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Abstract In this work, a magnetic fluid dynamics (MHD) model is used to simulate the elec-
tromagnetic field, heat transfer and fluid flow in a DC non-transferred arc plasma torch under
laminar and turbulent conditions. The electric current density, temperature and velocity distribu-
tions in the torch are obtained through the coupled iterative calculation about the electromagnetic
equations described in a magnetic vector potential format and the modified fluid dynamics equa-
tions. The fluid-solid coupled calculation method is applied to guarantee the continuity of the
electric current and heat transfer at the interface between the electrodes and fluid. The predicted
location of the anodic arc root attachment and the arc voltage of the torch are consistent with
corresponding experimental results. Through a specific analysis of the influence of mass flow rates
and electric current on the torch outlet parameters, the total thermal efficiency, thermal loss of
each part, and the laws of the variation of outlet parameters with the variation of mass flow rates
and electric current was obtained. It is found that operation under a laminar condition with a

limited area of the anode could increase the total thermal efficiency of the torch.
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1 Introduction

DC arc plasma torches are used to generate ther-
mal plasma jets in different industrial applications, such
as thermal plasma waste treatment !, atmospheric or
low-pressure plasma spraying (2, plasma-assisted chem-
ical vapor disposition, plasma preparation of ultra-fine
powder Bl etc.

It is important to understand the arc physics inside
the plasma torch to improve the application of ther-
mal plasma technique. Because the properties of heat
transfer and fluid flow inside the torches is hard to ob-
serve and measure, the numerical simulation method
is widely applied. Through the coupled iterative cal-
culation about electromagnetic equations and modified
fluid dynamics equations, the electric potential, electric
current density, magnetic field intensity, temperature
and velocity distributions in the torch can be obtained.
In recent years, electromagnetic equations in magnetic
vector potential format are usually adopted in the nu-
merical study of the plasma arc [ and torches [3:5:6],
Compared with the traditional method that solves mag-
netic field intensity by calculating the integral of elec-
tric current density according to Ampere circuit theo-
rem [, the new method with magnetic vector potential
is much more effective, which can simplify the efforts in
modifying the numerical solver and save the CPU time
dramatically.

The jets produced by the DC arc plasma torches
show a variety of features with different electric cur-

rent, mass flow rate of working gas, structural design of
torches, species of surrounding gas (single component
or multi-component) and its pressure. The plasma jets
can be basically classified as laminar jets and turbulent
ones by the state of flow. The corresponding measured
results indicated that a laminar jet will transit to a
turbulent jet when the mass flow rate increases with
the same electric current. In addition, the increase of
current can restrain the transitional process 2.

The related experimental results exhibited the phe-
nomena that the property of the jets will change with
the mass flow rates and the electric current of the torch.
However, the specific influencing factor and the laws of
the variation are not clear yet. In this work, the vari-
ation laws will be studied by simulating and analyzing
the inner fields and the outlet parameters of a plasma
torch under different operational conditions. Moreover,
increase of the thermal efficiency of the plasma torch is
very important to save electric energy, so both thermal
efficiency and thermal loss of each part of the torch will
be studied for searching better operational conditions
and optimizing the structural design.

2 Numerical simulation methods

2.1 Assumptions

The assumptions made in the present modeling in-
clude:
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a. The plasma flow is steady and axially symmet-
ric;

b. The arc column region is assumed to be in a
local thermodynamic equilibrium (LTE) state;

c. The plasma is optically thin;

d. The density, specific heat, viscosity and both
thermal and electrical conductivities of the arc plasma
are functions of temperature only;

e. The gravity, viscous dissipation, and pressure
work are neglected.

2.2 Governing equations and modeling
method

In the steady and axial-symmetric conditions, the
MHD equations describing arc plasma motion are as
follows:

Mass conservation:
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where the subscripts » and z denote radial and axial
directions, respectively. The terms in the panes are
special momentum and energy source terms concerning
with plasma. In Egs. (1)~(4), the basic variables de-
fined are temperature T', pressure P, radial velocity v,
and axial velocity v, ; the plasma property functions are
density p, viscosity u, specific heat ¢, thermal conduc-
tivity k and electrical conductivity o, which are all the
functions of both temperature and pressure 1%, The
current density components j,, j, and the magnetic in-
ductive intensity By required in Egs. (3) and (4) are
obtained by Maxwell’s equations described in the mag-
netic vector potential format:
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where E, ¢, B, A are electrical field vector, electri-
cal potential, magnetic inductive intensity vector, mag-
netic vector potential. Under the steady and axially
symmetric conditions, the governing equations can be
derived as

Current continuity equation:
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For converting A to B, necessary in Egs. (2) and (3),
a component of Eq. (5) is written as
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2.3 Boundary conditions and numerical
method

The calculation domain of the DC arc plasma torch
is shown in Fig. 1, which is a schematic diagram of
the experimental torch designed by PAN and the co-
workers (89, The cathode is made of copper on the
base and tungsten alloy on the tip. The anode is made
of copper. Argon or gas mixture is chosen as the work-
ing gas for plasma. The inter-electrode insert is a part
of the torch conventionally designed, which makes the
arc column longer and enhances the stability of the arc.

77
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.

(1) Cathode, (2) Interelectrode insert, (3) Anode

Fig.1 Chematic drawing of the arc plasma torch model
(in mm)

The boundary conditions used in the present model-
ing are listed in Table 1 with

7= 0p/(0n) =0

and
Q = fluid-solid coupled boundary.
The working gas is axially injected into the torch
from the inlet (GF in Fig. 1), then ionized into plasma
in the arc zone, which flows out of the outlet (KQ in
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Fig. 1). It is assumed that external surface of the inter-
electrode insert and the anode (NOP, LMN in Fig. 1)
are water-cooled to 500 K, and the root of cathode (AF
in Fig. 1) is assumed to be kept at 1000 K. The bound-
ary condition of Eq. (6) is set by the current density at
the root of cathode, while the current density is equal
to the value of the total electric current I divided by
the area of the cathode root (A_root in Table 1). At
the external surface of anode, electrical potential equals
to zero. The boundary conditions imposed on the com-
ponents of the magnetic vector potential are as con-
ventional [’/ and, although not being mathematically
rigorous, do not violate Ampere’s law in Eq. (6). The
outflow boundary conditions are used at the outlet of
the torch where the flow is regarded as fully-developed.
The fluid-solid boundary applied at the interfaces be-
tween the electrodes and fluid (FED, IJK in Fig. 1)
is the main feature of this modeling study. Through
the coupled treatment, both the cathode and anode
will be included in the calculation domain, which can
avoid to assume boundary conditions at the interface
between the electrodes and fluid, with a detailed discus-
sion in section 3.4. In this work, fourteen cases listed
in Table 2 are chosen to be simulated, which are with
different electric currents, mass flow rates and flow con-
ditions (laminar or turbulent). Under the fixed electric
current condition, the flow condition of the torch will
transit from laminar to turbulent as the mass flow rate
increases [2. The standard K-¢ model is used to simu-
late the turbulent characteristics of plasma. The con-

stants in K- model adopted in this study are taken
from Refs. [3,5,6].

All the governing Eqs. (1)~(4), (6) and (7) in sec-
tion 2.2, as typical partial differential equations (PDE),
could be solved by using commercial CFD software
FLUENT. In addition to the basic fluid-dynamic equa-
tions (Egs. (1)~(4)) contained in FLUENT solver,
Egs. (6) and (7) have to be added into FLUENT solver
by using user-defined scalar (UDS) method "), The
special source terms in Egs. (2)~(4) are treated by user-
defined function (UDF) method. A structured grid and
the semi-implicit method for pressure linked equations
(SIMPLE) algorithm are used to solve the governing
equations.

3 Results and discussion

3.1 Physics fields inside the plasma
torch

Through the coupled iterative calculation of
Egs. (1)~(9), the simulation results can be obtained.
Fig. 2 shows the distributions of current density, tem-
perature and velocity inside the plasma torch for arc
current /=170 A and argon mass flow rate m
1.7 x 10~* kg/s. The arc column is clearly shown in
Fig. 2(a). The argon gas entering from the inlet is
heated and ionized by the Joule heat produced in the
arc zone, then driven to accelerate by the electromag-

Table 1. Boundary conditions adopted for the simulation of arc plasma torch
GF AF DEF GHI NOP IJK LMK KQ
T (K) 300 5 1000 Q Q 500 Q 500 o
1

v K 7087?: A_root K @ 0 K

A; Y ¥ Q v Q Y 0

Vi pUz = 7147:?11% — 0 0 - 0 - ¥

Table 2. Operational conditions for the simulated cases
Case Flow condition Electric current (A) Mass flow rate (10™* kg/s)

1 Laminar 170 1.7
2 Laminar 170 1.9
3 Laminar 170 2.1
4 Laminar 170 2.3
5 Turbulent 170 3.6
6 Turbulent 170 3.8
7 Turbulent 170 4.0
8 Turbulent 170 4.2
9 Laminar 170 1.7
10 Laminar 190 1.7
11 Laminar 210 1.7
12 Turbulent 170 3.8
13 Turbulent 190 3.8
14 Turbulent 210 3.8

Cases 1~8 with the same total current and different mass flow rates, Cases 9~14 with different

total current and mass flow rates
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netic field. The arc voltage is important but hard to be
predicted in the simulation. The calculated arc volt-
age is often far from the experimental value, especially
in the 2D simulation 3], However, as shown in Fig. 3,
the calculated arc voltage in this work is very close to
the experimental value "2/, This will be discussed in
section 3.4.

(a) 0

5.0E+07 4.0E+08 7.5E+08

05
-1 Electric current density (A/m? )
0 10 20 30 40 50
Z (mm)

1000 5000 9000 13000 17000 21000

Temperature (K)
40 50

30
Z (mm)

10 20

m

(© 50 250 450 650 850 1050 1250

r (cm)

Velocity magnitude (m/s)

0 10 20 30 20 50
Z (mm)

(a) Current density, (b) Temperature, (¢) Velocity magni-
tude

Fig.2 Calculated results of physical fields for argon plasma
torch (170 A, 1.7x10™* kg/s)
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Fig.3 Calculated and measured arc voltage for the torch
(170 A) as functions of mass flow rate
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The result shown in Fig. 3 indicated that the arc
voltage increases linearly as the mass flow rate increases
while the arc current is unchanged, no matter the flow
condition is laminar or turbulent. Because the K-¢
model is just suitable for modeling the turbulence with
a high Reynolds number rather than the transitional
process, the laminar and turbulent conditions are sim-
ulated by the laminar model and the K-¢ model, respec-
tively. The arc voltages calculated by using laminar and
turbulent model are consistent with the experiment re-
sults shown in Fig. 3, respectively. By drawing a line
through the points of calculated results, the situation
of the transitional process can be roughly predicted,
which is also consistent in trend with the experiment
results.

3.2 Outlet parameters of the torch and
the influence of mass flow rate and
electric current

As listed in Table 3, the calculated results on tem-
perature and velocity at the outlet are consistent with
the measured results [12], in which Umax, U, Timax and
T represent the maximum velocity, mass averaged ve-
locity, maximum temperature, mass averaged temper-
ature, respectively.

The calculated radial distributions of temperature
and velocity at the outlet of the plasma torch are shown
in Fig. 4 for Case 1~6, and Fig. 5 for Case 9~14. It is
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(a) Temperature, (b) Velocity
Fig.4 Radial distributions of temperature and velocity at
the outlet of the plasma torch for the same total current
and different mass flow rates (case 1~ 6)

Table 3. Comparison of calculated results and experimental ones of the torch (170 A, 1.7 x10™* kg/s)

Umax (m/s) U(m/s) Tmax(K) T (K)
Calculated results 1042 432 14338 12834
Experimental results!*% 900 450 16000 14000
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Fig.5 Radial distributions of temperature and velocity at
the outlet of the plasma torch for the same mass flow rates
and different total current (case 9~14)

revealed that the maximum temperature and velocity
always appear at the axis of the torch outlet, and the
distributions of temperature and velocity are flatter in
the turbulent flow condition than that in laminar one.
In Fig. 4(a) it is indicated that the temperature dis-
tributions at the outlet are unchanged under the same
current condition even if the mass flow rates change,
but they stay at two different levels under the laminar
and turbulent flow condition, respectively. This inter-
esting phenomenon has also been observed in a related
experiment 2. That’s because the arc voltage linearly
increases with the increase in mass flow rate with a
fixed arc current keeps, as shown in Fig. 3, thereby the
input electric power also linearly increases with the in-
crease in mass flow rate. Then the input power will be
transferred into the Joule heat which uniformly heats
the gas when the anodic arc root attachment circum-
ferentially and uniformly distributes inside the torch.
Fig. 4(b) shows that the velocity increases as the mass
flow rate increases, which satisfies the requirement of
mass conservation. Fig. 5 shows that the temperature
and velocity increase with the increase in total current,
because the Joule heat will be enhanced as the total
current increases, then the working gas will be heated
more strongly.

3.3 Thermal efficiency of the torch and
the influence of mass flow rate and
electric current

The thermal efficiency of the torch 7 is defined as
the ratio of the total enthalpy of the high temperature
gas at the outlet of the torch to the total electric power
input, i.e.

Houtlet

— —outlet 10
"=y (10)

where Houtlet, Vare and I represent total enthalpy of the
high temperature gas at the outlet, arc voltage and total
current, respectively. Similarly, define £cathode, EAnode
and glnterelectride as

QCathode
== 11a
€Cathode Varc I ( )
QAnode
n - 5 11b
gA ode Varc T ( )
QIn relectrod
glnterelectrode = %, (110)

to represent the thermal loss coefficients of the cath-
ode, anode and inter-electrode insert, which mean the
fractions of the heat taken from the cathode, anode
and interelectrode insert by cooling water, respectively.
Qcathodes @Anode, and Qnterelectrode Can be calculated
by the integration of the heat flux at the water-cooled
surfaces of the three parts. With the previous calcu-
lated Ve and I, the solutions of Egs. (10) and (11) are
obtained and shown in Fig. 6. The mass flow rate and
current are thought as the main parameters to affect
the thermal efficiency of the torch in this study. In the
thermal efficiency analysis of the arc plasma torches,
the arc length is usually regarded as one of the main
parameters >3, However, the interelectrode insert of
the simulated torch is a specially-designed part that can
make the arc length of the torch much longer than that
of torches without an interelectrode insert. Hence, the
influence of the variation of arc length can be neglected
in this case.

Fig. 6(a) and (b) show the influence of mass flow
rate on the thermal efficiency of the torch. It can be
found that the thermal efficiency is much higher in a
laminar torch than in a turbulent one. Under both
the laminar and turbulent conditions, the thermal effi-
ciency will increase with the increase in mass flow rates.
The maximum thermal efficiency will occur when the
flow condition is about to transit. According to the
difference between the laminar and turbulent results, it
could be assumed that the thermal efficiency will dra-
matically decrease in the transitional process. Fig. 6(c)
and (d) show the influence of the total current on the
thermal efficiency of the torch. It can be found that the
thermal efficiency will decrease with the increase in to-
tal current. Fig. 6 also shows that most of the thermal
loss comes from the water-cooled surface of the anode,
because the arc root is attached at the inner surface
of the anode, the current will cause a lot of Joule heat
near the inner surface of the anode. Moreover, the area
of the water-cooled surface of the anode is much larger
than the cathode’s, so most of the heat will be taken
from the anode by cooling water.

Based on the above discussion, it can be concluded
that a torch operated in the laminar condition with low
current and high mass flow rate could be with better
thermal efficiency. Moreover, the surface area of the
anode should be strictly limited in the design of the
torch.

205



1 4@  —Thermalefficiency of the torch
09 | —=—Thermal loss of the cathode
' ——Thermal loss of the anode
0.8 ——Thermal loss of the inter electrode insert
0.7 1 Laminar /=170 A
S 0.6 |
ko)
£ 057 §g><£:
8 041
0.3
0.2 )
0.1 1
0 ‘ -
15 1.7 19 21 23 25
Mass flow rate (x10™ kg/s)
14(b) —+—Thermal efficiency of the torch
09 1 —®=Thermal loss of the cathode
08 | —*—Thermal loss of the anode
' —<—Thermal loss of the interelectrode insert
0.71 Turbulent /=170 A
B 06 . . X
O = = = -
% 0.5
S 04
0.3 | A
02| b y ¥
0.1 |
0 » . . ‘
34 3.6 3.8 4 4.2 44

Mass flow rate (x10™ kg/s)

1 4(c) —*Thermal efficiency of the torch
09 —®—Thermal loss of the cathode
08 | —+—Thermal olss of the anode
0'7 —<Thermal loss of the interelectrode insert
- Laminar 1.7 x10* kgls
B 06 -
s
5 05 1
=
S 04 o— o "
o b
0.3
0.2  e—
0.1
0 = ; - : .
160 170 180 190 200 210 220
Total electric current  (A)
11 —+—Thermal efficiency of the torch
—=—Thermal loss of the cathode
09 1 —+—Thermal loss of the anode
0.8 1 —<Thermal loss of the interelectrode insert
0.7 Tubulent 3.8x10° kg/s
B 0.6 1
o
3 05 1
=
S 04 1
(&)
0.3 1 R _ R
02 1 - o ==
0.11
e —i !

0 L =
160 170 180 190 200 210 220
Total electric current  (A)

(a) Influence of the mass flow rate (laminar, 170 A), (b)
Influence of the mass flow rate (turbulent, 170 A), (c) In-
fluence of the total current (laminar, 1.7 x 10™* kg/s), (d)
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Fig.6 Influence of mass flow rate and total current on both
the thermal efficiency of the torch and the thermal loss co-
efficients of each part of the torch
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3.4 Fluid-solid coupled method and the
prediction of anodic arc root loca-
tion

Thermal deformation and erosion at the arc root at-
tachment of the electrodes extremely reduce the service
life of plasma torches. So the prediction of the location
of arc root attachment is particularly important. Some
boundary conditions are usually assumed to limit the
location of arc root attachment at the internal surface
of anode. In this work, the arc root attachment is au-
tomatically calculated without any limiting treatment
for the boundary condition at the electrodes. The axial
distribution of the current density at the internal sur-
face of the inter-electrode insert and anode is shown in
Fig. 7 where the color lines correspond to different parts
of the internal surface of the torch marked in Fig. 1.
The maximum current density in Fig. 7 corresponds to
arc root attachment at the internal surface of anode.
The predicted location is exactly consistent with the
location observed in the experiment [2I.

7.50 1 J
6.50
5.50
4,501
3.50 1
2.50 1
1.50 1
054G ' K

055 2 3 4 5 6

Axial distance (cm)

Electric current density (x108 A/m?)

Fig.7 Axial distribution of current density in the internal
surface of the plasma torch (170 A, 1.7 x 10™* kg/s)

Because a two-dimension (2D) numerical model is
used, the calculated result shown in Fig. 2(a) indicates
the formation of a circumferentially uniform arc root
attachment. Known from the experimental experience,
the circumferentially uniform arc root attachment actu-
ally exists under the operational condition of low cur-
rent and single species of working gas. However, for
high current or multi-species for working gas, the arc
root attachment will be circumferentially non-uniform,
which means that the arc root will be concentrated at a
spot on the internal surface of the anode. In the future
study, a 3D numerical model will be applied to simulate
the phenomenon of the concentrated arc root.

There are two reasons which lead to the accurately
calculated results in this study. Firstly, the 2D model
is used in the right situation when the anodic arc root
attachment in the experiment is circumferentially uni-
form, which also means that it is a 2D distribution.
Secondly, the fluid-solid coupled boundary conditions
are applied to the interfaces between the electrodes
and fluid. The use of coupled boundary condition is
of great advantages. It can guarantee the continuity
of both current and heat flux between the electrodes
and fluid, avoiding the assumed boundary condition
imposed on the internal surface of anode [®7. Tt can
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also avoid to impose the boundary condition for heat
flux and current on the tip of cathode, which used to
be a usual way to treat the boundary condition of the
cathode [»%0 In this work, the average current den-
sity is given at the root of the cathode (AF in Fig. 1),
which could avoid giving the assumed current den-
sity at the cathode tip (3.5.6] " Moreover, the assumed
maximum current density adopted in Refs. [3] and [6]
are 4.0E4+8 A/m? for I =400 A and 7.0E+7 A/m? for
1=500 A respectively, which is even smaller than the
calculated one under a much lower total current condi-
tion in this study, such as 8.0E+8 A/m? for I =170 A
shown in Fig. 2(a). The assumed temperature distri-
butions at the cathode tip adopted in Refs. [3] and [6]
are reasonable and close to the calculated one in this
study, as shown in Fig. 2(b). By using fluid-solid cou-
pled method in the calculation of electromagnetic field,
the location of anodic arc root attachment is automat-
ically predicted rather than being limited in the treat-

ment of electromagnetic boundary conditions (6.

4 Conclusions

In this work, a magnetic fluid dynamics (MHD)
model with vector potential description and fluid-solid
coupled method is used to simulate the electromag-
netic field, heat transfer and fluid flow in a DC non-
transferred arc plasma torch. The main conclusions
drawn from the present study are as follows.

a. The 2D MHD model is suitable for simulation
when the arc root attachment is circumferentially uni-
form as in the experiment, But the concentrated arc
root phenomenon must be simulated by using a 3D
MHD model.

b. The fluid-solid coupled boundary conditions for
the equations of electromagnetic field and energy con-
servation are crucial and necessary to guarantee the
continuity of both current and heat flux between the
electrodes and fluid. Through the fluid-solid coupled
method one can also avoid to impose any assumed elec-
tric and thermal conditions on the cathode tip, and
obtain more accurate arc voltage and location of the
anodic arc root attachment.

c. The arc voltage increases linearly with the in-
crease in mass flow rate while the total arc current keeps
unchanged, which cause the temperature distributions
at the torch outlet unchanged under the same current
while the mass flow rates change, but the temperature

distributions would keep at two different levels under
the laminar and turbulent flow condition, respectively.

d. A torch operated under the laminar condition
with low current and high mass flow rate could be with
better thermal efficiency, and, it could be speculated
that the thermal efficiency will dramatically decrease
in the transitional process. Most of the thermal loss is
from the water-cooled surface of the anode. Hence, the
surface area of the anode should be strictly limited in
the design of plasma torches.
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