HEAT LOSS IN THE CHANNEL OF A PLASMATRON

L. N. Panasenko UDC 537.523.5

A mathematical model is constructed and a computational experiment is carried out to determine the
characteristics of a longitudinally blown electric arc in the channel of a plasmatron under conditions of
local thermal equilibrium. A feature of the model is that it makes allowance for radiation transfer in the
real spectrum of an electric-arc plasma. An algorithm for solving the problem is presented and the effect
of radiation regbsorption on the radiation and conductive heat loss in the plasmatron channel is shown.

Analysis of studies {1, 2], in which an electric arc is modeled on the basis of the Navier-Stokes equations, showed
that the differences between the results calculated from these models and those obtained with the boundary-layer
approximation are significant only at distances of roughly the order of 0.5 caliber from the cathode. Excluding this
region from discussion, we can model a longitudinally blown electric arc in a channel on the basis of the boundary-
layer approximation since it is very simple to find the solution in this case.

To obtain quantitative agreement with experiment, in the initial stage it is most essential, first, to include the
radiation transfer in the real spectrum of the electric-arc plasma and, second, to make allowance for the deviation from
the local thermal equilibrium (L'TE). The region of disruption of the LTE in an electric-arc argon plasma was specified
in [3] in calculations of the characteristics of an arc on the basis of the two-temperature model. The current operating
conditions of plasmatrons with a linear scheme (high pressure, large channel diameters, high currents, and high gas flow
rates) increase the role of collision and radiation processes of energy transfer, which results in LTE virtually over the
entire cross section of the channel. In this case, using a cylindrical coordinate system, where the z axis coincides with
the axis of symmetry of the channel, we model a laminar electric arc by means of the following system of
magnetogasdynamic equations in the boundary-layer approximation:
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We did not take near-electrode processes and the self-magnetic field into account when constructing the model
since they are significant only near the cathode, where the boundary-value approximation is invalid. To solve Egs. (1)
and (2) we must assign one "initial" condition with respect to the z coordinate and two boundary conditions with respect
to the radius. In setting these conditions we assumed that the plasma near the cathode and at the channel wall is in
equilibrium with them. As the initial profile we used the parabolic profile
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Fig. 1. Radiation of a column of arc: a) I maximum radiation heat flow q, (kW/cm) of a
unit column of arc versus the discharge power EI (kW/cm) in argon (1) and in air (2); b)
relative radiation of an argon (1) and air (2) electric-arc plasma; the points indicate
experimental data [3].

Fig. 2. Heat loss In q, (W/cm?) in the steady-state segment, as a function of the
determining parameters In {(j)/G, kAsec/cm®kg: 1) argon; 1) experimental data [13], 2)
[21], 3) [22], 4) [23], 5) [24], 6) [25]; II) air; 7) experimental data [13], 8) [19], 9) [26], 10
[27};, the dashed curves take the radiation into account in the bulk luminescence
approximation.

The constant T, models the conditions at the cathode: according to [4], the temperature in the spot does not exceed 5000
K. The temperature of the cooled wall is T, =~ 300 K. The initial velocity distribution was assigned by using the
condition of constant gas flow rate (5): ;
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As the boundary conditions with respect to the radius we use the symmetry conditions at r = 0
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The continuity equation (3) was used to determine the radial velocity component with the boundary conditicn on the

axis
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The characteristics of the electric-arc discharge in streams of argon and air were calculated with given functions
o{T, P), p(T, P), T, P), and ¢p(T, P) from known sources in the literature. The density and heat capacity of an argon
plasma in the range 1000 K < T < 20,000 K at P = 0.1 MPa are given in [3, 6] and the thermal conductivity and
electrical conductivity are given in [7]. The analogous data for an air plasma were taken from [8, 9]. The divergence Vg
of the radiation flux in the real spectrum of an electric-arc plasma was determined on the basis of the method of partial
characteristics, whose application in the calculation of the characteristics of electric arcs was described in [10].

The flow version of the difference factorization method [11] was used to solve the problem, since it ensures that
stable convergent conditions are obtained under abrupt changes (by several orders of magnitude) in the coefficients in
equations of the form
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The difference scheme in the computational region (half the longitudinal section of the channel) was constructed
by introducing two grids: with integer nodes r; = n;Ar, 2 = miAzand with half-integer nodes 7:+1/2 = V(12 R

Z+1/2 = (2t 4+ )2 When determining the flows W = —b3du/dr at integer nodes and the functions u and
coefficients a, b, ¢, d at half-integer nodes we replaced the derivatives of equations of the type (11) with finite
differences. Recasting the difference analog of Eq. (11) to the form
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and following the procedure of [11] for obtaining the recurrence relations for the difference-factorization coefficients
oy, B;, 1; (forward difference factorization: 1 = 0, I, ..., N — 1) in the relation between the unknown function and its
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we can determine by reverse difference factorization (i=N —1, ..., 1, 0)
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The value of the flow Wy was found from the boundary condition at the wall and the linear relation (13) at the point.
i = N. The algorithm for the solution of the problem envisaged the organization of inner iterations (with respect to
nonlinearity), intermediate iterations (for the link between the equations), and outer iterations (to refine the pressure
in the initial cross section of the channel). The condition for the convergence of inner iterations
. (16)
1 —uf.f,j“ll/)z,/ugilml <e, i=0,1, ..., N—1,
at a given £ = 0.1 made it possible to obtain a solution in the calculated layer to within 10%.
The solution of the equation of motion differed from the solution of the energy transfer equation because of the
indeterminacy of dP/dz [the source term in the corresponding equation (11)]. The equation of motion, therefore, was
solved by the method of [12], making it possible to obviate this difficulty by means of the representation
. aP
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In order to use the formulas of the flow version of the difference factorization method to solve the equation of motion

as well, this method was modified by introducing a representation of type (17) for the flow
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with zero boundary condition. After solving these systems from the formulas of the flow version of the difference
factorization method we determined
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and the distribution of the velocity V,*! in accordance with representation (17).

By solving system (1)-(5) we determined the following characteristics of an electric-arc plasma: temperature
distribution T(r, z) and velocity distributions V (r, z) and V_(r, z) in the channel, the specific mass flow rate of the gas,
the electric field strength, the axial and radial components of the convective, conductive, and radiation heat flows, the
heat flows in the channel wall, the mean-mass enthalpies, pressure variation along the length of the channel, and the
specific radiation power at each computational point. We studied the following ranges of determining parameters for
arcs in an air flow: I = 50-500 A, G = (1-4)-10"3 kg/sec, R = 0.5 and 1 cm, and L = 10 and 50 cm. The characteristics
of an argon arc for the same values of R and L were calculated at I = 10-200 A and G = (0.3-3)-10"2 kg/sec. 4 pressure
P = 0.1 MPa was assigned at the channel exit.

Analysis of the calculated results revealed that radiation reabsorption has a stronger effect on th: thermal
characteristics of an arc than on its electrical and gasdynamic characteristics [10]. Here we have presented in detail the
thermal characteristics, in particular the heat loss in the channel, with radiation and conductive heat flows in the wall
as its components.

The axial temperature of a plasma with allowance for the radiation transfer in the real spectrum decreased by
500-2000 K in comparison with the bulk-radiation approximation while the temperature rose by 1000-2000 K at the
wall, Heating of the boundary layers during radiation reabsorption reduced the heat flows in the wall, which cetermine
the heat losses in the plasmatron channel. For some computational variants this decrease amounted to 50% and led to
quantitative agreement between the calculated heat losses and the experimental data.

In the initial segment of the arc the main contribution to the heat loss is made by radiation and the ccnductive
flow is insignificant. The radiation loss in this segment for an air electric-arc plasma is less than for an argon plasma
at the same discharge power (Fig. 1a). As the arc power in argon increases from 2 to 4 kW/cm the radiation of a unit
column of arc in air increases sharply. At high powers the increase in radiation slows down and the fraction of -adiation
in the energy balance decreases with rising discharge power. As a result the relative magnitude of the radiation depends
nonmonotonically on the arc power (Fig. 1b): first it increases, reaching 75% of the power input for an argon plasma and
35% for an air plasma, and then decreases to 30 and 20%, respectively. In the limit the radiation in a high-temperature
plasma is only a few per cent of the power input. Many photoprocesses leading to the formation of a line specirum are
absent from a completely ionized simple plasma, such as a high-temperature plasma. In this case the main role :s played
by electron brehmsstrahlung. Studies of such a plasma began much earlier than that of a partially ionized plasma. The
attempts to calculate the characteristics of electric arcs without allowance for radiation probably stemmed from an
unsubstantiated transfer of the results of these studies to the case of a partially ionized electric~arc plasma.

In order to evaluate the advantages of this model as well as the reliability of the calculations, we compared the
obtained thermal characteristics on the steady-state segment of an arc with experimental data in the literature. The
thermal characteristics as functions of each of the determining parameters I, G, R with the other two fixed often cannot
be compared directly because of the lack of a broad set of experimental data, All the variants of the calculation of the
thermal characteristics, therefore, were processed as dependences on dimensional complexes, consisting of the
determining parameters I, G, R. For comparison we selected those experiments in which the values of the complexes
(/)G and (j)/G, where (j) = I /xR2, fell within the ranges studied in the calculations. In the steady-state part of the arc,
therefore, we made a comparison with experiment for the heat loss, axial temperatures, and mean-mass enthalpies. The
conductive heat flows in the channel wall in this range are comparable to the radiation loss and amount to heat loss
which increases with the channel radius and gas flow rate (Fig. 2). For an arc burning in an air flow the calculared heat
loss is in better agreement with the experimental values than for an argon plasma. In the case of an arc in an argon flow
we obtain overestimated heat flows in the wall also with allowance for radiation reabsorption. The deviation :n some
variants reaches 30% for an argon plasma and 10% for an air plasma. The main cause of this deviation restc in the
considerable spread of the experimental data as well as in the imperfection of the model used. The point is that because
of the instability of the arcing and the diversity of the designs we cannot expect the experimental data of different
authors to be in agreement. Moreover, the proposed model of an arc does not make allowance for physical phenomena
that occur at the channel wall (e.g., turbulization of the flow and the nonequilibrium of the plasma at the wall, shanting,
and breakdown). Nevertheless, from Fig. 2 we see that inclusion of radiation reabsorption allows more reliable arc
characteristics to be obtained.
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Fig. 3. Axial temperature T,, (102 K) in the steady-state segment of the
arc as a function of the determining parameters in (j)G, mA-kg/cm?2sec:
I) argon; 1) experimental data [14], 2) [15]; II) air;3) experimental data
[14], 4) [16], 5) [17], 6) [18]; the dashed curves takes the radiation into
account in the bulk luminescence approximation.

Fig. 4. Mean-mass enthalpy H_  (mJ/kg) as a function of the determining
parameters 1n {j)/G, kA-sec/cm2kg: I) argon; 1) experimental data [19];
IT) air; 2) experimental data [19], 3) [20]; the dashed curves take the
radiation into account in the bulk luminescence approximation.

In accordance with large radiation heat loss the axial values of the temperatures for an arc in an argon flow are
slightly lower than those in air (Fig. 3). Inclusion of radiation reabsorption leads to lower axial temperatures and good
quantitative agreement with experiment. Since the reabsorbed radiation is an additional source heating the plasma, this
has a particular effect on the mean-mass enthalpy (Fig. 4). In the investigated ranges of the determining parameters the
increase in the mean-mass enthaipy because of radiation reabsorption averages 35% in argon and 30% in air.

Our numerical experiment permits us to make a conclusion not only that the radiation must be taken into account
in calculations of the characteristics of an electric-arc plasma but also that it is important to include the radiation
reabsorption. Without allowance for radiation reabsorption quantitative agreement cannot be obtained between the
calculated and experimental characteristics in the steady state segment of the arc as well as in the initial segment.

NOTATION

Here p, ¢, 0, A, and p are the density, heat capacity, electrical conductivity, thermal conductivity, and viscosity,
V. and V_are the velocity components in cylindrical coordinates; T and P are the temperature and pressure; I and E are
the electric current and the electric field strength; G is the gas flow rate; R and L are the channel radius and length; and
Vq is the divergence of the radiation flux.
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