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Abstract
A novel direct current non-transferred arc plasma torch that can generate a long, stable and
silent plasma jet of over 350 mm in length into ambient air is studied by numerical modelling.
Numerical simulation of the plasma torch operating in the current of 160 A with a mixture of
70% nitrogen and 30% argon in volume at three different gas flow rates (8.5 SLPM, 10 SLPM
and 14 SLPM) are performed in a 3D domain. The renormalization group method is employed
to model the turbulent flow inside the plasma torch, particularly the torch’s novel channel
structure. The results show that a narrow circular gap at the boundary layer of the cathode
led to a region of high flow constriction and large pressure and velocity gradients. The anode
counts with a novel trumpet-like structure that separates the flow in the channel and induces
turbulent fluctuations in the direction transverse to the flow, which can disrupt and decrease
the cold boundary layer around the arc column. The arc attachment position that obtained
in simulation is in agreement with the experiment observation. The maximum velocity at
the torch nozzle in simulation is increased and the length of the plasma jet in experiment
is decreased with the increasing of the total gas flow rates from 8.5 SLPM, 10 SLPM to 14
SLPM. However, the maximum temperature at the torch nozzle in three different gas flow
rates are varied slightly. Our results suggest that generation of a long and stable plasma jet
downstream of the nozzle exit should not only focus on a relatively low gas flow rate, but
depend instead on the aerodynamic characteristics of the channel flow, particularly in the
anode region and downstream of the anode.
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Notation

A Magnetic vector potential (T m~")

B Magnetic field (T)

Gy Specific heat at constant pressure (J (kg K)™!)

E Electric field (V m™)

E Elementary charge (1.602 x 107 C)

F, Fy, F, Components of Lorentz force in r, 6 and z
direction

F Lorentz force (N m )

w Power (W)

1 Current (A)

r Turbulent intensity (%)

K Turbulent kinetic energy (m? s~2)

kp Stefan—Boltzmann constant
(5.67 x 1078 W (m>KH ™

P Pressure (Pa)

0 Gas flow rate (kg s—!)

R. Radius of curvature of the anode column (m)

T Gas temperature (K)

Jeath Current density at cathode tip (A m?)

JrJosJjz Components of current density in r, 6 and z
direction (A m™2).

J Current density (A m~?)

Greek symbols

& Net emission coefficient (W (m? sr)™ 1)
K Thermal conductivity (W (m K)~')

m Dynamic viscosity (kg (ms)~!)

Lt Turbulent viscosity (kg (m )7 h

L Effective viscosity (kg (m s)~!)

Electrical conductivity (S m~')
Density (kg m~?)
Electric potential (V)

- Q9

Abbreviations

LES Large eddy simulation

LTE Local thermodynamic equilibrium.
RANS Reynolds-averaged Navier—Stokes
RNG Renormalization group method
MHD Magnetohydrodynamic

NEC Net emission coefficient

1. Introduction

In direct current (dc) non-transferred arc plasma torches, an
electric arc is formed across a cylindrical channel between
an upstream conical cathode and a downstream cylindrical
nozzle anode, resulting in a plasma jet emerging into the
surrounding outside atmosphere. Such direct current plasma
torches are widely used in applications including plasma
spraying, plasma gasification and waste conversion.
Conventional non-transferred arc plasma torches that were
used in atmospheric plasma spraying technology usually

operate with high currents (usually 300-800 A) and low
output voltages (usually 30-80 V), depending on the appli-
cations. The voltage—current characteristics that are obtained
during the operation of these arc plasma torches feature either
sharp or slow drooping variations [1-3]. For example, the arc
voltage decreases as the operating current increases when pure
argon is used, which results in a decrease of the arc length
inside the torch [1]. Moreover, the time-dependent voltage
fluctuations during operation are usually in the range of 5V to
20 V [2-4]. Large fluctuations of the plasma jet occur due to
arc instabilities inside the torch, which significantly affect
both the materials processing capability of the plasma jet
and the electrode lifetime [3, 4]. Under these conditions, the
length of a plasma jet of nitrogen, argon, hydrogen, helium or
their mixtures discharging into an atmospheric environment is
usually less than 200 mm, and experiences significant entrain-
ment of the surrounding gas.

In order to improve the reproducibility and controllability
of plasma processing technologies, many researchers have
studied the stabilization of the arc discharge inside the direct
current arc plasma torches. In 1995, a direct current non-trans-
ferred arc plasma torch that can generate a plasma jet of length
over 400 mm into air was reported by Zhukov and coworkers
from the Russian Academy of Science [1, 5]. Since then,
several researchers have studied these plasma torches, often
denoted as laminar plasma torches, in which the plasma jet
length and the physical properties can be monotonically varied
with the gas flow rate and output power. A research history
of direct current laminar plasma torches is given in [6]. Chen,
Pan and coworkers contributed valuable work on the two and
3D modelling of laminar plasma torches [7-10], predicting the
internal pressure, velocity and temperature distribution and arc
anode attachment behavior [11, 24], and comparing the prop-
erties of laminar plasma jets with the conventional arc plasma
jets [12, 13] and with the experimental results [13-15].

Due to the significant difficulties in measuring the velocity
and temperature distributions inside the plasma torch, numer-
ical simulation is the most effective way to obtain fluid flow
and heat transfer characteristics inside the plasma torch. In
such models, the plasma gas is treated as a continuous, com-
pressible, quasi-neutral fluid, and it is usually assumed that
the plasma is in or close to the local thermodynamic equi-
librium (LTE) state. An appropriate turbulence flow and the
treatment of radiation transport, together with reliable data
for the thermodynamic and transport properties are necessary
requirements for the numerical modelling and simulation of
the plasma flow within these torches.

Inside the plasma torch, the sudden expansion of the gas
caused by the rapid heating by the arc increases its velocity
and temperature by several orders of magnitude. As a result,
the flow can become turbulent, especially as the plasma is
injected into the surrounding environment. Appropriate
consideration of turbulence within a plasma torch model
requires special methods [16]. Turbulence modelling can be
necessary to predict arc discharge shape and motion in some
case [35]. In addition, realistic prediction of the particle tra-
jectories and heating histories in thermal plasma spraying,
especially when the powder is fed within the torch’s inner
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Figure 1. Photos of this plasma spray torch (a) and (b) and the long plasma jets in an atmospheric environment by using 70% nitrogen and
30% argon: (c) of I = 160 A and total gas flow rate of 8.5 SLPM [50], (d) of I = 160 A and total gas flow rate of 10 SLPM, (e) of I = 160
A and total gas flow rate of 14 SLPM [50]. [50] 2019 © Springer Science + Business Media, LLC, part of Springer Nature 2019. With

permission of Springer.

channel, often depend on an appropriate method of model-
ling the turbulent flow.

Although the laminar flow regime has been assumed in some
relevant modelling plasma torch modelling studies [17-21],
Reynolds-averaged Navier—Stokes (RANS) turbulence models,
which describe the time-averaged flow characteristics, have
been most widely used for plasma torch modelling [19, 22-34].
These include the standard k—< model, which has been the most
commonly used (e.g. [22-24, 27, 32-34]), compared to other
turbulence models [29, 33, 35, 36]. The renormalization group
(RNG) RANS model improves predictions for high stream-
line curvature and strain rate, transitional flows, and wall heat
and mass transfer, especially for low Reynolds-number flows
[37, 38]. This makes the RNG model more realistic and reli-
able for a wider class of flows than the standard x— model
[29, 36], particularly for describing the flow inside arc torches.
The large eddy simulation (LES) approach has been proposed
as amethod to capture the intricate dynamics in plasma spraying
torches [39]. However, this approach requires highly accurate
spatial and temporal discretization and it is often an order of
magnitude or more expensive in terms of computing time than
other methods [40], which makes LES impractical for repeated
analyses and process monitoring.

A very common simulation treatment of radiative heat
transfer in thermal plasma modelling is the net emission coef-
ficient (NEC) method, which gives a good approximation for
the radiation transport in the hottest area in most cases [35, 41].
A mole-fraction average of NECs of pure gases gives reason-
able accuracy for gas mixture [42].

Thermodynamic and transport properties for pure plasma
gases, including argon, helium, hydrogen, nitrogen, oxygen
and air, can be obtained from the literature [43, 44, 48].

Both the simple interpolation mixing law and specific semi-
empirical mixing rules are unsatisfactory and imprecise at
low temperatures in plasmas in mixtures containing molecular
gases, such as the argon—nitrogen mixtures considered in this
paper [42, 45, 46]. Therefore, the properties for the mixture
should be directly calculated. Additionally, it of often inap-
propriate to assume that the gases remain fully mixed. The
combined diffusion coefficient method is a widely-used and
relatively simple methods to treat diffusion in a mixture of two
non-reacting gases [23, 47-49]. If the plasma gas can be
assumed to be in the LTE state, the method gives the results
equivalent to those from a full multicomponent treatment of
diffusion [46, 47].

In this article, a novel direct current non-transferred arc
plasma torch that can generate a jet over 350 mm in length into
ambient air was studied. The internal flow field characteris-
tics of this plasma torch were simulated in a 3D domain using
a magnetohydrodynamic model (MHD) and the RNG turbu-
lence model. The thermodynamic properties and the transport
coefficients of nitrogen—argon mixture working gas were cal-
culated for each mixture considered. The NEC approach was
used to treat the radiative transport. The flow characteristics
of nozzle outlet in this torch were predicted and compared to
those of other atmospheric arc plasma torches.

2. The plasma torch performances

The novel plasma torch system consists of a power supply unit,
a gas control unit and a plasma generation unit. The torch, which
is comprised of a nozzle outlet, anode joint, cathode joint, aux-
iliary electrode joint and gas flow inlet, is the most crucial part
of the plasma generation unit (figures 1(a) and (b)). The rated
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Figure 2. The plasma torch geometry: (a) 3D views of the inside of the torch, (b) the numerical calculation domain of cross-sectional and

division of the boundaries.

Table 1. Boundary conditions in simulation.

Defined region Specified boundary T(K) A V(SLPM) P(atm) o)

Outlet AB oT/on =0 0A/On =0 oVion =0 1.0 0plon =0
Anode CDE/PQR ho(T — T, OAJOn =0 0 OPIOn =0 0

Wall BC/EFG/MNP/AR T — T) — — — —
Cathode HIGKL 1(r) O0A/On =0 0 OP/On =0 J(r)

Gas in GH/LM 300 0 8.5/10/14 1.1 0¢lon =0

power of the torch is 30 kW. The input gas is a mixture of 70%
nitrogen and 30% argon in volume. The plasma jet of length
ranging from 100 to 720mm can be generated by controlling
the gas input rate ranging from 8.5 to 15 SLPM and the output
power from 8.5 to 28 kW. The length of the plasma jets generally
increases with output power and gas flow rate. The maximum
length of the long plasma jet reaches 720mm at a current of
160 A and a gas flow rate of 8.5 SLPM. The voltage fluctuation
values are confined within a range between 0.5 V and £2 V
[50]. It provides a new selection of atmospheric plasma spray
methods with a high controllability and stability [51, 52].
Photos of the plasma torch are shown in figures 1(a) and
(b). Figure 1(c) shows the long plasma jet in the atmospheric
environment at a current of 160 A and total gas flow rate of
8.5 SLPM consisting of 70% nitrogen and 30% argon by
volume. Figure 1(d) shows the long plasma jet in the atmos-
pheric environment at a current of 160 A and total gas flow
rate of 10 SLPM consisting of 70% nitrogen and 30% argon
by volume. Figure 1(e) shows the long plasma jet in the atmos-
pheric environment at a current of 160 A and total gas flow
rate of 14 SLPM consisting of 70% nitrogen and 30% argon

by volume. It can be deduced that the length of plasma jet is
decreased by the increasing of gas flow rate at a constant current
in experiment. These three different parameters are used as the
operational conditions in the following numerical simulations.

3. Modelling approaches

3.1. Model assumptions
The following assumptions are adopted,

e The plasma flow inside the plasma torch is quasi-steady.

e The self-induced magnetic field in the arc plasma is
negligible.

e The plasma gas is treated as a single continuous fluid
characterized by a single temperature for all species. The
transport properties are functions of temperature only.

e The plasma flow is in a local thermodynamic equilibrium
(LTE).

e Gravitational effect is considered negligible.

e The working gas at the gas inlet is injected in the axial
direction, without any swirling velocity component.
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Figure 3. Radial profiles of assumed current density (a) and temperature (b) over the cathode tip used as boundary conditions.

3.2. Governing equations and boundary conditions

According to above assumptions, the governing equations for
the 3D plasma flow can be written in (r, 6, z) coordinates as
follows:

e Continuity equation:

19 10 0
3y rve) + — 55 (pve) + gz(pVZ) =0. M

e Momentum conservation equations:

r . r 9, r
P+t B4 v B =~ B 4 Loy ]
1 Ov, éve v )]

9
+%%[ue/fa(r898 T
+ e (G + 5] 2 o
T

[} 12} %)
plorSye + 2 5t 4 v.50)

a0
B (B2 — 2 120 L 21200 4 2]
3 v,
+ Z e (52 + 1 5)]
2 SR RS NG
v vg Ov; v, op
p(vr ?+faea+ Z%z): oz P
ol (5 + G0l 4 gl (55 + 752
+ &2 5] + Fe. (4)
e Energy conservation equation:
oT ve ov oT
pCp(vr - or , 8; Vzai) =V (kg VT)
S5k
+ m + = B VT — 47T5r (5)
o 2 e

e Electric potential:

1 0¢ 10, 09 0
For o) T 206700t o

9¢

(az

) =0.

In equations (2)—(4), the components of the Lorentz force
are given by:

F=jxB. )

In equation (5), the electric current density vector
relates to the electric field intensity and electric potential
according to:

j=0E=—-0Vo. (8)

The magnetic induction intensity vector can be calculated
using:

B=VxA 9)

where

VA= —pp-

which is explicitly solved using:
A=t / Lay
dr f,r

e Turbulence model transport equations [38, 53, 54]:

(10)

(11)

Ok Ok Ok
p( + Vo + V,— ) V - (e Vk) + G — pe — Yy
"or 00 Oz
(12)
Oe Oe Oe
(g + v+ 0:50) = V- (e V)
€ g? 13
C1.Gi= — Crep— — R... (13)
+ G K zpk
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Figure 4. Thermodynamic and transport properties of plasma gas composed of 70% nitrogen and 30% argon mixture by volume:
(a) electrical conductivity; (b) specific heat; (c) net emission coefficient; (d) density; (e) thermal conductivity; (f) viscosity.

In equations (12) and (13), Gy represents the generation
of turbulence kinetic energy due to the mean velocity gra- R — C.p*(1 —n/no) €2 14
dients, and Y), represents the contribution of the fluctuating e 1+ Bn? Tk 14)
dilatation in compressible turbulence to the overall dissipa-
tion rate. The quantities oy and ., respectively the inverse
effective Prandtl numbers for k and ¢ are both set equal to

where 79 =438, 3=0.012, C,=0.0845. The effective
viscosity is given by:

1.393. C. and C,. are set equal to 1.42 and 1.68. The main Heff = 14+ [t (15)
difference between the RNG and the standard k—< model

lies in the additional term of the turbulent dissipation equa- K

L ] e = pCp—. (16)
tion given by [37, 38]: €
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Figure 5. Pressure distributions in the cross-sectional planes inside the plasma torch: (a) of / = 160 A and total gas flow rate of 8.5 SLPM;
(b) of I = 160 A and total gas flow rate of 10 SLPM; (c) of I = 160 A and total gas flow rate of 14 SLPM.

The governing equations are solved by ANSYS Fluent.16.0
using the SIMPLE algorithm [38]. FLUENT has the basic
capabilities to solve the conservation equations of continuity,
momentum, and energy. The equations and relations to deter-
mine the electric potential, the magnetic vector potential, the
electric field, the magnetic induction vector, and the electric
current density vector are solved via FLUENT’s user-defined
memory (UDM), user-defined scalar (UDS), and user-defined
functions (UDF) [38, 55].

3.3. Computational domain and boundary conditions

The diameters of the nozzle outlet and tungsten rod cathode
are 5Smm and 4mm, respectively. The insulated inserts are
assembled with several insulating rings to extend and con-
strict the arc column in a cylindrical channel. The direct

current non-transferred arc is established between a cylin-
drical cathode with conical tip and a water-cooled anode with
a trumpet-liked shape. The plasma flow is induced along the
cylindrical channel and injected into ambient environment to
form a long plasma jet.

The schematic diagrams of the internal flow channel of the
plasma torch and the numerical calculation domain are shown
in figure 2. The boundaries of the computational domain are
divided into five different regions to allow the specification of
boundary conditions, which are listed in table 1. The number
of nodes in the computational mesh is 360020 and the number
of iterations required for a converged result is 528 400.

At the circular ring inlet boundary, the radial velocity
is assumed to be zero, and the pressure is set to 111.3 kPa.
The total gas flow rates are set to 8.5 SLPM, 10 SLPM and
14 SLPM, respectively, and the working gas is a mixture of



J. Phys. D: Appl. Phys. 52 (2019) 335203

S-H Liu et al

V:m/s

1=160 A, Q = 8.5 SLPM

700 800 900 1000 1100 1200 1300 1400

Vim/s

500 600

1=160 A, Q=10 SLPM

700 800 900 1000 1100 1200 1300 1400 1500

Vim/s ]

1=160 A, Q =14 SLPM

100 200 300 400 500 600 700 800 900 1000 1100 1200 1300 1400 1500 1600 1700 1800 1900

Figure 6. Velocity distributions in the cross-sectional planes inside the plasma torch: (a) of I = 160 A and total gas flow rate of 8.5 SLPM;
(b) of I = 160 A and total gas flow rate of 10 SLPM; (c) of I = 160 A and total gas flow rate of 14 SLPM.

70% nitrogen and 30% argon by volume. The outside of the
anode and wall boundaries are assumed to be water-cooled
satisfying the condition:

—k(a—T) = hy (Tw — Tao) (17)

or/,,
where the heat transfer coefficient 4,,is 1.0 x 10° Wm 2K/,
and the T, is the reference surface temperature of the anode of
500K [32, 40, 57, 63].

The boundary condition on the anode surface for the
electromagnetic field considers zero electrical potential.
Current density and temperature distributions are defined over
the cathode rod tip [16]. It is found that the value of j, has
no significant effect on the temperature and velocity distribu-
tions at the nozzle exit, as the process of heat and momentum
exchange through the downstream of the plasma torch channel
can eliminate the bias value [29, 34]. The current density

(figure 3(a)) and the temperature distribution (figure 3(b)) at

the cathode tip are modelled using [56]:
J(r) = Tnax exp(=(r/Re)") (18)

and

PN
T(r)=T,+ T.exp < (ZRC) ) . (19)
The value of the maximum current density J,,, is chosen
to ensure the integral of j(r) over the cathode is equal to
the applied current; ry, is the radius of the hottest part of the
cathode tip, and r is the radial coordinate measured from the
torch axis (72 = x? + y?), and together with J,,; n. specifies
the shape of current density profile [29, 56], which is set to be
1 in this work. R, is chosen to ensure that the integration of
Jj(r) over the cathode surface equals to the total applied current,
which is set to be 0.51 mm in this work. The maximum value
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Figure 7. Temperature distributions in the cross-sectional planes inside the plasma torch: (a) of / = 160 A and total gas flow rate of
8.5 SLPM; (b) of I = 160 A and total gas flow rate of 10 SLPM; (c) of / = 160 A and total gas flow rate of 14 SLPM.

of current density is assumed to be on the order of 108 A m—2
for commercial plasma spray torches operating between 100
A and 800 A [40]. For the free-burning arc operating under a
working current of 200 A at atmospheric pressure [56], Jyx
was defined to be 1.2 x 108 A m~2. Based on the above refer-
ences, in this case, J,q, is set to 1.0 x 108 A m~2 for a working
current of 160 A. T, and T, are set to S00K and 3000 K.

An artificially high electrical conductivity of the level of
10*S m~! at the beginning of the simulations that was imposed
on a layer of 0.1 mm thickness along the anode wall [7, 24, 30,
32, 34,57, 63]. This artificially high-conducting allows a new
arc root to be formed if the arc is close enough to the inside
surface of the anode. This high-conducting region is required,
given the adoption of the LTE assumption, to ensure the flow
of electrical current from the plasma to the anode [32, 34, 57].

This high value slightly decreases the size of the anode spot
and exerts little effects on the final results [24, 57].

3.4. Thermodynamic and transport properties

The calculation of radiative transport, thermodynamic and
transport properties are required to complete the plasma flow
model. The density, viscosity, specific heat, electrical conduc-
tivity and thermal conductivity are plotted for a pressure of
101.325 kPa and the temperature range from 300K to 30000 K
(figures 4(a)—(f)). These were calculated using the methods
presented by Murphy [46—49, 58]. The net emission coeffi-
cients are obtained using a mole-fraction weighted averaged
of the data of Cram [59] for argon and Ernst et al for nitrogen
[60], for an absorption length of 1 mm. The data of Ernst ez al
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Figure 8. Turbulent intensity (a), turbulent kinetic energy (b), turbulent viscosity ratio s,/ (c) distributed in the perpendicular longitudinal

plane along the torch (/ = 160 A, Q = 8.5 SLPM).

is given for an absorption length of 3 mm; their given value is
multiplied by 1.5 to adjust for this discrepancy [61].

4. Simulation results

4.1. Flow fields inside the plasma torch

The obtained pressure, velocity and temperature fields within
the plasma torch are presented in figures 5-7, respectively.
The pressure inside the torch decreases in the direction of flow
from the gas inlet to the outlet, with a high-pressure area near
the cathode at three different operational conditions in figure 5.
A narrow circular gap between the boundary of cathode and
the channel wall generates large gradients of pressure. The
maximum pressure is increased by the increasing of total gas
flow rate from 8.5 SLPM (figure 5(a)), 10 SLPM (figure 5(b))
to 14 SLPM (figure 5(c)). However, the pressure distributions
at the torch nozzle are in the range of 102 kPa to 105 kPa
under the three different conditions.

10

The velocity distributions are shown in figure 6. The flow
is greatly accelerated when passing through the anode region
and forms two distinct vortexes upstream and downstream
of the anode. The more intense vortex is located close to the
nozzle exit; the flow velocity is about one order of magnitude
greater than that near the cathode tip. The maximum velocity
at the nozzle exit reaches 1474.5 m s~!, 1506.8 m s~ ! and
2024 m s~ ! at three different gas flow rates in figures 6(a)—(c),
respectively.

A distinct arc column region with temperature over
15000K extends from near the tip of the cathode to the anode
area and expands appreciably as it enters the anode region.
The high-temperature region contracts as it leaves the anode
region, forming a hot jet that emerges from the nozzle exit
(figure 7). However, at these three different gas flow rates,
the predicted maximum temperature in the center of anode
region are in the range of 19300K to 19530K. The exper-
imental arc voltages of the three gas flow conditions are
148.8 £0.5V,150.9 £ 1V and 157.5 + 0.5V (by TPS-2000
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Figure 9. Turbulent intensity (a), turbulent kinetic energy (b), turbulent viscosity ratio y,/y (c) distributed in the perpendicular longitudinal

plane along the torch (I = 160 A, Q = 10 SLPM).

probe, Tektronix Inc. USA) [50], respectively. In the simu-
lation result, the arc column is expanded in the anode area
according to the temperature distribution and it cannot find a
very clear arc attachment position. The trumpet-like structure
of the anode is situated close to the nozzle exit. The expan-
sion of the arc column diminishes the compression effect of
the cold boundary layer on the arc column, which allow the
arc movement favor in a steady model [3, 62]. This indicated
that the arc attachment root at the anode is not immediately
dragged downstream by the flow, as occurs in conventional
non-transferred arc plasma torches with linear channel struc-
ture (e.g. Sulzer F4 Torch or Praxair SG-100 Torch), so the
periodic variation in arc length and therefore arc voltage that
occur in such torches does not occur.

4.2. Turbulent transport predicted inside the plasma torch

The specially designed trumpet-like anode has a significant
effect on the flow field inside the torch channel. The internal

1

flow is separated into a primary channel flow and a secondary
edge flow along the anode surface. As the primary flow is
separated at the extended edge of anode wall, the velocity of
the secondary flow at the bottom of the anode is 200 to 400
m s~ ! in figure 6, which is significantly lower than that of
the primary channel flow. A decreasing gradient of turbulent
intensity from the secondary flow to the primary flow is evi-
dent in figures 8—10 under these three different conditions by
using the RNG turbulent model. The distributions of higher
turbulent intensity locate at the boundary of torch wall.

The turbulent kinetic energy (k) and turbulent viscosity
ratio (u/u) distributions all show a high gradient from the tip
of cathode to anode in the perpendicular planes of the torch
from figures 8—10. A very high turbulent viscosity ratio region
refers to turbulence dominated flow and a low value of this
ratio represents regions of laminar flow. The maximum turbu-
lent viscosity is increased by the increasing of total gas flow
rate from 8.5 SLPM (figure 8), 10 SLPM (figure 9) to 14
SLPM (figure 10).
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Figure 10. Turbulent intensity (a), turbulent kinetic energy (b), turbulent viscosity ratio /g (c) distributed in the perpendicular

longitudinal plane along the torch (I = 160 A, Q = 14 SLPM).

4.3. Electric and magnetic distributions inside
the plasma torch

The electrical potential under these three different conditions
are presented in figures 11(a), (b) and 12(a), respectively. The
axial component of the magnetic potential inside the torch at
the total gas flow rate of 14 SLPM is shown in figure 12(b).
The predicted maximum arc voltage is 150 V, 152 V and
158 V at the total gas flow rate of 8.5 SLPM, 10 SLPM and
14 SLPM, respectively. The arc voltage in this plasma torch is
almost three times that of other conventional non-transferred
arc plasma torches operating at the same output power. The
arc voltage comparisons between the experiment and the sim-
ulation are listed in table 2.

The electrical current density along the z-direction are
shown in figure 13. A high electrically conducting path con-
nects the tip of cathode and the anode. The arc is predicted to
attach the edge of the anode region and distributed in a cir-
cular area at the steady model. The anode erosion occurred at
the downstream edge, and no erosion was observed at other

12

positions after twenty hours’ of operation in the experimental
tests.

4.4. Flow characteristics at the torch nozzle

Figure 14 presents the temperature and velocity distribu-
tions at the torch nozzle under three different conditions
and comparing with other atmospheric arc plasma torches.
Figures 14(a)—(c) show the velocity contours that are com-
bined with the flow vector at the torch nozzle in three dif-
ferent gas flow rates, respectively. The flow velocity is over
1000 m s~ ! across almost 70% of the cross-sectional area. The
obtained maximum velocity at the torch nozzle in this method
is 1474.5 m s, 1506.8 m s~ and 2024 m s~!, respectively.

The velocity and temperature at torch nozzle are com-
pared with those predicted by simulations of three different
non-transferred arc plasma torches in figures 14(d) and (e).
These are two widely-used commercial plasma torches and
one laminar plasma torch, namely:
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Figure 11. Electric potential in the perpendicular longitudinal plane along the plasma torch at a constant current of 160 A: (a) total gas flow
rate of 8.5 SLPM, (b) total gas flow rate of 10 SLPM.
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Table 2. The arc voltage comparisons between the experiment and the simulation.

Operation conditions (/ = 160 A) Experiment Simulation (V)
0 = 8.5 SLPM 1488+ 0.5V 150
0 =10 SLPM 1509+ 1V 152
0 =14 SLPM 1575 +0.5V 158

New Anode Eroded Anode

Arc Attachment

Y
Nmz_:g_ﬂ ;
X

-6E+07 -5E+07 -4E+07 -3E+07 -2E+07 -1E+07 O 1E+07 2E+07 3E+07 4E+07

Figure 13. Axial component of the electric current density distribution and predicted arc attachment compared to the experimentally-
obtained eroded anode (/ = 160 A, Q = 14 SLPM).
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Figure 14. The velocity and flow vector in the cross-section of the nozzle exit: (a) / = 160 A and total gas flow rate of 8.5 SLPM; (b)
I =160 A and total gas flow rate of 10 SLPM; (c) I = 160 A and total gas flow rate of 14 SLPM; azimuthally averaged flow velocity (d)
and temperature (f) within the three different conditions compared to values obtained in other atmospheric arc plasma torches (e).
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Table 3. The comparisons of outlet maximum velocity and
temperature between this works and other arc plasma torches.

Maximum Maximum

velocity temperature
Type (ms~") (K)
This work, Q = 8.5 SLPM  1474.5 16979.8
This work, Q = 10 SLPM  1506.8 17159.2
This work, Q = 14 SLPM  2024.0 17172.8
Xu et al [9] 1330.7 14453.2
Trelles et al [63] 846.4 10745.9
Guo et al [34] 1650.7 13031.5

e Laminar plasma torch from the Chinese Academy of
Science (Pan and Xu ef al, pure argon, Q = 5.7-6 slpm,
nozzle diameter = 8mm, I = 170 A, 10 kW [9, 31]).

e Praxair SG-100 torch (Trelles et al, pure argon, Q = 60
slpm, nozzle diameter = 8 mm, [ = 800 A, 32 kW [63]).

e Sulzer-Metco F4 Gun (Guo er al, Q = 40 slpm Ar + 8
slpm Hy, nozzle diameter = 6 mm, I = 400 A, 24 kW
[34]).

The two commercial dc non-transferred arc plasma torches
usually operate at a minimum gas flow rate of 30 SLPM and
at output powers of 18 to 60 kW, the voltage-current char-
acteristics show the higher currents (usually 300-800 A) and
lower voltages (usually 30-80 V) by using working gases
such as argon, nitrogen, helium, hydrogen or their mix-
tures [4, 64, 65]. The jet length cannot reach over 200 mm
discharging into an air atmosphere because of the intense
entrainment of air. The other type of laminar plasma torch
can generate a laminar plasma jet of length 200-500 mm
in an atmospheric air under different working conditions
[9, 31]. The comparisons of maximum velocity and temper-
ature at the torch nozzle between this works and other arc
plasma torches are listed in table 3.

Comparing with the obtained values of other simulation
results, this novel plasma spray torch produces a jet length of
over 350 mm into atmospheric air and is predicted to have much
higher velocity and temperature at the nozzle exit when oper-
ated at an output power of 25.4 kW and total gas flow rate of
14 SLPM by using 70% nitrogen and 30% argon. The predicted
maximum velocities under the total gas flow rate of 8.5 SLPM
and 10 SLPM are similar with other arc plasma torches.

About 90% of the cross-sectional area is at a temperature
of over 15000K, and the temperature is strongly peaked in the
center. The temperature distributions under the three different
gas flow rates are separately shown in figure 14(f). These
results in figure 14(e) are all higher than other arc plasma
torches.

Our results suggest that generation of a long and stable
plasma jet downstream of the nozzle exit should not only
focus on a relatively low gas flow rate, but depends instead on
a combination of factors, including the arc length, the proper-
ties of the gases, the power supply, and the aerodynamic char-
acteristics of the channel flow, particularly in the anode region
and downstream of the anode. All these factors are important
to the formation and maintenance of a long plasma jet.

15

5. Summary and conclusions

A 3D magneto-hydrodynamics and RNG-turbulence trans-
port modelling approach is applied to study the flow from a
novel plasma spray torch operating with a mixture of 70%
nitrogen and 30% argon at the constant current of 160 A and
three different gas flow rates of 8.5 SLPM, 10 SLPM and
14 SLPM. The narrow circular gap between the cathode rod
and the channel wall at the gas inlet can generate large pres-
sure gradients and accelerate the flow in the downstream
direction. Moreover, the unique trumpet-liked shape of the
anode can induce separation of the channel flow and expand
the arc column, reducing the compression effect of the cold
boundary layer on the thermal arc column.

The maximum velocities at the nozzle exit when operate
at the current of 160 A by using 70% nitrogen and 30% argon
in volume are predicted to be 1474.5 m s~!, 1506.8 m s~!
and 2024 m s~! under the total gas flow rates of 8.5 SLPM,
10 SLPM and 14 SLPM, respectively. Moreover, the length of
plasma jet at the same experimental conditions is decreased by
the increasing of total gas flow rates. The maximum temper-
ature at the nozzle exit under these three different conditions
is in the range of 16979K to 17 173 K. The flow at the nozzle
exit had higher temperature compared to other direct current
non-transferred arc plasma torches.
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