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ABSTRACT [1] or SI%—CzF4 2] mixtures. C_on_sequently, this
work is the logical continuity with the

In this paper, we tried to estimate the radiative&onsideration of copper. Several methods are

properties of SECF,-Cu thermal plasmas available in the literature to characterize the

existing in High Voltage Circuit Breakers radiation losses in the plasma. The Net Emission

(HVBV). The calculation was realized assumingCoefficient (NEC) is one of them [3] and is often

the Local Thermodynamic Equilibrium (LTE), used in numerical modelling to calculate directly

binary and ternary mixtures with massthe divergence of the radiative fiiiy = 47 -
concentrations, temperatures from 300K t%N(T) in the case of pure plasma or binary
30 000K and pressures of 1 bar and 8 bar. Twghixtures [4]. Few numerical modelling consider
methods were used to estimate these propertiage presence of the copper metallic vapours in
the Net Emission Coefficient (NEC) by the Sk-C,F, mixtures for different reasons: the
neglecting the lines overlapping and the mixingoftware are not adapted to treat ternary
rules using either_the NECs of t_he pure gases Qhixtures; Author may assume that copper, in
the NECs of a given SRCF, mixture and of small concentration in the plasma, can be
pure Cu plasma. Some results are proposed agdglected during the Current Zero phase; the
discussed. The tone of the conclusion is that thg@stabank is too significant and difficult to
linear interpolation seems to be a goodmplement in the model due to the numerous
approximation for low pressure and highparameters (temperature, pressure, composition,

temperatures. size of plasma). Another solution is then to make
use of mixing rules to calculate the properties of
1. INTRODUCTION such plasmas [5]. This method is less accurate

) o but simpler to implement and faster to execute in
High Voltage Circuit Breakers (HVCB) play an {he simulations.

important role in the power delivery. Its function

is to disconnect High Voltage lines in the case ofpe first part of this paper is devoted to the
fault current. This disconnection is characterizegdyicylation of the total atomic and molecular
by the creation of an electric arc between tWeggjation. This calculation was performed for
separated contacts. The physical phenomena & ary and ternary plasmas, pressures of 1bar and
very complex since electric arcs qulve h'9h8bar, temperatures between 300K and 30KK,
temperatures, high current, magnetic forceSyifferent mass concentrations, and assuming the
electric  field, —radiative energy transfer,| TE These properties were estimated using the
compressible flows and solid material ablationyethod of the NEC assuming spherical

The radiative energy plays an important role inggthermal and homogeneous plasma. In order to
HVCB through three main effects: cooling downyeqyce the simulation time, we neglected the
the hottest regions; heating of the surroundingnes overiapping. Nevertheless, a comparison is
regions; ablation of the walls in PTFEf&) and  hroposed between the NECs obtained with a fine
of the electrodes (Cu). Thus, we are in presentascription of the spectrum and with the use of

of SF-CoF,-Cu plasma. In our team, many workSihe escape factor. The second part focuses on the
have already been done on HVCB with purg SFyixing rules and their validity in the case of



ternary mixtures. Different tests are proposedatio between the radiative flux escaping
using either the NECs of the pure gases or mothermal plasmas of thickness, Rvith the
combination of a SFC,F, mixture with the NEC consideration of the absorption and of the
of pure copper plasma. radiative flux without absorption (optically thin
plasma). It tends to overestimate the radiation
2. CALCULATION OF NET EMISSION (oS ~wales are fowever —accepiaple
COEEEICIENT (pa_rtlcu arly at atmospheric pressure, the effect
of line overlapping increasing with the pressure)
The NEC represents the radiative power emittedssuming the precision of the method [1,2]. The
per volume unit and solid angle. For sphericafactor is equal to 1 if the lines are not absorbed
geometry, the NEC is given by [3]: and O if the lines are totally self-absorbed.
According to Drawin and Emard [6], this factor
°° : ) was previously computed as a function of optical
SN(T)=f0 LY(T). K,(1). /9D (1) depths and broadening phenomena. The Net
Emission Coefficient for a line is given by:
whereX (m) is the wavelength, T is the local

temperature, Ly (W/m?/sr/m) is the Planck et py-c gom | o] @
function, R is the radius of the sphere 1R =GINEL AN AR kT

. - , . _1
assimilated to_ the plasmas size fif_ﬁ@l(m ) the a/vhere a-( €V 7) Ape and f, are the
monochromatic absorption coefficient correcte P

47E, c
by the induced emission and correlated with th%sca e factor an;L the oscillator strength for a
local emission coefficient by the Kirchhoff law. b g

transition between the upper level and the lower

level, n, is the number density of the upper level.
he energy levels tabulated in NIST [7] and
urucz [8] were used for all atoms and ions.

According to the equation (1), the determinatio
of the NEC required an accurate description o
the total absorption coefficieri) or emission

coefﬂqent &, which is the. sgm of fo.ur basn: To estimate the accuracy of this approximation,
emissions: the spectral emission coefficielit  the NECs obtained for 50%860%GF,
for the lines emission, the free-bound emissiomixture at 1bar and 8bar are proposed in Figures
&by, the free-free emissiongs; and the 1 and 2. The full line represents the result
molecular continuum emissioRy..cony. The obtained using the escape factor whereas the
emission of the molecular bands was neglectedashed line corresponds to the NEC obtained
in this work. with a very fine description of the spectrum
described by 300 000 wavelength points [1].

line 2
&§ = &) tepater_ea + Econt—moln @)
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The atomic continuum radiation was thoroughly 10°4
studied in previous papers referenced in [4]. The
main characteristics of the total continuum are
the radiative recombination and the molecular .  10°4
continuum which can play an important role at @
low and intermediate temperature if the E
molecular densities are predominant. In a: '
previous work, Jan [2] selected the main
molecular species ¢CCF,, SF, Sk) that appear

in a Sk-C,F, plasma. For SFC,F,-Cu plasmas, 10°4 — x&m‘;m ]

we completed his data with the main molecules ol A e N — —

containing copper (GUCuF and Cujj. 5000 10000 15000 20000 25000 30000
Température (K)

As the properties of the ternary mixtures can

constltu_te a big database_’ the lines emission WaSFig. 1 Influence of lines’ overlapping on the NE® 60%Sk-
taken into account using the escape factor 50%GF,plasma at 1 bar
approximation. This factoA is defined by the



10° T T T T T
50% SF, - 50% C,F,
P =8bar

test the validity of the mixing rules. PurgFRg or
pure Sk were also a possibility but we wanted a
mixture which could represent the various
regions of the plasma: sometimes only consisted
of Sk, sometimes only of £, sometimes of a
SK-C,F, mixture.

10+ Rp=1mm

£N(W.m‘3.sr‘1)
5
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3. MIXING RULES

It is difficult to find efficient mixing rules when

metallic vapours are present in the plasma.
Indeed, the presence of copper vapours, in
general, has a significant influence on the NEC,
particularly at low and intermediate temperature
[4]. In a previous work, Gleizes et al [5] tested
several laws on different properties (NEC, mass

We can observe that lines’ overlapping is vengensity, viscosity, thermal conductivity and
small at low pressure but that it may reach 609%lectrical conductivity). For the radiation
of the NEC at 8bar. This behaviour is due to th@roperties, they mentioned two points in their
fact that several lines are very close from ongonclusions: a linear interpolation with molar
another and that the temperature and/or theroportions is satisfactory for high temperatures

pressure increase tend to broaden the lines aff>12kK); some tendencies have been detected
favour their overlapping. at lower temperatures but mixing rules are rather

complicated when metallic vapours exist. In this

— with escape factor
without escape factor

Température (K)

Fig. 2 Influence of lines’ overlapping on the NE& $50%Sk-
50%GF4plasma at 8 bar

6x10°

part, we thus propose two mixture laws. The first

..... ey
Rp=10mm y/ one, called “ternary”, tries to estimate the NEC
510 A of a ternary mixture from the NECs of the pure
—pure CF, /57 gases:
4x10°4 | - = 10%SF, 90%CF, Y/
B 1| s soncr, Y/ ey T PRI — ey 4 BLe +y et (4)
E 307 | -~ 6o%sF, 40%CF, 7 ]
52 _90%5&10%025 The second one, called “binary”, is based upon
@ 2agq | TS 1 the results presented in §2, i.e. on the NEC of the
50%Sk-50%GF,; mixture (in molar proportion
bdg'y 1 for molar interpolation and in mass proportion
. for mass interpolation) and the NEC of the pure
.....

copper plasma:

Température (K)

Fig.3 NECs for SEC,F, mixtures at 1bar and,R10mm 81‘\7‘/51:6—/3521:4—1/511 =(a+ ﬁ)€50%5F6_50%62F4 +7. 516u

N
In a second time, we compared the NECs qf SF§5)
C.F, for different mass proportions, a pressure o
1bar and a size of plasma equal tgs0Omm. In ¢, B andy represent the mass or molar proportion
the figure 3, the first surprising result concernsf the mixture.
the mixtures which can present higher values
than those of the pure gases. Then, we can notieggure 3 compares the relative evolution of the
that no clear difference appears for temperatura§eC for two given SECF,-Cu mixtures
lower than 10kK. Finally, for a given according relation (1) and the results obtained
temperature, we can also observe that thgsing the mixing rules (eq.4-5). The legend
maximal value, corresponding to a given'mole’ and ‘mass’ correspond to linear
mixture, is at most the double of the lowest. Thisnterpolation of the NEC following molar and
tendency does not really change with thenass proportions respectively. For a small
parameter R Since an uncertainty of a factor of concentration of metallic vapours (1%), all the
2 on the NEC is considered as acceptable, Wgpproximations give lower values compared to
decided to use the 50%ga50%GF, mixture to  the NEC obtained using the escape factor. The



relation (5) with molar proportions seems to behe proportion of ¢F,;. This behaviour must be

the best mixture law for a pressure of 1 bar. For studied at higher pressures.

higher concentration of copper (30%Cu), therinally, the last part devoted to the mixing rules

same relation tends to overestimate the NEQighlighted that “binary” interpolation with

more than the relation (4) with molar molar proportions was the best mixing rule to

proportions. quickly estimate the NEC of a ternary mixture.
This law must be tested at higher pressures,

& - ————— higher temperatures, and higher sizes of plasma.
o] _Q::awmmslﬁmi . New sophisticated laws based on the works of
77777 emary, mole proportions (Eg.4) Gleizes et al [5] have to be developed and tested
60-{] —+ binry, mass proportions (F,5) 7 in the future.
—— binary, mole proportions (Eq.5) /

= P =1bar
3 20| Rp=10mm
w 1960U - 60%SF, - 39%CF,
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Then, we showed that the NECs of binary

mixtures Sk-C,F, did not radically change with



