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Several numerical models have been developed to study the characteristics of an arc inside the non-
transferred plasma torch. A few of them have considered complete geometry of cathode and anode
nozzle (type I) whereas others have considered only anode nozzle with cathode tip (type II). In this work,
a three-dimensional model is developed to simulate Ar-N, arc in type I and type Il geometries. Various
combinations of the arc length and arc core radius are predicted for the torch power that corresponds to
given gas flow rate and current. Various combinations of the same and minimum entropy production for
all cases could not be predicted in type II geometry. The difference between velocities predicted in both
geometries is larger than that between temperatures. Three-dimensional effect in the plasma jet thermo-
fluid fields demises along the axial direction. Torch efficiencies and arc voltages predicted in both

geometries are comparable with measurements.

Keywords influence of process parameters, minimum entropy
production, modeling, plasma arc modeling, plasma
jet modeling

1. Introduction

Reproducibility of the coating quality is one of the
serious problems to be resolved in the plasma spray
process. Random fluctuation of an arc inside the plasma
torch is one of the main factors that affect the coating
quality strongly. Also, the same affects life of electrodes
and electro-thermal efficiency of the torch. Arc move-
ment inside the torch is the result of imbalance between
gas dynamic force due to incoming fluid flow and elec-
tromagnetic force due to current flow. Various plasma
torch designs have been developed to limit the arc
fluctuations, improve the electro-thermal efficiency, and
enhance the life of the electrodes. Absolute knowledge
on the arc behavior inside the torch and effect of
operating parameters on it may help to design torches
with higher electro-thermal efficiency and to control the
arc.

An arc inside the torch has been characterized exper-
imentally (Ref 1-7) and numerically (Ref 8-21). Unfortu-
nately, experiments have been limited by involvement of
high cost equipments and lack of understanding of the
results obtained. Numerical modeling is the best tool to
study the arc behavior and heat transfer process inside the
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plasma spray torch. Both two-dimensional (Ref 8-11,
19, 21) and three-dimensional (Ref 12-18) models have
been developed to understand the arc behavior inside the
plasma torch. Two-dimensional models (Ref 8, 10, 21)
have assumed the anode arc attachment in the form of a
ring, which is unrealistic boundary condition to simulate
the arc inside the torch. The arc-root position in a DC
plasma torch has been determined using two-dimensional
model (Ref 9). Gonzalez et al. (Ref 11) have predicted
nonsymmetric temperature and velocity profiles at the
nozzle exit with lateral arc attachment in two-dimensional
model. Two-dimensional numerical model with non-LTE
has been developed to study the arc-anode attachment in
DC electric arcs (Ref 19).

Anode-arc attachment has been assumed as a con-
stricted spot on the anode in three-dimensional models
(Ref 12-18, 20). Li et al. (Ref 12) and Li and Pfender
(Ref 20) have developed a steady model for Ar plasma
and determined the arc attachment position using
Steenbeck’s minimum principle. Trelles and Heberlein
(Ref 15) have simulated the arc behavior in different
plasma torches. This model describes the dynamics of
the arc without any further assumptions on the reat-
tachment process except for the use of an artificially
high electrical conductivity near the electrodes. This high
electrical conductivity technique allows the free move-
ment of the arc attachment along the anode surface and
the formation of a new arc attachment if some part of
the arc gets close enough to the anode surface. Trelles
et al. (Ref 18) have presented three-dimensional arc
reattachment model capable of mimicking the physical
reattachment process. In their model, the arc breakdown
is assumed to occur, at a particular location, when the
maximum of the magnitude of the local electric field
in the direction normal to the anode exceeds the
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pre-specified breakdown electric field. To establish the
new arc attachment, a cylindrical breakdown channel, in
which the value of the electrical conductivity is maxi-
mum of either equilibrium electrical conductivity of the
plasma or an electrical conductivity that characterize the
breakdown process, is introduced between the anode
surface and the arc in the direction normal to the anode.
Some of these three-dimensional models (Ref 12, 15,
18, 20) have considered complete geometry of cathode
and anode nozzle (type I). Although type I geometry
includes the complete geometry of the plasma torch, the
realistic boundary conditions can be achieved only by
considering the solid wall of the anode and near elec-
trode sheath in the model.

Baudry et al. (Ref 13) have developed an unsteady
model for Ar-H, plasma and studied the arc behavior
and voltage fluctuations in the re-strike mode. In this
model, the breakdown of the arc occurs when the electric
field is higher than a specific value. The creation of a new
attachment spot by re-arcing is favored by the modifi-
cation of the boundary condition for the electric poten-
tial at the anode wall. Moreau et al. (Ref 14) have
developed a three-dimensional model to study the
re-strike mode operation of a DC plasma spray torch. In
this model, the electric field between the edge of the arc
column and the anode wall is calculated in the whole
boundary layer that covers the anode surface defined by
an electrical conductivity lower than 150 Q m~' and
compared with a critical electric field over which break-
down process can occur. The new arc-root attachment is
introduced by imposing a hot gas column that connects
the arc column to the anode wall at the location where
the electric field was found to be greater than the critical
field. Using the similar model, the effect of operating
parameters on the motion of the anode root attachment
has been studied (Ref 16). Ramachandran et al. (Ref 17)
have simulated the plasma arc inside the torch under
stationary condition and have predicted size of the arc
using an original/thermodynamic principle of minimum
entropy production without including the radiation loss
to calculate entropy production. These models have con-
sidered the geometry of anode nozzle and cathode tip
(type 1I) only. Coudert and Rat (Ref 22) have studied
the existence of a fluctuation due to the Helmholtz
oscillations of the cold gas pressure in the cavity com-
prised between the gas injection ring and the cathode tip
of the plasma torch.

In the present study, a steady state model is developed
to simulate Ar-N; arc in type I and type II geometries of
the DC nontransferred plasma torch. The effects of arc
current and gas flow rate on characteristics of the arc and
temperature and velocity distributions inside the torch
predicted in type I and type II geometries are discussed.
The nozzle exit velocity and temperature profiles obtained
from type I and type II geometries are compared. To
clarify the effect of nozzle exit velocity and temperature
profiles predicted form type I and type II geometries on
the plasma jet velocity and temperature, a plasma jet is
simulated and its velocity and temperature distributions
are compared.
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2. Model Description

2.1 Plasma Arc

The following assumptions are used in the model to
simulate the plasma arc.

1. Plasma flow is steady

2. The plasma is in local thermodynamic equilibrium
(LTE)

3. The plasma optically thin

4. The flow inside the plasma torch is laminar and
incompressible.

A set of governing equations to simulate the arc inside
the DC nontransferred plasma torch can be expressed in
the simplified form as

div(p‘7(1>) —div(I'ygradd) = Sy (Eq 1)

Table 1 shows the dependent variable/property (¢), dif-
fusion coefficient (I'y), and source term (Sy) for each
equation. The first and second terms in the left hand side
of the Eq 1, where p is mass density, represent the trans-
port of ¢ by means of convection and diffusion, respec-
tively. In Table 1, u, v, w, h, j, w, Cp, h, Sg, VP, A, A, &
A, W, B, ¢, and o are, respectively, x-velocity, y-velocity,
z-velocity, enthalpy, current density, laminar or molecular
viscosity, specific heat capacity at constant pressure,
thermal conductivity, volumetric radiation loss, pressure
gradient, vector potential in x, y and z directions, magnetic
permeability, magnetic field, electric potential, and elec-
trical conductivity. The source terms in the momentum
equations are pressure gradient and an electromagnetic
force and the same in energy equation are the joule
heating and the net radiation loss. Governing equations
are solved by SIMPLE algorithm used in commercial CFD
software FLUENT 6.3. The plasma gas is a mixture of
argon and nitrogen. The radiation emission coefficients of
argon and nitrogen are taken from (Ref 23, 24). The
radiation loss (Sg) of Ar-N, mixture is calculated using
Eq 2.

(Eq 2)

where en and x are net radiation emission coefficient and
mole fraction, respectively. Thermodynamic and transport
properties of the plasma gases are taken from Ref 25.

SR = ENArXAr + ENN, XN,

Table 1 Dependent variable/property (¢), diffusion
coefficient (I'y), and source term (S,) in each equation
used to simulate the plasma arc

Equation ) Iy So
Continuity 1 0 0 Lo
Momentum u, v, &w W —VP+jxB
Energy h MCp (?/o) — Sr
Electric potential [} c 0 B

Magnetic vector —1yj (B=V x A)

potential

AL A& A, 1
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Type I and type II computational geometries of the
plasma torch are shown in Fig. 1(a) and (b), respectively.
The geometry of the torch (type I and type II) used in
numerical simulations is same as that used in experiments.
It is generated with 1,05,600 and 76,240 calculation points
in type I and type II geometries, respectively. Mesh is
refined near wall region, and construction of the same is
similar in both geometries. The boundary conditions used
in type I and type II geometries are shown in Table 2.
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Fig. 1 Computational geometry of the plasma torch (a) type I
and (b) type II

The radial current density profile used at the cathode in
type I geometry is given by

0= 1= (=) ]

where r and 7 are radial distance from the torch axis and a
parameter that specify the shape of the current density
profile, respectively, and the maximum current density
(Jmax) at the axis is fixed with certain value to ensure the
integration of j(r) over the cathode equals to the applied
current. As an example, for a specified current of 400 A,
Jmax> 1, and arc core radius (R,.) are 6.46 x 10" A m~2,
2.0, and 1.8 x 107> m, respectively. The linear current
density profile used at the cathode tip and inlet in Type II
geometry is given by

(Eq 3)

31 r
i) =—>|1- |, Eq 4
O (Eq 4
where the maximum current density (jmax = %) on the

axis depends on the current (/) and arc core radius (Ra)-
Since arc core radius is not constant along the axial
direction, the mentioned arc core radius corresponds to
the arc core radius very near to the cathode/inlet in type II
geometry. Radius of the cathode tip in type II geometry is
0.5 mm and it is kept constant for all cases. In type I
geometry, arc core radius (R,.) and arc length (L,,.) are
assumed, respectively, as the radial distance along the
cathode from the centerline to the point at which current
density is zero and as the axial distance from the cathode
at which current density is zero to the distance at which
the center of the anode-arc spot at the wall is located
(Fig. 2). The arc core radius (R,;.) and arc length (L) in
type II geometry are assumed, respectively, as the radial
distance along cathode tip and inlet from the centerline to
the point at which current density is zero and as an axial
distance from the cathode tip/inlet to the distance at which
the center of the anode-arc spot at the wall is located.

In type I geometry, the temperature at the cathode is
3500 K if r < R, otherwise radial profile of the tem-
perature along the cathode is given by

T(r) = 3200 x {1 - <i> } +300,

Eq 5
Rmax_Rarc ( d )

where R,,.x and n are 4.0 x 107> m and 2.0, respectively.
The temperature of the cathode tip is assumed as 3500 K
in type II geometry. The temperature of the plasma gas
entering at the inlet are assumed in type I and type II

Table 2 Boundary conditions used in type I and type II geometries

Boundary Temperature Velocity V; Electric potential, ¢ Magnetic potential, A;
Inlet 300 K (type I) Mass flow rate, kg/s da¢/on =0 (type I) 0A;/dn=0

3500 K (type II) j(r) (type 1)
Cathode/ 3500 K up to r=Ryc & T(r) 0.0 j(r) 0A;/on=0
Cathode tip (type I)

3500 K (type 1)
Anode Qa=heonv(Twan — Twater) 0.0 (=0 at spot) 0A;/on=0

odp/on=0

Outlet dT/on=0 aVi/on =0 ddp/on=0 0.0

848—Volume 18(5-6) Mid-December 2009

Journal of Thermal Spray Technology



Anode cooling water

Rarc
Cold boundary layer

DC Plasma Spray torch

_<

Coating

Powder in carier gas

b
.o

Plasma jet

In-flight particles
Substrate

Fig. 2 Schematic view of a steady state arc inside the DC nontransferred torch

geometries as 300 and 3500 K (Ref 17), respectively.
Other boundary conditions are the same in both geome-
tries. Since temperature very near to the wall is low,
temperature dependent electrical conductivity is also
lowered, which limits the flow of electric current through
the electrodes. In order to avoid this problem, harmonic
mean electrical conductivity between plasma and anode
material is assumed at the cells adjacent to the anode wall
(Ref 12, 15). At the anode spot and wall, electric potential
and gradient of electric potential are assumed to zero,
respectively. These boundary conditions make an arc
current pass through anode spot only. Heat flux to the
anode wall due to electron condensation, electron
enthalpy transport, and conductive heat transfer is given
by (Ref 12, 17, 26, 27)

, Sk oT
Q. =jdy +—:1T — A

) or = hconv(Twall - Twater)a

wall
(Eq 6)

Here ¢, kg, and e are the work function of the anode
material, Boltzmann’s constant, and the electron charge,
respectively. Heat flux to the anode wall due to ion
recombination is neglected since its contribution is about
5% of the total heat flux to the anode (Ref 26, 27). But heat
flux to the anode by the radiation cannot be neglected.
Since plasma is considered as optically thin, it is assumed
that the total energy lost by the plasma through radiation is
taken by the anode wall. Hence, heat flux to the anode due
to the radiation is included in the left hand side of Eq 6.
The radiation from the wall is also negligible since entire
wall has a quite low temperature except arc spot. The
convective heat transfer coefficient of cooling water /¢opny 1S
assumed as 2.0 x 10° W/m? K (Ref 12, 13, 17). Ty, and
Twater are, respectively, the local temperature of the wall
and the temperature of the cooling water (300 K).

In the nontransferred arc, both arc length and arc core
radius adjust themselves for the torch power that corre-
sponds to given gas flow and arc current. For the same arc
core radius, arc length is varied until the measured torch
power, which corresponds to the given gas flow rate and
current, is obtained. Similarly different arc lengths that
can generate the same torch power are determined for
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Table 3 Dependent variable/property (¢), diffusion
coefficient (I'y), and source term (S;) in each equation
used to simulate the plasma jet

Equation ) ry So
Continuity 1 0 0

Momentum u, v, &w W+ -VpP

Energy h MCp+u/Pryn —Sr

Mass fraction y MCp + p/Pry 0

Kinetic energy K W+ w/Pre g p(Px — €)
Dissipation rate & W+ p/Pr . p(e/K) (C1Px — Cae)

different arc core radii in the same gas flow rate and
current. At last, a combination of arc core radius and arc
length, which corresponds to the real size of the arc, is
determined using the original principle of minimum
entropy production (Ref 28, 29). This principle states that a
system, kept by an external agent in stationary nonequi-
librium state not far from thermo-dynamical equilibrium,
adjusts itself to a state in which the entropy production is a
minimal. The proof of this theorem is given in Ref 17. The
derived equation Eq 7 used to calculate entropy produc-
tion (X) in an arc channel is (Ref 17)

1- - 1- - 1 - -

Ayall Across Across
"ph, -
+ / ﬁ(v -VT)dv (Eq 7)
14

2.2 Plasma Jet

Plasma jet is simulated by assuming plasma jet is
steady, in local thermodynamical equilibrium, optically
thin, incompressible, turbulent, and mass diffusivity is
equal to thermal diffusivity. Ar-N, plasma jet is dis-
charged into air at an atmospheric condition. Table 3
shows an appropriate ¢, I'y, and S, for continuity,
momentum, energy and species equations that can be
derived from Eq 1. In Table 3, K, ¢, y, Pr, Pk, |4, C;, and
C, are turbulent kinetic energy, its dissipation rate, mass
fraction, Prandtl number, production rate of turbulent
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Fig. 3 Computational geometry to simulate plasma jet

Table 4 Details of the experiments

Current, Voltage, Ar, Na, Power, Efficiency,
Case A \% slpm  slpm kW %
A 400 40 25 3 16 47.93
B 500 42.7 20 3 21.35 48.78
C 500 40.2 25 3 20.10 48.19
D 500 34 30 3 17 47.16
E 600 37 25 3 22.20 46.64

kinetic energy, turbulent viscosity, 1.44 (model constant),
and 1.92 (model constant), respectively. Standard K-e¢
model (Ref 30) is used to account the turbulent charac-
teristics of the plasma jet.

Figure 3 shows the computational domain used to
simulate the plasma jet. It is discretized in to 1,56,240
calculation points. Mesh is refined at core region of the jet.
The nozzle exit diameter is 7.0 mm at the top boundary
and the remaining top boundary is anode wall that is fixed
to 500 K. The temperature and velocity profiles at the
nozzle exit are taken from the simulation results of plasma
arc model. The K and ¢ at the inlet are given as 0.005 times
of square of the velocity and 0.1 times of square of K,
respectively (Ref 30). If the flow is entering into the
computational domain at open boundaries, atmospheric
air is assumed to enter. If the flow is leaving computational
domain at these boundaries, gradient of all variables is
zero other than pressure. Governing equations are solved
by SIMPLE algorithm used in commercial CFD software
FLUENT 6.3.

3. Results and Discussion

3.1 Plasma Arc

Experiments were carried out in 40 kW plasma spray
torch. A mixture of argon and nitrogen with different
compositions was used as a plasma gas. For given current
and gas flow rate of argon and nitrogen, the measured arc
voltage and electro-thermal efficiency of the torch are
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Fig. 4 Effect of arc length on torch power for various arc core
radii in (a) type I and (b) type II geometries (case B)

shown in Table 4. The arc current and voltage across the
torch electrodes and water temperatures at the torch inlet
and outlet were measured as a function of time using
PC-based data acquisition system (Data Acquisition Card
PCI-1202H—ICP-DAS, Taiwan). Resistance temperature
detectors (RTD) were used to measure the temperature.
The same input parameters are used for simulations and
measured voltages and electro-thermal efficiencies of the
torch are used to validate the present model. Although
there are small fluctuations in voltage, the cases men-
tioned in Table 4 are almost steady. The measured voltage
and electro-thermal efficiency are time averaged one and
the same are used for simulations. Moreover, principle of
minimum entropy production cannot be used for unsteady
flow. Hence steady state is assumed in the present model.

The effect of arc length on torch power in type I and
type II geometries is shown in Fig. 4(a) and (b), respec-
tively, for various arc core radii. The current and gas flow
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rate used here are 500 A and 20 slpm of argon and 3 slpm
of nitrogen (case B). Results obtained in both geometries
show that torch power increases with increasing the arc
length irrespective of arc core radius, whereas the same
decreases with increasing the arc core radius. However,
the effect of arc length on power is stronger in type I
geometry (Fig. 4a) than that in type II geometry (Fig. 4b).
This may be due to different definition of arc core radius
and arc length used in type I and type II geometries. It is
noticed that different combinations of arc length and arc
core radius can match the same torch power in both
geometries. For example, measured torch power of
21.35 kW (case B) is obtained from five different combi-
nations of arc core radius and arc length in type I geom-
etry and seven different combinations of arc core radius
and arc length in type II geometry. It is difficult to match
power if the arc core radius is greater than 2.4 mm in type
I geometry. In the same way, various combinations of arc
length and arc core radius to obtain the power given to the
torch are predicted at various current and gas flow rates
(cases A-E). From the possible combinations of the arc
core radius and arc length predicted for given current and
gas flow rate, the most feasible combination of the same is
obtained by using original principle of minimum entropy
production.

The combinations of arc core radius and arc length that
generate the torch power corresponds to given current and
gas flow rate and entropy production for each combination
of the same are shown in Fig. 5. Results of the type I
geometry show that arc length increases or decreases with
increasing arc core radius to generate the torch power that
corresponds to given current and gas flow rate. In type II
geometry, arc length increases with increase in arc core
radius whereas the same effect is not seen at shorter and
longer arc core radii in type I geometry. The variation of
arc length with arc core radius in type I geometry is not
similar to that in type II geometry for complete range of
arc core radius. This is because different definitions used
for arc length and arc core radius and boundary conditions
used at cathode and inlet in these geometries. Entropy
production increases with increasing the current (compare
case A, case C, and case E) whereas the same decreases
with increasing the gas flow rate (compare case B, case C,
and case D) in both geometries. Minimum entropy pro-
duction is obtained at particular combination of arc core
radius and arc length in type I geometry whereas the same
is obtained only for case B in type II geometry. Because of
higher gas flow rate and lower power in case D, any arc
lengths for an arc core radius from 1.6 to 3.2 mm, produce
the power more than 17 kW. Further if the arc length is
less than the arc core radius, convergence problem is
occurred. Hence, in type II geometry, measured torch
power could be obtained with only one combination of arc
length and arc core radius for case D.

Arc length increases with increasing current and
decreasing gas flow rate where at minimum entropy pro-
duction in type I geometry. These results oppose the
experimental (Ref 2) and previous numerical (Ref 9, 20)
results. These results are qualitatively explained through
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a current conservation equation Eq 8, derived by
Ramachandran et al. (Ref 17), as follows:

_ 2
Larc = ﬂfRarc Gﬁ

(Eq 8)
If the current (/) is increased, ratio of torch power (W) to
square of the arc current (W/I%) decreases the arc length
by a factor 1072 Since minimum entropy production is
obtained at the same arc core radius for all currents, arc
core radius does not have any influence here (by assuming
radial diffusion of arc core is negligible). When the current
is increased from 400 to 600 A, an average temperature of
an arc is increased from 11500 to 14000 K. Since the effect
of temperature on the electrical conductivity is very strong
in this region, the change in electrical conductivity for a
change in 1000 K is over 20%. Hence arc length increases
with increasing current. If the gas flow rate is increased,
torch power, an average temperature, and corresponding
electrical conductivity of the plasma are decreased. Since
there is a strong change in electrical conductivity for a
small change in the power, arc length is decreased while
increasing the gas flow rate though arc core radius has
little opposite effect. Although the present results could
be explained from a current conservation equation, it is
believed that the same are due to the direct consequence
of assuming validity of the principle of minimum entropy
production used in this model.

The effect of current and gas flow rate on arc length
cannot be explained from the results of type II geometry
since minimum entropy production is obtained for case B
only. Though type Il geometry is simpler than type I
geometry to simulate the arc, an inability to obtain dif-
ferent combinations of arc core radius and arc length for
case D and the same to obtain minimum entropy pro-
duction for cases other than B are considered as draw-
backs of type II geometry.

Figure 6 shows the temperature and velocity distribu-
tions inside the torch predicted in type I and type II
geometries for case B. Since minimum entropy production
is observed only for case B in type Il geometry, it is taken for
comparison. Since the arc attaches at particular spot in an
anode, three-dimensional effect is clearly seen in both
temperature and velocity fields. Predicted temperature
near the spot is higher in type I geometry than the same in
type II geometry. This is because convective force near the
anode wall is greater in type II geometry than that in type I
geometry. Predicted velocity is higher in type II geometry
than that in type I geometry. Velocities show larger dif-
ference than temperatures. Nozzle exit temperature and
velocity profiles obtained from type I and type II geometries
are shown in Fig. 7(a) and (b), respectively. Three-
dimensional effect is stronger in both profiles obtained from
type I geometry than that obtained from type II geometry.
Velocity shows stronger three-dimensional effect and more
pronounced peak at the center than temperature.

Torch efficiencies predicted at minimum entropy pro-
duction in type I and type II geometries are shown in
Table 5 for different cases. In type II geometry, predicted
efficiency at minimum entropy production is given for
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Fig. 5 Combinations of arc
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Fig. 6 Predicted temperature and velocity distributions in type I and type II geometries at minimum entropy production
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Fig. 7 Nozzle exit (a) temperature and (b) velocity profiles (at X-0 plane) obtained from type I and type II geometries

Table S Comparison of predicted and measured
efficiencies

Predicted efficiency,
%

Case Measured efficiency, % Type 1 Type II
A 47.9 44.6 534
B 48.8 46.3 49.9
C 482 455 51.7
D 47.2 39.9 50
E 46.6 41.6 49.7

case B and for other cases, average efficiency at same torch
power with different combinations of arc core radius and
arc length is given. Torch efficiencies are under predicted in
type 1 geometry whereas the same are over predicted in
type II geometry. However efficiencies predicted in both
geometries are comparable with measured efficiencies. The
difference between efficiencies predicted in type I and type
IT geometries is due to the difference between cathode
losses. Cathode loss in type I geometry is around 10%
whereas the same is around 1% in type II geometry.
Figure 8 shows the potential distribution predicted in
type I and type II geometries for case B. Comparison
between measured and predicted arc voltages is given in
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Fig. 8 Predicted potential distribution in type I and type II
geometries for case B

Type 11

Table 6. Since minimum entropy production is obtained
only for case B in type II geometry, average values of
potential difference (voltage) are given for other cases.
Potential differences predicted in both geometries are in
good agreement with the experimental results. Also, in
order to show the validity of the present model, present
results are compared with previous numerical results
(Ref 12). Figure 9(a) and (b) shows the temperature and
velocity of the argon plasma at the nozzle exit, respec-
tively, for the current of 400 A and gas flow rate of
2.0 STP m’/h. The present results are comparable with
previous results. Moreover, maximum temperature and
velocity predicted by the present model are closer to the
centerline than that predicted by the previous model.
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Table 6 Comparison of predicted and measured arc 3.2 Plasma Jet

T
voltages . .
g g Figure 10(a) and (b) shows the plasma jet temperature
g Predicted voltage, V and velocity along the axial direction. The nozzle exit
) temperature and velocity profiles are taken from type I
c Case Measured voltage, V Type I Type II and type II geometries to simulate the plasma jet. Both
§ Case A 40 41 413 temperatures and Vc?locities of the plasma jet. simulated
Q Case B 07 42.9 43 from. the nozzle exit temperature and Veloaty. profiles
Case C 40.2 41.4 41.6 predicted from both type I and type II geometries show
Case D 34 34.4 34.8 similar variation along the axial direction. Difference
Case E 37 38 38.2

between centerline temperatures of the plasma jet is lower
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Fig. 9 Nozzle exit (a) temperature and (b) velocity profiles of the argon plasma
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Fig. 10 Centerline (a) temperature and (b) velocity of the plasma jet simulated from the nozzle exit profiles of type I and type II
geometries
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Fig. 11 Radial distribution of temperature and velocity of the plasma jet at different axial distances (Z)

than that between centerline velocities. This is because the jet simulated from the nozzle exit profiles of type I and
higher velocity is predicted at the nozzle exit in type II type II geometries decreases with increasing axial
geometry. The difference between velocities of the plasma distance.
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Radial distribution of plasma jet temperature and
velocity at different axial distances is shown in Fig. 11.
Though three-dimensional effect is stronger in both
velocity and temperature near the nozzle exit, it decays
along the axial direction. It is noticed that there is a small
difference between temperatures and velocities of the
plasma jet simulated from the nozzle exit profiles of type I
and type II geometries even in the downstream. Due to
turbulent mixing of Ar-N, plasma with cold air, the dif-
ference between velocities observed at the nozzle exit
decrease along the axial direction. From these results, it is
concluded that if the particles are injected into the plasma
jet simulated from the nozzle exit profiles of type I and
type II geometries, almost the same temperature and
different velocities of the particles may be predicted.

4. Conclusion

A three-dimensional plasma arc model is developed to
simulate the arc in two different geometries of the non-
transferred plasma torch. Plasma arc characteristics pre-
dicted in type I and type II geometries are compared.
Also, temperature and velocity distributions of the plasma
jets simulated from the nozzle exit profiles of these
geometries are compared. The following conclusions are
arrived from this study.

1. Arc length and arc core radius are adjusted to obtain
the torch power that corresponds to given current and
gas flow rate. Various combinations of arc length and
arc core radius match the same torch power.

2. Different combinations of arc length and arc core
radius for case D and the minimum entropy produc-
tion for the cases other than B could not be predicted
in type II geometry.

3. Predicted temperature near the anode spot in type I
geometry is higher than that in type II geometry.
Predicted velocity is higher in type II geometry than
that in type I geometry.

4. Velocity shows stronger three-dimensional effect
and more pronounced peak at the nozzle exit than
temperature.

5. Particles injected into the plasma jets simulated from
the nozzle exit profiles of type I and type II geometries
may get almost the same temperature and different
velocities.

6. Predicted torch efficiencies and arc voltages in type I
and type II geometries are comparable with measured
one.
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