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A Unified Numerical Model of Oxygen Plasma Jet at Atmospheric Pressure
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In order to understand the plasma cutting process for improving the reliability for stable cutting with a
prolonged lifetime, the whole region of oxygen plasma jet, namely, a hafnium electrode as a cathode buried
in the water-cooled copper sheath, an arc plasma and a copper nozzle as an anode is treated in a unified
numerical model. Calculations are made for the two-dimensional distributions of temperature and fluid
flow velocity in the whole region of the oxygen plasma jet for a 400 A in arc current. The current density
distribution and also the whole energy balance at the tip of cathode and water-cooled copper sheath are
predicted. It is shown that the nozzle diameter strongly affects the plasma jet properties and also the nozzle

lifetime but weakly affects the hafhium cathode lifetime.
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1. INTRODUCTION

Electric arcs have been applied in the industrial
processing of materials, for example in melting, welding,
cutting, thermal spraying, etc. Specially, oxygen plasma
cutting is one of the important applications of electric
arcs to manufacturing industries, because the cutting
process dominates the quality and the precision in
assembly of component parts for productions. The
oxygen plasma cutting enables to realize high-speed and
heavy-gauge cutting up to 50 mm thick steel plates. For
the understanding and also the control of this process, it
is important to develop a modeling capability, preferably
to be able to predict properties of the total arc processing
system. For example, in plasma cutting, one of the most
important required functions is the reliability for stable
cutting with a prolonged lifetime.

The present paper presents a methodology for
predicting the temperature distributions inside the torch
where the arc and its electrodes are treated as a unified
system. Previous modeling of a plasma jet for the cutting
process has treated only the arc plasma outside the torch
[1]. In the present paper, the basic model and procedure
by Tanaka et al [2] for the arc welding process are
extended to a plasma jet for the cutting process at the
atmospheric pressure, with inclusion of a hafnium
electrode as a cathode buried in the water-cooled copper
sheath and a copper nozzle as an anode. We also give
predictions of the two-dimensional distributions of
temperature and velocity inside the torch with plasma
jet.
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2. A UNIFIED ARC-ELECTRODE MODEL

The hafnium cathode with copper sheath, arc plasma
and nozzle anode are described relative to a cylindrical
coordinate, assuming rotational symmetry around the arc
axis. The calculated domain is shown in Fig. 1. The
domain of computation is divided into 95 nodes axially
and 70 nodes radially, using a non-uniform grid. The
flow is assumed to be laminar, the arc plasma is
assumed to be in the local thermodynamic equilibrium
(LTE). Furthermore, the cathode surface is assumed to
be flat and unperturbed by the arc pressure even if its
termperature is higher than the melting point of hafhium.
The diameter of the hafnium cathode is 2.0 mm with a
1.75 mm length. The metal vapor from the cathode is
neglected in this model. The nozzle anode is assumed to
be copper cooled by water. The working gas of plasma
cutting process is assumed to be pure oxygen.

The goveming equations, boundary conditions and
numerical method were explained in details in our
previous papers [2, 3], and then only the most pertinent
points are explained here.

The mass contmulty equation is
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the axial momenturn conservation equation is
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Each physical symbol in the above equations indicates
the same meaning as general use.

Calculations at points on both electrode surfaces will
need to include the special process occurring at the
surfaces. Thus, additional energy flux terms need to be
included in equation (4) at each electrode surface for
thermionic heating and cooling from the electrons, ion
heating, and radiation cooling. The additional energy
flux for the cathode Hy and for the anode H 4 are

Cathode  Hy =—eaT* -|,lox +|jilV; ®)
and
Anode  H, =—eaT*+|i o, ®

respectively. Here ¢ is the surface emissivity, & is the
Stefan-Boltzmann constant, ¢ is the work function of
the hafhium cathode, ¢, is the work function of the
copper anode, ¥; is the ionization potential of oxygen
atom, j, is the electron current densify, and J; is the
ion current density. We calculate the electron saturation

current density at the cathode surface by thermionic
emission of electrons j, from the Richardson-

Dushman equation. The ion current density j; is then
assumed to be |j-|jg| if |j| is greater than |jg|;
where I j|=l je|+| j,-l is the total current density at the
cathode surface obtained from equation (5).

The detailed boundary conditions and numerical
method are detailedly given in our previous paper [2, 3].
Within both solid electrodes, we set v, =v, =0. The
temperatures at boundaries AB, BC, CD, DE, EF, FG,
GH, HI, I, N and MN in Fig. 1 are taken to be the

same room temperature, namely, 300 K. The electric
potential is set to zero at the bottom of the anode nozzle,
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Fig. 1 Schematic illustration of calculated domain.

Table I Major physical properties of metals used in this

model.
Hf
TK) | x (Wrc Cp i) | o (aviem | Work F {oV) | A (Wem?i@) | M {giom’) |
300 0235 0.146 25446
1000 0210 0.146 7981
2000 0275 0.146 9017 35 14 1.1
3000 0275 0.148 5917
4000 0.275 0.146 537
Cu
T | xwiomi) | CoighO | o (WViem) | M (glem?)
300 3.9 0.385 590318
1000 244 0473 123456 89
2000 1.80 0495 39525
3000 1.80 0.495 39525

JK, in Fig. 1. The arc current is uniformly given at the
top of copper sheath, ABEF, and also the working gas is
applied from the inlet, FG, in Fig. 1. The gas flow rate of
the working gas is 50 L/min.

The differential equations (1) to (7) are solved
iteratively by the SIMPLEC numerical procedure [4] for
the whole region of the plasma jet for cutting process as
shown in Fig. 1. Physical properties used in this model
are given from the literatures for oxygen [5] and metals
[6, 7] which are mainly listed in Table L

3. RESULTS AND DISCUSSION
Figure 2 represents the two-dimensional distributions
of temperature and of fluid flow velocity in the whole
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Fig. 2 Two-dimensional distributions of temperature
and fluid flow velocity in the whole region of oxygen
plasma jet for 400 A in arc current with 3.5 mm in
nozzle diameter.

region of the oxvgen plasma jet for a 400 A in arc
current with 3.5 mm in the nozzle diameter. The arc
voltage, namely, electric potential difference between
ABEF and JK in Fig. | is 353 V. Thc maximum
temperamures of hafnium cathode buried in the water-
cooled copper sheath and arc plasma are 3500 K at the
tip of the cathode and 33000 K on the arc axis close to
the cathode tip and also the inlet of the nozzle anode
where the maximum surface temperature of the nozzle
inside is 1000 K. This calculation indicates that the tip
of hafnium cathode is in a liquid state but the nozzle
anode is still in a solid state because both melting points
of hafnium and copper are 23503 K and 1356 K.
respectively {7]. The maximum calculated velocity of
the plasma jet reaches 3029 m/s inside the nozzle. The
temperature and velocity of the plasma jet close to the
nozzle outlet are 18000 K and 2764 mvs, respectively,
and then these temperatures and velocities fall off with
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Fig. 3 Current density distribution at the tip of cathode and
water-cooled copper sheath.
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Fig. 4 The whole energy balance at the tip of cathode and
water-cooled copper sheath.

distance from the nozzle outlet.

Figure 3 shows current density distribution at the tip
of cathode and water-cooled copper sheath in the same
conditions with Fig. 2. The peak of current density
reaches 15000 A/em’ and appears at the off-axis. The
arc current poorly flows inside the hafnium because its
electrical conductivity is much smaller than that of
copper [6].

Figure 4 shows the whole cnergy balance at the tip of
cathode and water-cooled copper sheath in the same
conditions with Figs. 2 and 3. The heat flux densities
consist of thermal conduction from the arc plasma, ion
heating, thermionic cooling due to electron emission and
radiation cooling, which are concerned with equations
(4) and (8). The total in Fig. 4 is the net heat flux density
to the cathode and water-cooled copper sheath. The
values between round brackets in Fig. 4 represent the
integral heat fluxes for each heat flux density. A ratio
indicating ion heating (831 W) among the whole heat
input (1780 W = 831 W) reaches about 32 %. The
distribution of total is mainly represented by the
distribution of this ion heating.

Figure 5 represents the same distributions with Fig. 2
but the nozzle diameter is assumed to be 4.0 mm in this
case. The arc voltage is 31.4 V and this value is clearly
smaller than that in Fig. 2. The maximum temperature of
hafnium cathode is the same with that in Fig. 2 but the
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Fig. 5 Two-dimensional distributions of temperature
and fluid flow velocity in the whole region of oxygen
plasma jet for 400 A in arc current with 4.0 mm in
nozzle diameter.

maximum temperature of arc plasma decreases to 30000
K. Both maximum values for the surface temperature of
the nozzle inside and the calculated velocity of the
plasma jet clearly decrease to 900 K and 1926 m/s,
respectively.

From the above results, it is suggested that the nozzle
diameter strongly affects the temperature and velocity of
plasma jet and also the lifetime of the nozzle. However,
the lifetime of hafnium cathode will be weakly affected
by the nozzle diameter due to the same temperature but
would be strongly affected by the configurations of
cathode including the water-cooled copper sheath.

4. CONCLUSIONS

1) The whole region of oxygen plasma jet for cutting
process, namely, a hafnium electrode as a cathode buried
in the water-cooled copper sheath, an arc plasma and a

copper nozzle as an anode has been treated in a unified
numerical model.

2) The two-dimensional distributions of temperature and
fluid flow wvelocity in the whole region of the oxygen
plasma jet for a 400 A in arc current were predicted.

3) The current density distribution and also the whole
energy balance at the tip of cathode and water-cooled
copper sheath were predicted.

4) It was shown that the nozzle diameter strongly
affected the plasma jet properties and also the nozzle
lifetime but weakly affected the hafnium cathode
lifetime which would be strongly affected by the
configurations of cathode including the water-cooled
copper sheath.
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