different
points. Figure 8b shows the heat transfer coefficient
distribution on the anode surface. The maximum of
heat transfer coefficient is about 1.6 x 10* W/(m?K)
at the location of the arc attachment. This value is
comparable to the values set by [13, 15] as a bound-
ary condition.

4. Conclusions

In order to predict the electrical and heat trans-
fer properties at the surface of the electrodes (espe-
cially at the anode), the 3D, time-dependent, and
non-equilibrium plasma torch simulations were per-
formed. In addition to the plasma passage area,
electrodes were also inserted into the simulation
area. An overview of the general properties of
the simulated plasma shows that the model works
well. When incorporating the anode into the simu-
lation area, there is no longer any need to apply
unrealistic boundary conditions in the electrode-
plasma interfaces. The path of electric current pas-
sage between the electrodes and the plasma is de-
termined and it is in good agreement with the ex-
perimental results. Due to the geometry of the de-
vice, the largest amount of electric current passes
through the tapered section of the anode. Overlap
of the predicted electric current density distribu-
tion with the eroded anode sample confirms this.
The temperature distribution of the cathode sur-
face varies from 500 K at the inlet to 3597 K at
the cathode tip which is close to the tungsten melt-
ing point (3643 K). Since the location of the arc
attachment is not exactly at the center of the cath-
ode tip, the cathode temperature distribution is not
completely Gaussian. Also, the anode surface tem-
perature distribution was predicted. The surface
temperature of the anode at the location of the arc
attachment is 960 K. The heat transfer coefficient
distribution was determined at the anode surface
and the obtained values were in agreement with
those predicted in the literature.
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