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ABSTRACT

This paper describes calculation results by the de-

veloped two-temperature (2T) chemically non- equi-

librium (CNE) model for a decaying SFg arc plasma
with transient recovery voltage (TRV) application.
The developed model solves energy equations for
electrons and heavy particles, mass conservation
equations for each of 19 species in SFq arc plas-
mas, accounting for totally 122 reactions. Tran-
sient distributions of electron temperature and heavy
particle temperature as well as CNE composition
were obtained for a decaying SFg arc plasma con-
sidering non-equilibrium effects.

1. INTRODUCTION

The high-voltage gas circuit breaker extinguishes
an SFg arc plasma formed between the electrodes
during a high current interruption by blowing SFg
gas to the arc. To downsize such a circuit breaker
and to enhance its reliability, it is necessary to un-
derstand in detail arc interruption phenomena in
SFs gas. One powerful tool for this purpose is nu-
merical modeling of decaying SFg arcs. We have
so far developed a self-consistent chemically non-
equilibrium (CNE) model for decaying arc plas-
mas [1]—[4]. That work found that consideration
of CNE effects were important to determine the
particle composition especially around the fringe
of the arc plasma [4]. Furthermore, we have de-
veloped a two-temperature (2T) CNE model for
decaying SFg arc plasmas [5]. From those results,
it was confirmed that application of transient re-
covery voltage (TRV) to the arc raise the electron
temperature 7, more rapidly than heavy particle
temperature T}, i.e. gas temperature [5].

In this paper, the developed model for decaying
SFg arcs is briefly described with consideration of
not only CNE but also thermally non-equilibrium,
i.e. 2T effects. The calculation results are shown
on spatial distribution and temporal variations in

the T, and the T},. Finally, the particle compo-
sition were also demonstrated including electron
density n. and F~ density np- in decay phase in
SFg arc plasmas under TRV application condition.

2. Modeling of SF¢ arc plasmas in two-temperature
chemically non-equilibrium state

2.1.

The developed model assumes the following con-
ditions in the SFg arc plasma for simplicity: (i)
The plasma has axisymmetric structure. (ii) The
gas flow is laminar. (iii) Optically thin condition
was assumed. (iv) Electron emission phenomena
were not considered. (v) Evaporation of the elec-
trode and the nozzle was neglected. (vi) 19 species
like SF6, SF5, SF4, SF3, SFZ, SF, Sz, Fz, S, F,
SF*, 83, F;, SF~, S*, F*, §7, F~, and e~ were
taken into account as constituents in SFg arc plas-
mas. (vii) The T, can be different from the T},.
(viii) Electrons, ions, and neutral particles have
the same flow velocity. (ix) Quasi-neutrality for
electronic charge were assumed.

Assumptions

2.2. Governing equations

According to these assumptions the behavior of
SFg arc plasmas is considered to be governed by
the following equations:
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where p: mass density, #: time, u: gas flow vec-
tor, p: pressure, T: stress tensor, 1: viscosity, e;;:
unit tensor, ¢;;: Kronecker delta, T: temperature,
Cyy: effective specific heat at constant volume for
heavy particles, Ai: translational thermal conduc-
tivity, D;: effective diffusion coefficient, A;: en-
thalpy of species j, ¥;: mass fraction of species j,
P.,q: radiation power, AQ,: heating power from
reaction heat of reaction £, m;: mass of species j,
Bje: stoichiometric coefficient of species j for re-
action £, ki’r : reaction rate coefficient for reaction
¢, nj: density of species j, vep: collision frequency
between the electron and heavy particles, Ejeace:
Reaction heat for reaction ¢, k: Boltzmann con-
stant, % = % + u -V is the Lagrangian derivative.
As seen in Eq. (6), the energy conversion by exci-
tation reactions was also considered equivalently
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using the effective excitation temperature Téx for
species j [6].

2.3. Properties and conditions

The thermodynamic and transport properties were
self-consistently calculated using the computed non-
equilibrium composition, both 7, and T}, and the
collision integrals at each position at each calcu-
lation step. The developed model took into ac-
count 122 reactions including their backward re-
actions [1],[7]. Figure 1 illustrates the calculation
space in this paper. The nozzle and the electrode
has a non-slip wall with condition u=0. At the
inlet around axial position z=0 mm, the gas flow
and the temperature were set 10 m/s and 300 K, re-
spectively. The pressure at one point of the outlet
was fixed at 0.5 MPa. Figure 2 shows the current
and applied voltage given in the calculation. First,
the steady state calculation was made for a current
of dc 100 A. Then, the transient state calculation
was made for a current stepped down from 100 A
to 0 A at =0 us. From r=5us, the transient re-
covery voltage (TRV) was applied with a rise of
rate of recovery voltage (RRRV). The reason why
a 5 us delay was set before TRV application is that
TRYV application without a delay caused the large
current flowing in the arc. The value of RRRV for
this paper is 0.1 kV/us. Transient calculation was
conducted using the C-CUP algorithm.
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Fig. 3. Transient spatial distribution in the electron
temperature and the heavy particle temperature be-
tween the electrodes in an SFg arc at RRRV=0.1 kV/us.

3. Results

Figure 3 depicts the Ty, and 7, in an SFg arc at ¢
= 10, 20 and 40 us. The TRV has a RRRV=0.1
kV/us after =5 us. This condition of RRRV=0.1
kV/us corresponds to successful interruption con-
dition under which the arc plasma continues to de-
cay, while RRRV=0.2 kV/us involves interruption
failure. At t=10 us, the applied voltage reaches
to 0.5 kV between the electrodes for RRRV=0.1
kV/us. As seen in this figure, there is a region of
T. > Ty. This is because TRV application accel-
erates the electrons in the arc plasma, resulting in
higher T, than Ty rather than relaxation process
from electrons to heavy particles. At ¢ >10 us, T,
continues to increase while T}, is decreased by the
energy loss for heavy particles. At r=40 us, T, is
obviously 2000 K higher than Ty, around the axis,
i.e. the 2T state occurs.

It is essential to understand the n, which af-
fects determines several kinds of electron impact
reactions, and finally the electrical conductivity of
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Fig. 4. Electron density distribution in an SFg arc at
RRRV=0.1 kV/us.

the plasmas. In addition, it is said that n. is af-
fected by the electron attachment to F in an SFg
arc. Thus, attention is paid to n. and np-. Fig-
ures 4 and 5 present the spatial distribution of the
ne and np- between the electrodes. At t=2 us, the
arc plasma has high 7, about 10> m~ on the axis,
while np- reaches 10?! m™3 around the arc fringe.
After that, n. decreases with time drastically es-
pecially around the axial position z ~70-80 mm.
Electrons around the arc fringe are trapped with F
to increase np-. This is due mainly to the disso-
ciative electron attachment reaction F, + e —» F~
+ F. On the other hand, TRV is applied after r=5
us. However, ne continues to decrease with time
in this condition. The ng- is hardly changed with
time.

Particle composition variation in radial direc-
tion at nozzle throat z=70 mm is plotted in Fig. 6
for =5, 10 and 20 us. At t=5 us, SFg is seen to
be dissociated to produce several products such as
SF,, SF3 and SF, etc at radial positions r < 0.7
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Fig. 5. F- density distribution in an SFg arc at
RRRV=0.1 kV/us.

mm. On the axis, F atom is dominant for neu-
tral species, while the electron is predominant for
charged particles. At ¢ >10 us, n, decreases with
time markedly, being lower than densities of S3
and F~. At =50 us, ne is much lower than 10!/
m~> while np- keeps ~10?° m~>. This means that
electrons were trapped with F through the electron
attachment with F, and SF.

4. Summary

A two-dimensional numerical thermo-fluid model
of SFg arc plasmas was developed with consider-
ation of not only CNE effects but also 2T effects
self-consistently. Two energy equations for elec-
trons and heavy particles were separately solved
to obtain the behaviors of electron temperature 7,
and heavy particle temperature 7},. Results showed
that 2T state and CNE effects were clearly seen in
aresidual SFg arc plasma in case of TRV applica-
tion with RRRV=0.1 kV/us.
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sions on SFg circuit breakers.
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