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In the present work, we have calculated the radiative transfer, it means the radiative energy that escapes from a plasma formed from a mixtur
of Argon—Helium. The computations take into account several pressures betweenm £ 100 atm in the temperatufg wide range of

5000 — 30 000 K. In the case of the plasmas is supposed to be in local thermodynamic equilibrium. Where the contributions have been
treated separately in the calculation: atomic emission lines self-absorbed and not self-absorbed, continuum (radiative attachment, radiative
recombination and radius). The results show that a large part of radiation is absorbed at the first crossed millimeter and also the contribution
of resonance lines is very important. These are the lines which are strongly absorbed.
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1. Introduction diation losses and ohmic heating, these coefficients signifi-
cantly dictate computed values of central arc temperatures.
Argon plasmas have a wide range of applications in both reEven though the method cannot predict the absorption in the
search and industry. Metal vapour, particularly iron vapourplasma regions with steep temperature gradients, it is widely
can penetrate the Argon plasma and alter its properties in @sed in computational flow dynamics (seg S. Ailaset
number of these applications. Tungsten inert gas weldingal. [6] and S. Ailas [12]).
metal inert gas welding, plasma spraying of metallic parti- A Gleizeset al. 1993 [8] calculate the net emission co-
cles, metal ladle heating, scrap metal heating, and tundiséfficient using the line escape factor approach (H. W. Drawin
heating are only a few examples of applications [1-4]. and F. Emard 1973 [13]) for the stronger lines, while assum-

Thermal plasmas created by plasma torches and electricalg the weaker lines to beoptically thin. Both of these as-
arcs are being used in a growing number of industrial applicasumptions are good for many conditions, but certain situa-
tions. This method has numerous applications in metallurgytions exist where inaccuracies can result. A large number
the steel industry, and the large field of materials researcthof lines are used for all atomic and ionic species. Our study
The development of these techniques and their improvementeals with the calculation of the N.E.C for isothermal and ho-
require time consuming and expensive practical tests. Themogeneous plasmas, for instance, in the articles by [14-17].
mal plasma radiative transfer is studied in order to develop To eliminate, B. Lianiet al. (1997) [18] have studied the
physical and/or numerical models of these approaches, whicévaluation of the N.E.C in total radiation which escapes from
are characterized by high temperature energy exchanges. Raplasma mixture of Cl#H,. Only in this research [18], the
diation is therefore an essential term in the energy balanceontribution of the diatomic molecular bands was neglected
which has to be taken into account in any model [5]. so that the results are valid for temperatiire- 5000 K.

N.E.C (Net Emission Coefficient) is useful in determin-  The N.E.C is then calculated in a classical way for ther-
ing the amount of radiant energy lost from a plasma. In amal plasmasi.e. considering an isothermal plasma sphere of
number of plasma analyses (seg, [6-8]). N.E.C are basic radiusR,,. The results are presented for atmospheric thermal
representations of the radiative source term, however giveplasmas in a temperature range between 5000 and 30 000 K,
the options of completing a full radiative source term anal-and various gas proportions in the mixture.
ysis [9] or using the method of partial characteristics [10]  The first part of this work is devoted to a brief description
N.E.C are useful. Some comparisons of results determinegf the considered chemical species and to the method used to
by using N.E.C and other methods are given by J. J. Lowkbtain the equilibrium composition of the plasma. The sec-
(1974) [11]. ond part presents the calculation of the radiative properties

An estimated approach of accounting for radiative transwith the N.E.C method, has been devoted to calculate the ra-
mission of energy in thermal plasmas is computationally condiative properties of the plasma including the determination
venient of N.E.C of radiation. Because the energy balancef absorption coefficients of the N.E.C which represents the
equation at the arc center is driven by a balance between ré¢otal power radiated by the plasma. The contributions have
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been treated separately in the calculation: atomic emissiothe Debye-Hiickel and the Viriel corrections [24] have been
self-absorbed lines and not self-absorbedn lines, continuurmonsidered.
(radiative attachment, radiative recombination and radius).

3. Theoretical background for N.E.C in spher-

2. Plasma composition ical symmetry

The first step consists in calculating the equilibrium COMpO-;
sition of the plasma versus the temperature and the pressu
only the following gaseous species are taken into accoun

he calculation of the N.E.C is based upon simplifying

;@_%Sumptions concerning the plasma geometry, the plasma

5 supposed to be homogeneous, spherical and isothermal

+ A2+ 2+ +

electrons, Ar, |—_Ie, AT, He', Ar®", He®" and AP ... _[25-27]. The local thermodynamic equilibrium hypothesis
The _n_umerlcal method _used to calculate the eqU|I|_br|u s also considered. Of course, in most cases, the geometry

composition of the plasma is based upon the mass action la}@’f a thermal plasma is cylindrical and not spherical but it has

and on the basic chemical concept defined by S. Aekri been demonstrated that the N.E.C at the centre of a sphere

al. [19]. This law enables the generation of as many €4Ua5s close to the one obtained on the axis of an infinite cylin-

tions as there are independent chemical processes existingdtér [28]. The N.E.C is defined by the difference between the

EOF;:?;’SF' This law is written as follows for a specific r€aCpower radiated by a unit volume and the radiation proceeding

N N from the other regions of the plasma and absorbed in this unit
nli = (Qirot o)™ (1) volume.
E };[1 fot Vol For a spherical geometry, the N.E.C (in Wiwsr—1!) is

with N the total number of chemical species consideregVritten as follows (more details of the implementation in the
in this reaction,y; the corresponding stoichiometric coeffi- N-E-C can be found in [29, 30]):
cients,n; and Q7 v, the species population densityand 0
to_tal VO|L.JmetI’IC partition function, respectivel@; v, is en(T,Ry) = /B,\(T) K\(T) exp [— kK\(T) Rp]d, (3)
given by: )
where \ is the wavelengthp,, is the Planck function [31],
R, is the plasma radius arig is the monochromatic absorp-
) _[ret tion coefficient corrected for the effects of induced emission
X Qing(T) exp ( 3 : ) ; (2)  and correlated with the local emission coefficieptby the

B Kirchhoff law [31]:

i 2mm; kT 3/2
QTot,Vol(T) = (hg)

whereQ? . (T is the internal partition function of the species

i and E™" its reference energy calculated from the forma- ex(T) = BA(T) . k\(T). 4)
tion enthalpy defined in JANAF tables [21]. The partition i . o

function must be understood to calculate plasma composil N monochromatic absorption coefficient:

tion. This step requires a large amount of data which can be he

determined either from the literature or thanks to appropriate K\(T) = kA(T) (1 — exp [— )\kl TD ) (5)
formulae depending on the nature of the species: atomic or B

molecular species [22]. Internal partition functions of atomsynerep, andk are the Planck and Boltzmann constanis

and their positive ions are taken from [13], internal parti- the ight velocity and, is the total absorption coefficient.
tion functions were assumed to be equal to the degeneracy

of the ground state for negative atomic ions, they were cal—3 1
culated with the Morse potential minimization method [22]

for diatomic species. The spectroscopic data (Dunham coefn, thermal plasmas, the continuum radiation is produced by
ficients, vibrational frequencies and degeneracies, rotationgbyr radiative processes [6]. To calculate the variation of the
constants, moments of inertia and symmetry numbers) essefyolecular absorption coefficient with the temperature, it is
tial to the calculation of the internal partition functions of assumed that the absorption Cross Section does not depend on
molecules were taken from M. W. Chaseal. [21] and K. P.  temperature. As excited electronic molecular states become
Huberet al. [23]. populated when the temperature increases, the continuum ab-

Finally, the charged species create a Coulombian fieldgorption coefficient is thus underestimated with this simplify-
which modifies the plasma’s state by creating an interactiofi,g assumption. It is given by [12]:

potential. When the population number densities of charged

particles are important at high temperatures, this impact is K5Ol = Nyot(T) - aps(N), (6)
critical. The interactions between neutral particles also indi-

cate a modification of the perfect gas law at low temperatureshere NV,,,,; being the number density of the molecule and
and pressures higher than atmospheric pressure. Thereforg,,s indicate photo-absorption cross section [12].

Emission of the continuum
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3.2. Net emission of lines diatomic speciesJANAF data [21] and [22]Continuum ra-
o ] . diation: NIST database [34] and [39]ines radiation NIST
The N.E.C of the lines is calculated with the assumption thergjatapase [34] and [36-38]

are two types of lines defined by their self-absorption coeffi-

cients. If the transition of the line involves a low level close

to the fundamental, it will be considered to be self-absorbed4.1. Equilibrium composition

this term means that the radiation emitted by the atom is re-

absorbed in the plasma (photo-excitation mechanism). Th# Fig. 1, we plot the plasma composition obtained for equi-
others lines will be assumed to be light, crossing the mediunfibrium composition of a 5% Ar—50% He mixture as a func-
without being absorbed (as if it were optically thin) and hav-tion of the temperature in the range between 5000 and 30 000
ing a close leakage factor of 1. To make this selection which, shown for four selected pressure values:p(& 1 atm, (b)
saves considerable time in calculations, we referred to the em- = 4 atm, (c)p = 10 atm and (dp = 100 atm. The first

ergy levels given by the literature [18, 32]. phase is characterized by dominance of the species Ar, He in
a temperature range ranging from 56® 000 K, with the
3.2.1. Netemission of not self-absorbed lines gradual appearance of species’AHe™ and AP*. Because

] ] ] ] of their low ionization potential, the species Aare more
These lines are low-intensity and poorly absorbed in plasmayominant by relation to the ion He When the temperature
This helps to simplify Eq.3) by removing the terms of self- ;5 petweent5 000 — 30 000 K, we note that the elections
absorption such as the leakage factor and/or exponential ter,o the dominant. On the other hand, in the Fig. 1€ (
Thus the net emission coefficient of lines not self-absorbed iﬁ — 10 atm, for example) we plotted the evolution of densi-

written as follows (more details see the references [7]):  eg (higher pressure value), we note that species densities are
gnon—aut _ Z Bgo (T)kx, (T) significantly proportional to plasma pressure.
Ao By examining these curves, we note the strong presence
he of Ar up to atemperature close 015 000 K, where it begins
X <1 — exp {MD . (7)  todecrease, indeed, the species And e become majority
0B

at a temperature close to 15 000 K up to the temperature
3.2.2. Net emission of self-absorbed lines 30 000 K. It should also be noted that the iontAensures

the electrical neutrality of the plasma with the electrons in
For these lines, the net emission calculation takes into acthe temperature range 15 0080 000 K, the Af* species
count the absorption effects in plasma through the leakagbegins to appear from- 12 000 K, the other by the Ar
factor. In general, highly absorbed lines are the resonancepecies remains very low in the temperature range consid-
lines (transitions leading to the fundamental level). The coered.
efficient net emission of self absorbed lines is therefore ob- Itis clear that the inclusion of the calculation of the com-
tained by the following relation (more details see the referposition of a plasma in thermodynamic equilibrium shows

ences [7]): that the densities of the species present in the plasma are not
gaut = ZBQ (T (T)A, (e, 7o) independent, they are dependent on temperature and pres-
= ’ sure. For the pressure, we can say that the densities of the

, species are appreciably proportional to the pressure of the
X exp (*kc,xo (T)Rp) ) (8) plasma, and for the temperature, we see that the density of the
whereA,.(a, 7p) is the leakage factor [13] which depends on atomic species will decrease (slightly) for large temperatures
the optical thickness, center of the line and its total enlarge- (due to ionization), however, the densities of the charged
ment through the coefficient. species will increase.

As mentioned that the total net emission factor is the sum  Figure 2 compares the number density obtained in the
of the three contributions: the net emission due to the atomicase of pure plasmas Ar and He and binary mixtures
continuum, the emission of self-absorbed lines and not selfs0% Ar—50% He and 80/ Ar—20% He at atmospheric pres-
absorbed lines [32]: sure and B=0 mm. The ionization energies of Ar and He be-

e(T, Ry) = 5™ (T, R,) ing close, a slight differgnce in the numbgr density for these

two pure plasmas or mixtures can be noticed in this temper-

+ eWU(T, Ry) + en'"(T, R,). (9)  ature range. Between 25 0080 000 K, the number density
decreases by some 9% for pure Ar or He plasmas while it
decreases by approximately 17% in the case of a plasma.
On the other hand, for temperatures lower than 15 000, the
It should be mentioned for calculating the partition functionsnumber density for pure He plasmas is largely lower than the
of different species, we used values from the literarefe number densities for pure Ar. This result is due to the high
erence energiesJANAF tables [21]Internal partition func-  ionization energy of the neutral He (24.58 eV) in contrast to
tion of atomic specieg33] , Internal partition function of  the ionization energies of Ar (15.76 eV).

4. Results and discussions

Rev. Mex. Fis68041501



4 F. BOUDAHRI, A. K. FEROUANI, B. LIANI, S. AILAS AND M. LEMERINI

10" e ]

He =

101'3

1014

1012

Population number density (cm™)
Population number density (cm‘a)

10" He ]
- ¢ — ] 10"
10°F Ar -
L . 10"
" F Ar
10" F 10"
10" F 102[ ]
10°F wf - ;
] 10°F ki .
e[ F E
L 10°F .
10° - ; 3 10°F : 4
b (C) ++t L/ (d) +++ ]
[ " 1 2 1 " 1 " 1 P‘r/ M | L 1 M 1 L 1 -’qr
5000 10000 15000 20000 25000 30000 5000 10000 15000 20000 25000 30000
Temperature (K) Temperature (K)

FIGURE 1. Equilibrium composition of 5& Ar—50% He mixture as a function of the temperature, shown for four selected pressure values:
a)p = 1 atm, b)p = 4 atm, ¢)p = 10 atm and dp = 100 atm.

4.2. N.E.C of continuum [ T T T y T T T

—Ar

Pure He
50%Ar - 50%He === He| .

The N.E.C of a plasma of radius, at atmospheric pressure 10"
and temperaturd’, is given by expression3f. We calcu- :
lated the N.E.C of the continuum as a function of the tem-
perature and the thickness of the plasma, the results obtaine:
concerning the 5B Ar—50% He mixture, for plasma thick-
nessR, = 0 mm are shown in Fig. 3. The contribution to
the influence of each of the 2 species is represented there
R, = 0 mm corresponds to the fictitious case of an optically
thin plasma, for which absorption is considered zero. We z L
note that He does not take a large part in the total radiation of 10"
the continuum. F

10"k

1016 L

umber density (cm™)

80%Ar - 20%He

e It is, therefore, Argon species that mainly contributes 5000 10000 15000 20000 25000 30000
to the radiation of the mixture S9Ar—50% He. Torparatin ()

e For temperature® > 19000 K, Ar is the species that
radiates the most. Indeed, the densities of the iors Ar

L FIGURE 2. Number density for pure gases,%@\r—50% He and
and At are majority at these temperatures. y 1o pure g °

80% Ar—20% He mixtures at atmospheric pressure.
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FIGURE 3. N.E.C of the continuum of an optically thin plasma of Ficure 5. N.E.C of thin plasma composed of pure Ar at atmo-

a mixture 504 Ar—50% He at atmospheric pressure.
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FIGURE 4. N.E.C of lines of optically thin plasma of a mixture

50% Ar—50% He at atmospheric pressure.

4.3. Contribution of lines to the N.E.C

In Fig. 4, we show the N.E.C of lines of optically thin plasma
of a mixture 506 Ar—50% He at atmospheric pressure and
R, = 0 mm. It can be seen from Fig. 4, the total radiation
emitted by the lines results from the overlay of the following

contributions:

25000

30000

spheric pressure.

It can be seen that the self-absorbed lines whose wavelength
is lower than 200 nm are the majority given the total radiation
emitted by the lines.

Figure 5 shows the components of the total N.E.C of
a optically thin plasma of pure Ar at atmospheric pressure
andR, = 0 mm. The results show that total net radiation
from lines and in particular resonance lines (self-absorbed)
including the wavelength is less than 200 nm and lines not
self-absorbed. This figure allows to better estimate this part
of radiation represented by these lines that can reach nearly
~ 98% of total radiation at low temperatures (5000K7T" <
14 000 K') and high temperatureg (= 20 000 K ). In these
temperature intervals, the contribution of the continuum, is
therefore negligible. In that region of temperatures the con-
tribution of self-absorbed lines as well as the total lines in the
total N.E.C decrease slightly but however, the majority still
remains at almost 87% to 14 000-20 000 K.

4.4. Influence of the proportion in N.E.C

In industrial plasma processes such as plasma spraying or
gas-tungsten arc welding, He is widely used with Ar. Ar

is used for its high mass density whereas He increases the
enthalpy of the plasma. The presence of He also increases
the thermal conductivity of the mixture compared with the
pure gases and limits the penetration of the surrounding gas.
Consequently, the mixture exhibits a higher viscosity due to
its high ionization energy. However, He can create a depar-
ture from equilibrium because of the high excitation potential

e The self-absorbed lines with a wavelength less tharPf its first excited levels and of its light mass which facilitates

200 nm.

the diffusion phenomena.
Figure 6 shows the evolution with the temperature of the

e The self-absorbed lines with a wavelength superiomet emission coefficient total of 4 ternary plasmas-He

than 200 nm.

e The not self-absorbed lines.

composed of: pure Ar, 80 Ar—20% He, 50% Ar—50% He
and pure He. We note that as the proportion of He increases
(and the proportion of Ar decreases), the values of the N.E.C

Rev. Mex. Fis68041501
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FIGURE 6. The influence of thin plasma composition-Ale at
pressure atmospheric on the N.E.C.
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FIGURE 7. Influence of pressure N.E.C on thin plasma of a mixture
50% Ar—50% He.

decrease, ternary plasmas-Afle. We can deduce that it is

because the proportion of Ar decreases as plasma radiatiol
intensity decreases. It is clear that the He only plays a role at
very high temperatures (centre of plasma) and for important

proportions. This phenomenon can be explained by a higher 5000 10000 15000 20000 25000 30000
ionization potential for He than Ar.

Temperature (K)

4.5. Influence of pressure

FIGURE 8. The influence of the plasma radiuR(=0.1,1 and 4
We now proceed to examine the sensitivity of N.E.C to themm) upon the N.E.C from a mixture $0Ar—50% He, at atmo-
pressurep. In Fig. 7, we show the N.E.C of a mixture spheric pressure.
50% Ar—50% He for a radius and four values of the selected
pressurep = 1, 4, 10 and 100 atm. This result has a doubleemission factor. The N.E.C depends only on temperature and
interest, show the influence of the pressure on the total N.E.@ressure, and therefore the total density of the species. It
and show the linearity of this coefficient with it. We note first therefore seems correct to consider the radiation proportional
of all that the increase in pressure increases the net to the pressure. This result has a large importance to the ex-
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tent that numerical models not only use also proportional to T T T
the pressure. Indeed, the profile pressure could alter the pro 10"k
file of a line and by these results allow us to conclude that the
dependence of the N.E.C on the pressure is related not only tc
increase the total density of the species but also to phenom-<=  1¢°}
ena of the widening of the lines. It can be seen from Fig. 7, "

these results highlight the increase in the N.E.C with pres- E i ]
sure. Indeed, the main contribution to the N.E.C comes from = 1¢' | / — Bp=imm .
line emission and the population number densities of the cor- © /) — Rp=0mm 1
responding emitting levels are increased at high pressure. Fo > i — SElmm ]
a given temperature, the population densities of all chemical 10°F / B dnm r
species are linked to the pressure through the perfect gas law '_l/ ]
Thus, it is often assumed that the N.E.C is directly propor- [/

tional to the pressure. L 1« 1 _1__

5000 10000 15000 20000 25000 30000

4.6. Influence of the plasma sizes Temperatue (K)

FIGURE 9. The influence of the plasma radius upon the N.E.C from
In all the results shown previously in FIgS 3-7, the plasma raa mixture 50 Ar—50% He, at atmospheric pressure.
dius Rp was taken to be constant at the value of 0 mm. We
have investigated the influence of tRg on the N.E.C. for temperatures below 12000 K, this total N.E.C varies

The N.E.C depends not only on the temperature andittle with the plasma radius.

the plasma radius but also on the pressure. Figure 8
shows the different components of the N.E.C a mixture of .
50% Ar—50% He at atmospheric pressure, in an interval of5' Conclusions
temperature ranging from 5006@0 000 K and for three se-
lected values of plasma radiuse{ R, = 0.1, 1 and 4 mm).
It is broken down into two phases.

The objective of this work is to calculate the radiation emit-

ted by a thermal plasma formed by an-Afle mixture. This

; o radiation results from the superposition of several contribu-
The first go from 5000 K to 10 000 K, the radiation of jqng (continuum and atomic lines). By crossing the plasma,

self-absorbed lines is still almost all the radiation with al- oy one fraction of the radiation manages to escape from the

most~ 90% of the coefficient total N.E.C for the radius is environment.

equal t0/,=0 mm, the emission of the not self-absorbed 1 gt nart of this paper is devoted to calculating the

lines, the atomic cpntmuum IS then nggllg|ble on the othercomposition of the plasma at equilibrium which is based on

hand when the radius increases in radius is equél; 0.1 the laws of thermodynamic equilibrium and from the knowl-

mm, /2,=1 mm and?,=4 mm the radiation from the contin- - o446 of the functions of partition. The parameters involved in

uum is becoming the dominant. The second phase, including,oqe caicylations are temperature, pressure and the propor-
the temperatures between 10 000 K and 30 000 K, the CONions of the mixture

tribution of the self-absorbed lines with a wavetongue inside |, o part of this study, we calculated the radia-

200 nm remains greater than the continuum. As a result, thﬁve properties of established plasmas in a mixture-(Ae)
self-absorbed lines are no longer the only cause of total rad‘-n a range of temperatures from 50080 000 K and for dif-

ation. In effect_, thus the contnbgtmn Of_ the emission of nOtferent pressure values. This study was carried out by the
self-absorbed lines and the atomic continuum make up nearIM E.C method which assumes that the plasma is supposed

half of the netemssmn factor which wil bg all the more im- to be homogeneous, spherical and isothermal. The results
portant as the thickness of the plasma will be large. Thesgbtained show that:

results provide a better understanding of the mechanisms in-
volved in total radiation, their influence as a function of tem- 4 For an optically thinR,, the N.E.C of the lines of a

perature and the thickness of the plasma, and in particularthe  pasma results from the superposition of self-absorbed

importance of the resonance lines and their absorption. lines whose wavelength is less than 200 nm, self-
Figure 9 represents the total N.E.C of a composite plasma  absorbed lines with wavelength is greater than 200

50% Ar—50% He at atmospheric pressure, for plasma thick- nm and the not seffabsorbed lines, that note self-

nesses of g, = 0 mm, 0.1 mm, 1 mm and 4 mm). We find absorbed lines with a wavelength of less than 200 nm

that at a fixed temperature, the total radiation of the plasma are majority of the total radiation emitted from the
decreases as the ray of the plasma increases, thus reflecting [ines.

the effect and the importance of the absorption phenomenon

that increases with the optical thickness. Most of the radia- e The emission coefficient of the continuum for low tem-
tion is absorbed from the very first millimetres. LHowever, peratures Ar is more emissive than He. When the tem-
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perature increases the species He is the species that nahich lead to any modelling in plasma (calculation of ther-

diates the most.

mal energy temperature profile). Analysis of the radiation

emitted by a plasma also provides some information on this

e The increase in pressure leads to an increase in th@edium (temperature electronics, density of charged parti-
N.E.C, it therefore seems that the radiation is proporjes and degree of ionization).

tional to the pressure.

e However, for temperatures below12 000 K, this co-
efficient total N.E.C varies little with the plasma radius.
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