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Composition of a thermal plasma formed from PTFE with copper in non-oxidant
atmosphere.
Part |: definition of a test case with the SFg
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Abstract

The aim of this paper is to draw the main chargstterfrom theoretical calculations of a good
dielectric gas. The SHks widely used in the electrical industry for dilectric and insulating
properties. In the purpose to define available mpatars, we study the molar fractions of
chemical species in PTFE, §FECu mixture for several proportions and pressuwés.show
that the carbon solid formation and condensed aoppenation depends on the SF
proportions and the presence of the electronegatngeF.

Key Words: circuit breakers, S§- PTFE, carbon formation, copper, dielectric gdasma
composition.

1. Introduction

PTFE (GF,), and sulphur Hexafluoride SF6 are widely used idusiry for electrical
insulating purposes and also in circuit breakefS][IThe Sk gas has been well studied since
a long time ago [5]. The thermodynamic propertiesl @aransport coefficients are well
understood in the gas and plasma phase [6-8]. Mmtess the molar fractions of condensed
phase had not been studied in details. Notwithgtgndcarbon formation on voltage
breakdown and sparking is well observed since séyesars [9, 10]. As a matter of fact, the
main consequence of solid condensation is theréa the breakdown. With the Sgas or
by adding some C£or Halogened alkanes this carbon deposit can timibhasuppressed [9,
11 ]. The dielectric gases are useful in medium higth voltage coaxial lines, in circuit
breakers in substations and in transformers. Apteeent time the $as is usually used.

To our knowledge in the literature no availableadat multiphasic composition can be found
in temperatures below 6000 K concernings $#th polymer. This data can be useful to
understand the creation or the cooling of the dsually the contactors or the guide of the arc
roots is usually constituted of copper. The arcaurding material is made of polymer or
contains it. In the working conditions the pressuran be vary from 1 bar to 30 bars [12, 13].
That is why we choose to study the polyphasic camge of plasma mixtures of (PTFE,sSF
Cu).

First, we describe the data base and the computesilzulation code. Secondly we describe
the results obtained for three mixtures of (PTHEG,SCu) respectively (1%, 98%, 1%); (50%,
49%, 1%) and (98%,1%, 1%) in weight percentage (am) also we discuss the results
obtained for three pressures 1 bar, 10 bars atd@0for the (50%, 49%, 1%).

In conclusion and from these theoretical results,give the conditions of a good insulating
case. This conditions can be used has a defimfiancase test.



2. Theoretical Funds

2.1 Physical formulation

The computation of the chemical equilibrium of nipds as (S& (CoFs)n, Cu) is based on the
solving of equation derived from classical thermumayics. The thermodynamic principles
are valid for ideal plasma and heterogeneous plaSeeeral authors use indifferently the
minimization of given thermodynamic functions orgaaction laws even with plasmas out of
thermal equilibrium [14, 15]. The mass action laaws never used for the heterogeneous case.
In our case we consider the pressure and the tewoperas fixed constraints. The
thermodynamic function is the Gibbs free energy tas to be minimal if the thermodynamic
system reached the thermodynamic equilibrium. So assume the thermodynamic
equilibrium for the condensed phase, the gas amgldsma. We can write this function has
the sum of two terms. The first term depends onplasma and gas phas&g,, and the

second term depends on the liquid and solid ph@ges

G, is written as :

Npg }
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wheren; is the mole number N, is the number of different species present inpglasma
and gasy? Is the chemical potential okpecies at pressure referer®®

* G iswritten as:
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N, is the number of liquid and solid phases takeo amcount for a given temperatuy@,(.’ IS

the chemical potential afspecies at pressure referere®. The liquid is assumed to be an
ideal and pure liquid that is to say there is rfeudion of the others species inside the liquid.
The condensed phases (solid and liquid) are imbiescConsequently the composition of a
condensed phase follows the initial mass percentage

2.2 Data sourcesfor the species thermodynamic calculation

The pressure influence on the melting temperatfireopper is low in our considered
temperature range [16]. For this reason the samé@ngmeaemperature for all considered
pressures has been chosen fixed at 1358 K [17].



The thermodynamic properties versus temperaturéakesn from [17] for solid and liquid
copper. The thermodynamic properties for solid carhre those of the graphite taken from
[17]. For the gaseous polyatomic species dataakentfrom [17]. For the monatomic and
diatomic species the thermodynamic properties ai@itated from the partition functions [18,
19]. The enthalpies of formation are taken in [17].

In our calculation, for the SFPTFE, Cu mixtures, 12 monatomic species are taken
into account: C, GC', Cu, Ci, Cu', F, F, F, S, S, S" and electrons, 20 diatomic species:
C,, G, G, CF,CF,CS,CSCS,Cw, CuF,CuS,F R, R, S, S, S, SF, SE SF and
37 polyatomic species -6, CF4, GFs, Cs, Cs4, Cs, Ch, CR', CR;, CR', CR, CRS, CS,
Cuk, FioS, Sk, Sk, SK', Sk, SK, SK', Sk, Sk, SR', Sk, Sk, SK', Sk, Sk,
FSSF, 8 &, $, &, S, &, SSh.

2.3 numerical method
The mole number must be non-negative and satisfycbnservation of nuclei and
quasi neutrality, so the different valuesmust satisfy both conditions:

n, 20 Li

Npg 3
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wherem is the number of different nuclei. It is equaldtan our case (C, Cu, F, S).=0 is
devoted to the electrical neutralit;,; represents the nucleus number of typer particlei ;
b; is equal to the number of different nucleus typethe initial mixture ;a;, represents the
number of electric charges of typéor particlei; so electrical neutrality imposds = . By
introducing Lagrange multipliersz, to take the physical conditions (3) into accound a
using a Newton-Raphson numerical method a systesqudtion is obtained [19].
The convergence is considered to be reached whervdluesAn, satisfy the following
relation:

An <10™°n O O[3, Ny + Ni]
In chemical equilibrium thermodynamical calculatidime main difficulty is the choice of the
number of condensed (liquid and solid) species.tB®,requirement for a new condensed
species, which was not previously included as a&iptes species to now, is that its inclusion

will decrease Gibbs energy. So, the test giver2@j for the two following species Cu (liquid
and solid) and C(solid) at each step of temperasuused.

3. SFe, (CoF4)n, Cu mixtures
3.1 Influence of stoichiometric parameters.
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Figure 1l.a: Molar fraction versus temperature at 1 bar farigture of 1% (GF4),, 98% Sk,
1% Cu in weight percentage.
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Figure 1.b: Molar fraction versus temperature at 1 bar fonigture of 50% (GF4)n, 49%
Sk, 1% Cu in weight percentage.
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Figure 1.c. Molar fraction versus temperature at 1 bar famisture of 98% (GFs),, 1% Sk,
1% Cu in weight percentage.

In figure 1, the molar fraction has been plotted tfree mixtures based on SPTFE and
copper. In the case 1, 1%, )n, 98% Sk, 1% Cu in weight percentage, the main chemical
species are S$F SF, CF, and Cuk. We do not observe any condensed phase in the
considered temperature range. The 8Blecules dissociate in $Rand F at temperature
around 1800 K. SFnolecules dissociate in $&nd F at a temperature around 2240K angd SF
molecule dissociate in SF and F around a temperatu8000 K. Around 3080K the diatomic
molecules SF dissociate in S and F. For the higgraperature 6000 K the main chemical
species are monatomic F, S, C and Cu that the bbsitents of the mixture. For the charged
particles, the electrical neutrality is reachedwssn Cl and F for the temperature lower
than 4500 K and @nd Cu for the higher temperature in the considered teatpee range.

In the case 2, 50% (€4), 49% Sk 1% Cu, the main chemical species arq, Sk, S, and
solid copper. The CHnolecules dissociate in @&nd F at a temperature around 2900 K; CF
molecules dissociate in CF and F around 3650 KGdlissociates in C and F around 4500
K. The solid copper sublimates in CuF and g£afFa temperature of 1350 K. For the higher
temperature at 6000 K the main chemical speciesFarg, C, CF, CS, Cu and,.C The
electrical neutrality is reach between'Gund F for the temperature lower than 4500 K and e
and Cu for the higher temperature in the considered teatpee range.

In the case 3, 98% (E4,)n 1% Sk 1% Cu, the main chemical species are solid carBés,
and solid copper at low temperature. The, @Rolecules dissociate in Fand F at a
temperature around 2690K. £molecules dissociate in solid carbon and F betva8&50 K
and 3700 K. Thus the molar fraction of solid carl®stable in this temperature range. At
3685 K, when solid carbon sublimates in CF andte CF, molecules dissociate in CF and
F. Around 4480 K, CF dissociates in C and F. Theitl phase of copper vaporizes at 1418 K



in CuF and Cuf: For the higher temperature 6000 K the speciesnar@atomic F, C, CF, C
and Cu. The electrical neutrality is reach betw€ehand F for the temperature lower than
4500 K and eand Cd for the higher temperature in the considered teatpee range.

Comparing the three considered cases, the rolomhsgometric coefficients are indubitable.
The chemical compounds are different and dependiseoproportion of SfFand(CzF4,),. The
higher the proportion of SRhe lower the proportion of solid carbon. We atstice the Ck
molecules that are present in each considered.cHseseutrality in gas phase is made at low
temperature betweeri &nd CU. In figure 2, we present the evolution of the ¢aarbon and
the condensed copper for several proportions gfedE PTFE. For the high proportion of

Sk (>50% in wp) the solid and liquid phases of copprd solid phase of solid carbon
disappear in the considered temperature range.
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Figure 2.a.: Evolution of solid carbon formation molar fractioersus temperature and for
several proportion of $F(CF4), and Cu.
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Figure 2.b.: Evolution of copper molar fraction versus tempaemat and for several
proportions of S§ (CF4), and Cu.

3.2 Influence of the pressure
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Figure 3.a: Molar fraction versus temperature at 10 barsafomixture of 50% (&F4)n, 49%
SKs, 1% Cu in weight percentage.
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Figure 3.b: Molar fraction versus temperature at 30 barsafamixture of 50% (&F4)n, 49%
SKs, 1% Cu in weight percentage.

In figure 3, in the case of 50% {&),, 49% Sk , 1% Cu in weight percentage for two
pressures 10 bars and 30 bars, the molar fractemlatted versus the temperature. The
dissociation of Ckin CF, and F is made at 2900 K at 1 bar, 3160K at 10 &#ads3500 K at
30 bars. CEdissociates in CF and F around 3650 K at 1 baiQK2at 10 bars and 4525K at
30 bars. CF dissociates in C and F around 45001Kbatr, 5300K at 10 bars and 5800 K at 30
bars. The solid copper sublimates in CuF and,Gtfa temperature of 1350 K at 1 bar, 1480
K at 10 bars and 1550K. The solid carbon appedmiatemperature and sublimates at 1015
K for a pressure of 30 bars. For the higher tentpeza6000 K, we observe the higher
pressure the higher molecule molar fractions. 8mthin species for 6000K at 1 bar are F, S,
C, CF, CS, Cu and L£and for 30 bars F, C, CF, S, CS;, €k and G. The electrical
neutrality is reach between Cand F for the temperature lower than 4500 K anared CU

for the higher temperature in the considered teatpsz range at 1 bar. For 10 bars, the
electrical neutrality is reach between'Gund F for the temperature lower than 5260 K and e
and Cu for the higher temperature. For 30 bars, the et@ttneutrality is made between F
CF" and Cu.



Conclusion

In this paper, we have presented the molar fractfomixture of PTFE, Sfand copper for
several proportions and pressures versus the tatoper The Sgis remarkable since it has
different behaviour versus its proportions in thitore. As a matter of fact we have shown
that the chemical composition and the presenceonfeiectrical conducting species at low
temperature in the mixture depend on the proporifathe Sk. Furthermore, we have shown
that the solid carbon formation and condensed aogisappears when a high proportion of
SFK; is present in the plasma. So to test the effigiefa dielectric gas, we have to study the
solid carbon formation and condensed copper. Furthee, the presence of the
electronegative ions felps to avoid the re-strike of the arc. As a mafdact, the mobility

of ions is lower than electrons. The presenceeaftednegative species in a good proportion is
also required to avoid re-strike of the arc.
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