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In view of the increasing use being made of arc
heaters ("plasmatrons") for obtaining high-tempera-
ture gas flows, the problem of the relation between
the heated gas, the electric arc and the heater walls
is one of considerable topical interest, Most research
so far has been experimental, owing to the difficulties
associated with theoretical studies, which must be:
based on the interrelated equations of magnetogas-
dynamics with various initial and boundary conditions;
physicochemical changes and radiative heat transfer
further complicate the structure of these equations
and add to their number.

The results of attempts to establish dimensionless
similarity criteria and to generalize the experimental
data with the help of similarity theory [1] and dimen-
sional analysis [2] provide a basis for the further de-
velopment of modeling problems and for the represen-
tation of the experimental dimensionless characteris-
tics of arc heaters in the form of empirical criterial
relations.

There is little to be found in the literature on the
theoretical determination of the characteristics of
electric arc heaters [3-5] (reference [5] incorporates
the results of [4]). These papers are concerned with the
arc heating of a gas in a cylindrical tube of circular
cross section (problem of positive arc column in a
gas stream in a circular tube) in the case of laminar
flow without allowance for radiation.

Apart from these studies, there have also been
theoretical investigations of a cylindrical arc, in par-
ticular, the recent investigation [6] of the effect of
radiation on the characteristics of an arc in argon,

In order to obtain an exact solution of arc heating
problems it is obviously necessary to develop cor-
responding numerical methods and improve methods
of determining the transport coefficients at high tem-~
peratures.

Also useful are simple approximate theoretical
analyses that give an essentially correct reflection
of the processes involved without yielding such exact
results.

This paper presents the results of a theoretical
study of the arc heating of a gas in a circular tube.
An approximate relation between the heat flow to the
walls and electric field intensity, tube radius, the
axial value of the electrical conductivity, and the
values of the heat conductivity function at the axis
and the walls is given for cases of stabilized heating
and absence of a flow in the tube. The accuracy of
this relation is estimated on the basis of calculated
and experimental data,

1. We shall consider a positive arc column in a
cylindrical tube of circular cross section through

which flows a gas heated by the electrical energy
supplied to the arc. The outside of the tube is cooled,
so that the surface washed by the hot gas has a cer-
tain definite temperature.

The approximate continuity, momentum and energy
equations for steady-state laminar flow and no radia-
tion were written for this case in [5]. The corre-
sponding equations for turbulent flow can be obtained
from these equations by the method described in [7] in
connection with the plane problem of the boundary
layer of a high-temperature gas. In this case the form
of the equations remains the same as for laminar flow,
but the coefficient of viscosity p and the heat con~
ductivity A are replaced by the quantities ¢ + ¢ and
A+ A°, where € and A° are the turbulent coefficient of
viscosity and heat conductivity.

We shall write these equations in the form
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Here s is the heat conductivity function, h ethalpy, o
electrical conductivity, and ¢ the stream function (the
continuity equation is satisfied).

The boundary conditions are

h=h, at r=r,. (1.3)

v,=0, v,=0,

The subscripts w and 0 denote the parameters at
the wall and at the axis of the tube,

Thermochemical equilibrium is assumed. Then
the quantities p, h, u, A, o for the given gas may be
assumed to be known functions of temperature and
pressure; these functions take into account the effects
of dissociation and ionization.

In the absence of a flow (vy = 0, ¢ = &= 0) and for
stabilized arc heating (p, vy, h, %, ® depend only on
r) the last two terms in energy equation (1.2) drop
out,

If we set r = ry in (1.1), (1.2), we arrive at the
integral relations of momentum and energy. We will
write out the last of these:
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2. Equation (1.2) reduces to the form
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From (2.1) at y = 0 we obtain
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On the basis of (2.2) with account for (1.4) we obtain
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Since Iny = 2Inr + In(E%,/sg) changes sign in the
interval of integration, conditions may arise in which
the quantity s;6 is small compared with sg - syw. It is
then possible to use the approximate relation
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In particular, this relation is applicable when there
is no flow and when arc heating is stabilized. Then
21ryGw = EI and, by virtue of our previous remark
(paragraph 1),
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The accuracy of relation (2.3) is estimated for
these cases below,

For this purpose we employed the results of cal-
culations made together with V. 1. Okrimenko in
1963. The calculations were made for air under lam-
inar conditions (without account for radiation), taking

p=1,0132 + 10 N/m% T =900° K, ry = 0.02 m, by

the method of {8]; values of x and ¢ were taken from
[9, 10].
Values of the quantities
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are given in the table, which also shows the number
of segments u of the polygonal line approximating the
curve o = o(s).

We also used the results of calculations for argon
[6] together with additional data on the dependence of
1/ry, on Ty (in the absence of radiation) at p = 1,0132 -
+ 10° N/m?; ry, = 0.003 m and Ty = 9000—-14 000° K.

It was found that W,/W, varies between 1.15 and 1.25.

Finally, we used experimental data on air heated
by an arc in a circular tube at ry = 0.00317 m, 1=
= 210 A [11], In this case for stabilized heating E =
= 1600 V/m the mean mass enthalpy ¢h) = 5.82 - 107
J/kg, and hy =2 {b) — hy, = 1.08 - 10° J/kg (y, = 8.13 -
- 10% J/kg), which corresponds (at p = 1.0132 « 10°
N/m?) to Ty = 14 700° K [12]. Using the relation A =
= A(T, p), 0 = o(T, p), from [10,13], we obtain gy =
= 7200 mho/m, sy =4.47 - 10* W/m. From these data
we find W/W, = 0,86,

A comparison of the value of W, determined from
the approximate formula with W, determined from
exact calculations and experimentally shows the ap-
plicability of Eq. (2.3) for estimating the heat flow to
the heater walls.
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