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Abstract. The aim of this paper is to evaluate radiation properties of air arc plasmas with various
admixtures of copper vapours. The first order of the method of spherical harmonics (P;—approximation)
has been used as the way to solve the equation of radiation transfer. Calculations of the absorption
coefficients for a thermal plasma have been performed as a function of the temperature and the
frequency. The frequency variable in the equation of transfer was handled by means of multigroup
method. Methods for prediction of the average absorption coefficients were described and compared in
detail. The net emission coefficients have been determined for comparison.
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1. Introduction

This paper presents the methods for research and
prediction of the radiation properties in electric arc
plasmas. Radiation transport of energy plays an im-
portant role in many plasma processing devices. Elec-
tric arc plasmas are utilized in a number of industrial
applications. The electric arc parameters depend on
the purity of gas in the chamber and the controllability
of other additives in plasma. In many cases concentra-
tion of different species in the plasma is not possible
to measure or measurement of different parameters
will be difficult for technical realization. Then, mod-
eling of the plasma spectrum is highly important for
investigation of electric arc.

2. Energy transfer

Mathematical modeling is necessary to determine of
radiation flux and its divergence. The solution of
the equation of radiation transfer makes possible to
estimate these parameters. The complete stationary
equation of radiation transfer for an absorbing and
emitting medium is

Q- grad(l,) = k,[B(v) — 1], (1)

where €2 is the unit direction vector, I, is the radiation
intensity, %, is the absorption coefficient, B(v) is the
Planck’s spectral radiation intensity for equilibrium
radiation, v is the frequency [1].

The spectral intensity depends in general upon in-
dependent variables (r, v, €2). One must approximate
the equation of transfer, either analytically or nu-
merically, in order to obtain a solution. Due to the
non-linearity of the equation describing the radiation
field and the strong dependence of input parameters

on the radiation frequency, various approximate meth-
ods are used. One of them is the method of spherical
harmonics Py—approximation.

The P;—approximation consists of expanding the ra-
diation intensity in spherical harmonics and including
only the first order terms [2]. Under this assumption,
the spectral equation of radiation transfer leads to a
simple elliptic equation for radiation density U,

Ky

_div { 3C grad [U,(r, v)]} +hycl(r,v) (2)

= k41 B(v),

where c is the speed of light, r is the position vector
fixing the location of a point in space.

3. Absorption coefficients

Radiation in arc plasma depends on concentrations
of all chemical species present in the plasma. Equi-
librium compositions of plasma can be computed by
means of several methods. In our case, plasma compo-
sitions are calculated by using the Tmdgas computer
code, which is part of the database system TheCoufal
[3, 4]. Our calculations take into account continuum
and line radiation of atomic and ionic species and
photoabsorption of diatomic molecules. It enables to
obtain an approximate solution of required accuracy.
One of the options considered is clean air without
CO3. We assume that the plasma containes some
elements Og, Ny, Ar, Cu, e~ and also ions of O, N,
Ar, Cu.

Comparison of temperature dependences of species
concentration in the arc plasma for various admixtures
of copper vapours is presented in Fig. 1. Compositions
were calculated for admixtures of 5%, 50%, 95% Cu
and pure air at pressure 0.1 MPa.
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Figure 1. Concentration of different species in the thermal plasma as a function of temperature.

For atomic and ionic species, the absorption coeffi-
cients k, were calculated. Both line and continuous
radiation were considered in the calculation.

The total coefficient of absorption is given by the
linear sum

ko(v, T,p) = /@,f/f + /{Bf + fiEb. (3)

The indexes "ff, bf, bb" denote free-free transi-
tions (bremsstrahlung), bound-free transitions (photo-
recombination) and bound-bound transitions (discrete
radiation), respectively.

The absorption coefficients of air plasma were cal-
culated for three concentrations of copper (5%, 50%,
95%) at a pressure of 0.1 MPa. The plasma temper-
ature was considered in the range of (300, 35000) K.
The frequency interval for calculations was (0.01 to
10) - 10*® Hz with increment of 102 Hz.

Evaluated total spectral absorption coefficients of
air arc plasmas with various admixtures of copper
vapours at temperature 15000 K are shown in Fig. 2.
This spectrum is a complex of discrete and contin-
uous spectra. Both dependences of the absorption
coeflicients on the radiation frequency and the con-
centrations of copper vapours can be seen in Fig. 2.
The concentration of admixtures has an effect on the
magnitude of the absorption coefficients. The greater
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influence is found in the first half of the frequency
interval considered. The increase of the admixtures
of copper vapours lead to an increase of the number
of spectral lines.

4. Mean absorption coefficients

The simplification of the frequency dependence im-
poses a cutting of the spectrum in several frequency
groups, in which the absorption coefficient is supposed
to be constant with certain average value. We have
calculated Planck (xp) and Roseland (kr) means for
cutting the spectrum into 5 frequency groups. Fig. 3
shows the mean Planck and Rosseland absorption coef-
ficients as a function of the temperature for air plasma
with admixtures of 5% Cu and 95% Cu at the pressure
of 0.1 MPa. Admixtures of copper vapours increase
particularly the Planck absorption means since the
Planck means stronger dependent upon the spectral
lines.

The Planck mean is appropriate in the case of opti-
cally thin and emission dominated systems. It can be
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Figure 2. Comparison of absorption coefficients in thermal plasma for different concentrations of copper.

expressed as
Vi
/ kuB(v, T)dv
JE— Vig—1

oo /:k B(v,T)dv . W

k—1

Here, radiation intensity is given by the Planck func-
tion
2h13

)
c [eXp (kBT) — 1}
where h is the Planck constant, kg is the Boltzmann
constant, T' is the temperature.

The Rosseland mean, also called mean free path of
radiation is appropriate when the system approaches

equilibrium (almost all radiation is reabsorbed). It
has the form

e o _,dB(v,T)
1 )
_1_/1/ K, aT dv

"RT k/ik dB(,T) | (©)

B(v,T) =

ar dv

k—1

The use of Rosseland and Planck mean absorption
coefficients is only strictly appropriate in limiting cir-
cumstances. In the multigroup method, the splitting
of the whole frequency interval has to be made ac-
cording to frequency dependence of the absorption
coefficients. For frequency groups with low values
of absorption coefficients, the use of Planck mean is
appropriate; for groups with high values of absorption
coefficients, the Rosseland mean is more suitable. In
our case, for groups 1-4 the Planck mean gives better
results, in the group 5 the Rosseland mean is more
appropriate.
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Figure 3. Planck (full lines) and Rosseland (dotted
lines) means absorption coefficients for various fre-
quency groups as a function of temperature.

5. Isothermal plasma cylinder

In the case of a cylindrically symmetrical plasma, the
multigroup equation (2) depends only on one variable
— the radial range r. Due to the fact that functions
Rn (mean absorption coefficient for any frequency
interval) and B,, (Planck function for any frequency
interval) are dependent on the arc temperature and it
decreases from the axis to the edge they are usually
regarded as radial range functions. If we assume (to
simplify the task) that the plasma is isothermal, i.e.
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Figure 4. Net emission coefficient of isothermal plasma cylinder as a function of temperature for various thicknesses

of the plasma.

the arc temperature remains constant, functions %,
and B,, also remain constant for the current solution
of equation (2).

If no radiation enters from outside, the group net
emission over the volume of the arc is

2 R
(’U)avg)n = 77.[-2/ ’I"diVWn(T) dr
7TR 0
_ (7)
87 B, J1(V3F,R)

R[2J1(\/§E7LR) + \/g JO(\/ggnR)] ’

where Ji(z) and Jy(x) are the modified Bessel func-
tions, R is the arc radius, and divW,(r) is the group
radiation flux.

The sum over all frequency groups gives the net
emission of radiation

divW R = Wayg = Z(wavg)n = 4mep,

n

(®)

where ¢y is the net emission coefficient.

The isothermal net emission coefficient corresponds
to the fraction of the total power per unit volume and
unit solid angle irradiated into a volume surrounding
the axis of the arc plasma and escaping from the arc
column after crossing a thickness R of the isothermal
plasma.

The net emission coefficient for the isothermal
plasma cylinder with radius R is given by [5]

EN = /ODOB(U)I@, exp(—k, R)dv (9)

and can be calculated with a direct integration over
the real spectrum.
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Comparison of the net emission coeflicients for five
different radii of the plasma cylinder (0cm; 0.01 cmy;
0.1cm; 1cm; 10cm) at a pressure of 0.1 MPa is pre-
sented in the Fig. 4. The zero radius corresponds to
the case omitting self-absorption. Besides the tem-
perature variation, the plasma thickness has great
influence on the radiation emission.

6. Results

The radiation properties in the arc plasmas were deter-
minated by using the approximate method mentioned
above. Plasma compositions with admixtures of 5%,
50%, 95% copper vapours were prepared at a pressure
of 0.1 MPa in the temperature interval (300, 35000) K.
Absorption coefficients for a plasma with these ad-
mixtures of Cu were calculated and the spectra were
plotted in a wide frequency range. Mean absorption
coefficients were obtained by employing Planck and
Rosseland means. Then, net emission coefficients were
computed for different radii of the isothermal plasma
cylinder. Based on the determined radiation parame-
ters it is possible to analyze the influence for different
admixtures of copper vapours (5%, 50%, 95%) in the
arc plasmas. Results of our work will be useful for
practical purposes, for example in the construction of
circuit breakers.

Many authors have calculated the parameters for
air plasma with admixtures of copper vapours. Most
of them perform computations for 1%, 10% or 100%
of Cu. Our calculations were carried out for other
concentrations. Results of our work were compared
with values of net emission coeflicients of Cressault
[6] and Aubrecht [7]. Our method allows us to get a
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Figure 5. Comparison of net emission coefficient in air plasma.

satisfactory agreement with the calculations of other
authors (Fig. 5, Fig. 6). Discrepancies between the
results can be explained by the different approximate
methods of calculation.
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Figure 6. Net emission coefficient in air plasma with
5% Cu.

7. Conclusions

The Rosseland and Planck mean absorption coeffi-
cients can differ by several orders of magnitude. Dis-
crete radiation influences significantly the values of
Planck means; on the other hand, Rosseland means
ignore the role of lines mainly at lower frequencies.
Admixture of Cu vapour in air arc plasma contributes
to the increase of the net emission. The contribution

depends on the Cu vapour concentrations. The choice
of mixtures was guided by the amount of evaporated
electrode material in self-blast circuit breakers with
copper electrodes.
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