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REFINED MATHEMATICAL MODEL
OF THE ELECTRIC ARC BURNING IN PLASMATRON
WITH EXTERNAL CURRENT-CONDUCTING WIRE
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Mathematical model of electromagnetic processes has been refined for the arc burning in plasmatron with an anode wire.
Comparative numerical analysis of electric, thermal and gas-dynamic characteristics of the arc plasma has been conducted
by using a boundary layer approximation and the refined model of the electromagnetic processes. It is shown that the
method of description of the said processes has a substantial effect on calculated distributions of characteristics of the
arc plasma generated by the plasmatron under consideration.
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Study [1] puts forward a mathematical model to de-
scribe a turbulent flow of the electric arc plasma gen-
erated by the plasmatron with an external current-
conducting anode wire. An assumption of smallness
of radial component j, of density of the electric current
in the arc, compared with axial component j, (j, <<
<< j,), is made in this study within the framework
of a boundary layer approximation. This approach
fails to adequately describe electromagnetic charac-
teristics of the arc burning in the plasmatron under
consideration, as j, has sufficiently high values, com-
parable with those of j,, in the near-cathode region
at exit from the plasma-shaping channel and in a re-
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Figure 1. Schematic of the electric arc burning in plasmatron with

external anode wire: 1 — refractory cathode; 2 — plasma-shaping
nozzle; 3 — gas feeding channel; 4 — anode wire; 5 — arc column

gion of cathode fixation of the arc. Therefore, the
model of electromagnetic processes used in [1] needs
to be refined, which is the purpose of this concise
article.

Schematic of the DC arc being studied is shown
in Figure 1. It burns in the plasma gas (argon) flow
shaped by the plasmatron channel with radius R, and
length Z; between a refractory (tungsten) cathode
and metal anode wire located after the exit section of
a nozzle at distance Z, from the cathode tip. An ex-
posed region of the arc discharge may be blown with
a flow of a cold gas (argon, air) fed via an annular
channel, which is located at angle a to the plasmatron
axis and has internal, Ry, and external, R,, radii. The
calculation domain is limited by boundaries in radial,
R, and axial, L, directions.

Gas-dynamic and thermal characteristics of the arc
plasma generated by such a device can be described
by a system of magnetic-gas-dynamic (MGD) equa-
tions in an approximation of a turbulent boundary
layer [1]. For a more correct description of electro-
magnetic characteristics of the arc (with no assump-
tion of smallness of the radial component of density
of the electric current, compared with the axial one),
we will use an equation of intensity of the magnetic
field of the arc current [2]:
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where s[T(r, z)]is the temperature-dependent specific
electric conductivity of the plasma; Hj (r, z) is the
azimuth component of intensity of the magnetic field

related to the components of density of the electric
current through the following equations [2]:
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Equations (1) and (2) can be complemented with
a condition of conservation of the total current:

Ry(2)

I=2p szrdr,
0

3)

where I is the arc current; and Rs(2) is the radius of
the current-conducting region. Given that conductiv-
ity of the arc plasma is almost equal to zero outside
this region, radius of the calculation domain can be
used as an upper limit of integration in formula (3),
i.e. it can be assumed that Rs(z) = R, at z £ Z4, and
Rs(z) =R at z > Z; (see Figure 1). It should be noted
that, as this model allows for both axial and radial
components of density of the electric current, the
Joulean source in energy equation [1] should be writ-
ten down in the form of (2 + j2)/s.

Second-order differential equation (1) cannot be
solved without setting the edge conditions for the
entire contour of the calculation domain {0 £ » £ R,
at0 £z£Z,and 0 £7r £ER at Z; < z £ Z»} (see
Figure 1). To set the corresponding boundary condi-
tions in the vicinity of the arc electrodes, i.e. at z =
= (0 and Z,, we will use the experimental and calcu-
lation data from studies [3, 4] on densities of the
current in the cathode and anode regions, assuming
that

(4)
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where jo. and jg, are the constants corresponding
to the maximal values of density of the current in the
cathode and anode regions; and 7, and 7, are the radii
of the cathode and anode regions of fixation of the
arc, respectively. In particular, at I = 200 A it is
possible to use value jo, = 1.2408 A /m? [3], and radius
of the cathode region can be determined from total
current conservation condition (3). An approximate
radius of the anode wire is chosen as a radius of the
anode region of arc fixation, and value jy, is calculated
from condition (3).

By substituting relationships (4) to the first equa-
tion of (2), we find:
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Then we set the boundary condition on axis of the
system in the following form:

H;(0, 2) = 0. (7

And assume the following at the external boundary
of the calculation domain:
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Hi(R,, 2) = IR, at0Ez £ Z;
/ ®
HJ-(R,2)=FRCatZ1 <z£Z,.
Finally, at z=Z; and R, £ r £ R, we have
1
Hi(r, Zy) = or 9

Equations (1) and (2), together with boundary
conditions (6) through (9), make up the basis of the
refined mathematical model of electromagnetic proc-
esses for the arc burning in the plasmatron with an
external current-conducting anode wire. These equa-
tions should be solved together with the MGD equa-
tions of a turbulent boundary layer [1], which deter-
mine spatial distributions of gas-dynamic and thermal
characteristics of the arc plasma.

The complete system of equations was solved by
the numerical finite difference method using global
iterations with respect to intensity of the magnetic
field (the procedure used to numerically solve the
boundary layer equations is described in detail in [1]).
The values of intensity of the magnetic field were
updated at each new step of global iteration by nu-
merically solving equation (1). This was done using
the five-point implicit difference scheme by the sweep
method [5]. The solution procedure was stopped when
all characteristics of the plasma (at all points of the
calculation domain) at two neighbouring iterations
differed not more than by a preset low value of q.

Analyse now the results of numerical modelling of
electromagnetic, thermal and gas-dynamic charac-
teristics of the arc plasma in the plasmatron under
consideration by using approximation j, <<j, and the
refined model of electromagnetic processes. The cal-
culations were made for the plasmatron having a noz-
zle with length Z{ = 3 mm and radius R, = 1.5 mm,
and an anode wire with a diameter of 1.4 mm located
at a distance of 6.3 mm from the exit section of the
nozzle (Z,=9.3 mm). It was assumed that an external
region of the plasma flow was blown with an argon
flow going from the annular channel having radii Ry =
= 4.78 mm and R, = 7.22 mm in the exit section, and
inclined at angle a = 37.5° to the plasmatron symmetry
axis (see Figure 1). The temperature of the cooled
walls of the channels and ambient gas was assumed
to be equal to 300 K. The following working mode
was chosen for the plasmatron: arc current 7 = 200 A,
plasma gas flow rate G; = 1 m®/h, and blowing gas
flow rate G, = 20 m® /h.

Figure 2 shows the boundaries of regions Ry(z),
within which the gfraction of the total arc current
flows:

R{2)
2p szrd r
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Figure 2. Isotherms of the electric current with a step of 0.1 (@)
and isolines of temperature of the plasma with a step of T = 27,
26, 24 and then 2 kK () for the arc burning in plasmatron with
an external anode wire for different methods of calculation of elec-
tromagnetic characteristics: left — approximation j, <<j,; right —
refined model

which were calculated by using different calculation
methods. As follows from this Figure, the use of ap-
proximation j, << j, results in a current channel which
gradually widens in an external region of the discharge
(see Figure 2, a, left), and, in fact, coincides with a
current-conducting region of the arc plasma (Figure 2,
b, left). However, the solution of equation (1) showed
qualitatively different results, especially in the ex-
posed region of the arc, which is characterised by a
substantial non-uniformity of the magnetic field along
the length of the discharge and, accordingly, by higher
values of the radial component of density of the elec-
tric current. As a result, the lines of the current, which
diverge after leaving the plasma-shaping channel, con-
verge towards the region of the anode fixation of the
arc (Figure 2, a, right).

Figure 2, b, shows temperature fields correspond-
ing to the chosen working mode of the plasmatron
and calculated using different models of distribution
of the current density in the arc. As can be seen from
the isotherms shown in this Figure, differences in the
calculated values of temperature turn out to be not
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Figure 3. Distribution of axial velocity u (@) and temperature T
of the arc plasma generated by the plasmatron with an external
anode wire (b), determined by different methods of calculation of
electromagnetic characteristics: 7 — refined model; 2 — boundary
layer approximation (j, << j,)

as substantial as for the density of the electric current.
However, we have to note an increase in the calculated
temperature of the plasma near the region of the anode
fixation of the arc when using the refined model of
electromagnetic processes (see Figure 2, b, right).
This is associated with the fact that the current chan-
nel determined within the framework of this model is
markedly constricted in a region of the anode wire
(see Figure 2, a, right), while the density of the cur-
rent and, hence, Joulean heat sources is higher here
and corresponds to a higher temperature. As to the
gas-dynamic characteristics of the electric arc plasma
in the plasmatron investigated, they hardly depend
upon the method of calculation of its electromagnetic
characteristics.

Consider now how thermal and gas-dynamic char-
acteristics of the plasma flow change in a region of
inertia movement of the plasma (after the anode wire)
depending upon the model used to describe electro-
magnetic processes in the arc. The calculated distri-
butions of axial values of the axial velocity and tem-
perature of the plasma along the length of the jet are
shown in Figure 3. With a variant of calculation in-
volving the solution of equation (1), a higher tem-
perature in the anode region of the arc leads to the
fact that further on (in a no-current region of the
flow) the temperature of the plasma will also be some-
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what higher than with the calculation using simpli-
fying approximation j, <<7j,. In the anode wire region
the values of temperature at the discharge axis differ
approximately by 14 %, further on they become almost
identical, the difference being only 2-3 % (see Fi-
gure 3, b). The difference in the values of velocity of
the plasma flow near the jet axis, on the contrary,
grows with increase in the values of z: at z = 50 mm
it amounts to 13 %.

CONCLUSIONS

1. The mathematical model of a turbulent flow of the
arc plasma generated by the plasmatron with an ex-
ternal anode wire has been upgraded by refining the
model of electromagnetic processes of the arc burning
in such a device.

2. Spatial distribution of the electric arc current
in the plasmatron with an external current-conducting
anode wire has a non-uniform structure. The current
lines diverge upon leaving the plasma-shaping chan-
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nel, and converge with distance to the anode region,
where the current density amounts to rather high val-
ues (over 1.540°% A /m?), thus providing an increased
release of energy in the plasma. Ignoring the said
peculiarities in numerical estimation of thermal and
gas-dynamic characteristics of the generated plasma
may lead to errors amounting to 14 % or more, de-
pending upon the design parameters and working con-
ditions of the plasmatron.
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