doi:10.14311/ppt.2020.2.30
Plasma Physics and Technology 7(2):30-35, 2020

© Department of Physics, FEE CTU in Prague, 2020

INFLUENCE OF METAL VAPOURS ON RADIATION CHARACTERISTICS
OF AIR ARC PLASMAS

M. BARTLOVA*, P. KLoc, V. AUBRECHT, N. BOGATYREVA

Faculty of FElectrical Engineering and Communicatin, Brno University of Technology, Technickd 10, 616 00

Brno, Czech Republic

bartlova@feec.vutbr.cz

Abstract. This paper deals with the evaluation of radiation properties of air arc plasma with various
admixtures of Cu, Ag, and Fe, respectively. Under assumption of isothermal plasma cylinder, the net
emission coefficients were calculated for various arc radii as a function of the plasma temperature up to
30 000 K. For plasma with prescribed temperature profile, the equation of radiation transfer was solved
in the Py approximation, and the radiation flux and its divergence were calculated.
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1. Introduction

Thermal plasma is widely used in various technologi-
cal applications: welding, cutting, spraying, switching
processes in relays, commutators or circuit breakers,
etc. The electric arc is created between two elec-
trodes typically made from copper, silver or carbon
materials and their compositions with high-melting
components (tungsten, molybdenum, chromium, etc.).
Process efficiency is defined by different parameters
that determine arc operation (temperature, pressure,
concentrations of species, size of plasma) and which
influence the energy transfer within the medium (con-
duction, convection, radiation, Joule effect). All these
energy exchanges depend on the medium, which is
modified by the presence of the arc and by the ap-
pearance of new species from contact erosion. The
influence of these materials and their erosion are the
key factors for a better understanding of the phys-
ical phenomena occurred in plasma and effects on
the energy transfer process. The nature of the ma-
terials, used to make the electrodes, is important in
optimizing processes, since their degradation leads to
the modification of their surface and to the change
of the parameters of plasma. In the past, many the-
oretical works focused on the properties of thermal
plasma in the presence of metallic vapors [1, 2]. Even
small admixture significantly alter the plasma proper-
ties such as radiation and thermal conductivity. The
experimental investigations were done mostly using
optical emission spectroscopy techniques, which allows
to determine the plasma temperature and density, the
electrodes surface temperature, and many other arc
properties, and the effects of different arc conditions
[3]. Recent achievements of numerical modelling of
arc processes allow to investigate self-consistently the
cathode and anode, the electrode sheaths, and the
arc column regions [4]. The radiation arc properties,
predicted theoretically on the base of fundamental
databases, are often in good agreement with experi-
mental measurements.
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In this paper we present the calculation of radia-
tion characteristics for mixtures of air thermal plasma
and vapours of copper, silver and iron. The choice
of mixtures was guided by usual applications (trans-
ferred arc, arc welding, plasma spraying of metallic
particles).

2. Absorption of radiation

Absorptivity x, is proportional to the concentrations
of the chemical species occurring in the plasma. We
assume that arc plasma is in the state of the local ther-
modynamic equilibrium (LTE) and its composition
can be computed as an equilibrium composition by, for
example, minimizing the Gibbs energy of the system
[5]. We have taken into account diatomic molecules,
atoms and up to triple ions of N, O, C, Ar and metal
elements.

Both line and continuum radiation were considered
in calculation of absorption coefficients. Two types
of transition constitute the continuous spectrum: the
bound-free transition (photoionization - a photon is
absorbed by an atom or ion and the electron is ejected
and goes into one of the continuum free energy states)
and free-free transition (bremsstrahlung - a photon is
absorbed by a free electron that makes a transition to
another free state). The calculation of the absorption
coefficients due to the photoionization of the excited
atoms depends on the corresponding photoionization
cross sections given by Opacity Project [6]. For the
high levels of atoms and ions, the latter are obtained
according to the hydrogen-like approximation [7]. The
hydrogen-like approximation has been used also for
calculation of free-free transitions.

The second part of the database deals with bound-
bound transitions for a specific wavelength between
two bound energy levels of the atom or ion and form-
ing the spectrum of lines. Most of this study is to build
a complete database comprising, for each transition,
the properties of higher and lower levels, the tran-
sition probability, the associated oscillator strength
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Figure 1. Absorption coefficient of air plasma with
admizture of 10vol% Ag at temperatures of 1 000 K
and 15 000 K and positions of optimal band boundaries
determined from (6).

and the parameters of Doppler, Stark, Van der Waals,
resonance and natural spectral line broadening. Semi-
empirical formulas given in [7] were used for calcula-
tion of various broadening mechanisms. The tabulated
values of oscillator strengths were taken from the NIST
database [8] for atoms and ions of N, O, C, Ar and Fe,
and from Kurucz’s database [9] for Cu and Ag. The
line shapes in our calculations are given by Voigt pro-
file. The multiplet structure and the lines overlapping
have been considered.

At low temperatures, we need to study the complex-
ity of the molecular spectrum that we can break down
into two parts: the first part formed of a continuous
molecular background whose emission is mainly due
to bound-free transitions corresponding to photodisso-
ciation and photoionization, the second represented by
molecular bands superimposed on the continuous back-
ground resulting from the transitions between the dis-
crete electronic levels of the molecule. Molecular pho-
todissociation and photoionization cross sections were
taken from PHIDRATES database [10], for calcula-
tion of molecular band absorption the Franck-Condon
principle [11] was used. The calculated total radiation
absorption coefficients as a function of frequency for
plasma temperature of 1 000 K and 15 000K are plot-
ted for the plasma systems of air + 10vol% Ag and
air + 10vol% Fe in figures 1 and 2, respectively. As
can be seen, the absorption spectrum is very complex
and widely varying function of frequency.

3. Net emission coefficient

The calculation of the radiative transfer taken into
account in most hydrodynamic models requires the
description of energy exchanges by radiation at each
point of the mesh. Two major difficulties arise when
the radiative transfer equation needs to be coupled to
conservation equations of mass, energy, momentum.
Indeed, the radiative transfer equation must in princi-
ple be solved for each of the wavelengths and in each
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Figure 2. Absorption coefficient of air plasma with
admizture of 10vol% Fe at temperatures of 1 000 K
and 15 000 K and positions of optimal band boundaries
determined from (6).

of the directions, which represents a colossal compu-
tation time. Some simplifications are then considered,
which can be of two types: a spectral simplification of
the radiation and a geometric or spatial simplification
of radiation propagation within the structure.

One of the methods for spatial simplification is the
net emission coefficient (NEC) approximation, orig-
inally proposed by Lowke [12]. The total emission
coefficient of a plasma reflects the total power emitted
per unit volume of a plasma. Net emission is a similar
quantity taking into account the self-absorption of
radiation. NEC determines the value of the power
radiated locally by the volume element from which
is subtracted the power emitted by the rest of the
plasma and absorbed by the volume element. Un-
der certain conditions (an isothermal, homogeneous,
spherical plasma), the net emission coefficient ey then
corresponds to the divergence of the radiative flux Fg
(net emission of radiation), which is an essential term
of energy loss in the energy conservation equation
used in arc models

V-FR :47TEN (1)

The net emission coefficient ey at the center of the
sphere depends on the plasma composition, the pres-
sure of the medium p, its temperature T and the
radius of the plasma R,

en = / B, (T)k (T, p)e TP Redy  (2)
0

with B, the black body radiation, x, the monochro-
matic absorption coefficient corrected of the induced
emission, R}, the radius of the sphere or cylinder con-
sidered (the results for the isothermal sphere are ap-
proximately the same as for the isothermal cylinder).
The exponential term reflects the self-absorption of
radiation. The radius R, is determined to be the
maximum plasma radius for which the medium can
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Figure 8. Net emission coefficient of air plasma with
10vol% Ag for various plasma radii R.

be considered isothermal. This typically corresponds
to the characteristics of the radial temperature profile
of an arc plasma that can be described by a slow
temperature decrease in the central part and then a
rapid drop in temperature at the edge.

Despite seemingly very restrictive assumptions, this
type of coefficient is mostly used in the modeling
of arcs and thermal plasmas for three reasons: ex-
treme simplification of radiation calculation in models;
good approximation of the net power radiated by the
hottest regions of the plasma in which the tempera-
ture gradients are relatively low; taking into account
the frequency dependence of the radiation.

All calculations were performed at atmospheric pres-
sure for temperatures between 300 K and 30 000 K.
Examples of calculated net emission coefficients for
various radii of a plasma cylinder of air + 10vol% Ag
and air + 10vol% Fe are given in figures 3 and 4,
respectively. Depending on the temperature, the net
emission coefficient rises very rapidly below a limit
temperature (about 10 000 K) from which the latter
progresses more slowly. It can be explained by the
presence of ionic lines above 10 000 K which increase
the total radiation. Then, we notice a decrease of the
net emission coefficient in relation with the increase of
the radius of the plasma highlighting the phenomenon
of absorption. Note that the case R, = Ocm cor-
responds to the fictitious case of an optically thin
plasma for which absorption is considered as zero.
Figure 5 shows the influence of iron metal vapour
on the net emission coefficient of air plasma. For an
atmospheric pressure, the results of the radiation are
presented for the plasma radius of 0.1 cm in function
of temperature for several volume proportions of iron
(0%, 1%, 5%, 10%). We can see that even a small pro-
portion of iron significantly increases net radiation at
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Figure 4. Net emission coefficient of air plasma with
10vol% Fe for various plasma radii R.
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Figure 5. Net emission coefficients for three composi-
tion variants of 1, 5 and 10vol% Fe (R = 0.1cm).

low temperatures. This phenomenon is explained by
the rapid ionization of iron whose ionization potential
is lower than that of other considered species. The
ions thus created and the associated transitions then
cause a sharp increase in the net emission coefficient.
Figure 6 shows the effect of various metals (Cu, Ag,
Fe) in proportion of 10vol% for the plasma radius of
0.1cm. The greater influence of iron is due to the
richness of the iron spectrum whose many lines are
little absorbed. Comparison of our values of net emis-
sion coefficients of air + 1vol% Ag with those of [1] at
the pressure of 0.1 MPa for plasma radius of 0.1 cm is
presented in figure 7. Difference in the results can be
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Figure 6. Net emission coefficients for 10vol% admiz-
tures of Ag, Cu and Fe (R = 0.1c¢m).

explained by different treatment of spectral line over-
lapping and by different input spectral data. Spectral
lines in [1] are treated using escape factor, the line
overlapping is neglected. In our work, we use line by
line integration, respecting the overlapping. 764 lines
for Ag with data of oscillator strengths from Kurucz’s
database [9] were considered in our work, only 24 lines
for Ag were taken into account in [1], probably from
NIST database [8].

4. P, approximation and mean
absorption coefficients

The method of NEC is very simple to use since it does
not require the resolution of any additional equation.
In fact, for a given temperature and a given plasma
radius, it gives a coefficient of volume losses which has
been calculated and tabulated beforehand. It is widely
used in the modeling of thermal plasmas and makes
possible to take into account in the energy conserva-
tion equation radiation losses of the hot parts of the
plasma. It thus remains a very good approximation
if one is not interested in the radiative phenomena
of the plasma but only in its hydrodynamic aspect.
However, when one wants to evaluate the radiative
transfer in the arc and take into account the radiation
absorption of the hot parts by the colder parts at the
edges, it is necessary to use more complex methods.
All radiation models are based on the radiative trans-
fer equation. This differential equation represents
the conservation of radiation for a volume element.
Under the assumption of local thermodynamic equi-
librium and neglecting the scattering, the equation of
radiation transfer can be written in the form

Q-VIL(r,Q) =k,(B, — I,(r,Q)) (3)
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Figure 7. Comparison of calculated net emission coef-
ficients with [1].

where I, is the spectral intensity of radiation, €2 is
a unit direction vector, B, is the Planck black-body
intensity. The resolution of this differential equation is
complicated because it is a differential equation with
variable coefficients that are functions of the wave-
length, the local temperature, the direction considered
and the composition of the medium. Various methods
have been used to calculate the radiation of thermal
plasmas. We can mention among them the method of
partial characteristics [13], the discrete ordinate (SN)
method [14] and finally the Py method [15]. Each
of these methods uses simplifying assumptions about
the spectral dependence of equation (3) or spatial
dependence and often both. In this paper, we have
chosen to use the P; model. This model seems to give
satisfactory results on the radiation emitted by the
hot parts of the plasma and takes into account the
absorption of this radiation by the colder parts.

The Py model comes from a more general family of
models that are the Py models. These models simplify
the radiative transfer equation (3) by developing the
radiative intensity I,, in the form of a series of spher-
ical harmonics. In P; approximation, the spherical
series development is truncated to order 1. Putting
I, in this form in (3), multiplying the equation (3)
by spherical harmonics, integrating over all directions
and exploiting the orthogonality properties of spheri-
cal harmonics, the equation of radiative transfer (3)
becomes a differential equation with unknown incident
radiation G,

1
3K,

V- ( VG, (1)) + £,G,(r) = 4rk, B, (4)

1
where fS—VGl,(r) = F,(r) is the radiation flux.
K

The associated Marshak boundary condition at a
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black-body diffuse wall take the form

n-VG, = g,@y(szya“ -G,) (5)
where n is the local outward surface normal.

For spectral simplification, we assume that the
plasma radiates as a “gray body” across the spectrum
or in bands, and therefore the absorption coefficient
no longer varies with frequency. The “mean absorp-
tion coefficient” method (MAC) consists of cutting
the spectrum into different previously defined and
justified bands in which the absorption coefficient will
be considered constant for a given temperature. The
limits of the frequency bands depend on the consid-
ered plasma system. The definition of the bands must
satisfy both the accuracy of the results and the lim-
itation of the computation cost. However, there is
no clear guideline how to choose the frequency limits.
One way how to find the optimal band selection is
using of numerical optimization. The band selection
based on this approach leads to the three-band model
[16] with cutting frequencies (see Figs. 1 and 2)

(0.001,2.938,3.513,10) x 10'° Hz (6)

Even though the frequency limits were found by nu-
merical optimization they correspond also to some im-
portant features in the absorption coefficients, namely
to the ionization of the nitrogen atom from the ba-
sic and the first excited level. In order to eliminate
the overestimated influence of strong spectral lines
on the value of averaged absorption coefficient, the k-
distribution type model [15] was used: the frequencies
within each band (6) were further divided into four
sub-bands according to the value of x, (in cm™1)

K, € [0,0.1],]0.1,1],[1, 10], [10, o). (7)

Two methods for the calculation of the mean absorp-
tion coefficients are defined in the literature [17]: the
Planck MAC %p (defined on the assumption of opti-
cally thin, emission dominated system) and Rosseland
MAC Egr (developed for optically thick, absorption
dominated system)

B Ja, K Bydv
T B ”
~1dB,
gl = Jay v g dv (9)
dB, 1,
Ay ar

Using MAC in equation (4), the net emission of radi-
ation is
V-Fr=) V-F; (10)
J

where j denotes the individual frequency bands.

The radiative transfer inside the cylindrical plasma
column at atmospheric pressure with prescribed tem-
perature profile [16] was calculated using the Py ap-
proximation. The plasma system consisted of air with
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Figure 8. Net emission as a function of radial distance
for pure air and 1, 5 and 10vol% Ag.

various admixtures of Cu, Ag and Fe. While respect-
ing the conditions under which Planck and Rosseland
MAC are defined, a combination of their values was
used - Planck MAC was used in frequency bands with
low values of absorption coefficients, Rosseland MAC
in frequency bands with strong absorption, i.e. in sub-
bands with x > 1cm™!. It was shown in [18] for pure
air plasma that this approximation gives relatively
good accuracy when compared to the exact spectral
integration. Figs. 8 and 9 show the effect of silver
and iron vapours on the net emission of air plasma,
respectively. Metal admixtures contribute mainly to
the radiation emission in the hot central region. The
influence of metal vapours increases with increasing
admixture ratios. Metals are more emissive than air
due to their electronic structure and rich line spec-
trum. On the other hand, the absorption of radiation
in the cold regions at the edge of the arc is almost
independent of the metal concentration when this con-
centration remains low (up to 10 %). Our results are
similar to those of [14, 19]. It should be noted that the
results for silver are probably underestimated. Due
to the lack of data we did not take into account Ag?™
and Ag>t ions.

5. Conclusions

Calculation of radiation characteristics of air thermal
plasma with various admixtures of copper, silver and
iron have been performed. Under assumption of an
isothermal plasma, net emission coefficients were cal-
culated at the atmospheric pressure for temperatures
up to 30 000 K. Our results for Ag admixtures were
compared with data available in the literature. Our
data and the literature data deviate slightly due to
the different treatment of spectral lines and different
input spectral data.
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Figure 9. Net emission as a function of radial distance
for pure air and 1, 5 and 10vol% Fe.

To consider the reabsorption of radiation in the
outer and cooler parts of the arc plasma, the P; ap-
proximation was used to calculate the net emission
(divergence of radiation flux) in the cylindrical plasma
column at atmospheric pressure with prescribed tem-
perature profile. Spectral simplification was provided
using the k-distribution type model with the com-
bination of Planck and Rosseland mean absorption
coefficients. Due to their higher emissivity, metals
mainly increase radiation losses. The effect of metal
admixture on radiation absorption is much smaller,
especially for small amounts of admixtures (up to

10 %).
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