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Abstract— In this paper, the two-temperature chemically
non-equilibrium model developed was used to study the
effect of transient recovery voltage (TRV) application to
residual SF¢ arcs. The residual SF¢ arcs were created under
free recovery condition. The TRV with a rate of rise of re-
covery voltage of 0.1 kV/us and 0.2 kV/us were numerically
applied to the residual arcs. As a result, the application of
0.2 kV/us TRV causes the arc re-ignition with increasing
electron temperature and the electron density near the
upstream electrode. It was also found that the temperature
evolution by one-temperature model is simulated almost only
to the evolution in the heavy particle temperature.

I. INTRODUCTION

A high-voltage gas circuit breaker extinguishes the arc
plasma formed between the electrodes by strong SFg
gas flow during a high current interruption. The SFg is
widely used for arc quenching medium because it has
extremely high arc quenching ability with chemically
stable and non-toxic properties. Downsizing of such a
gas circuit breaker is one issue to enhance its reliability,
and to reduce the use of SFg amount, because SFg
has a much higher global warming potential of 22800
than CO,. To downside the circuit breaker, it is of
great important to understand in detail arc quenching
phenomena around current zero in SFg gas. One powerful
tool for this purpose is numerical modeling of decaying
SFg arcs. The conventional numerical models often uses
local thermodynamic equilibrium (LTE) assumption for
arcs in some processings. Under the LTE assumption, all
reactions should have infinite reaction rates, and the all
temperature should be the identical. However, the LTE
assumption is not always valid because it takes finite time
for some reactions to reach their chemical equilibrium
(CE) conditions. Thus, the chemically non-equilibrium
(Non-CE) model has been developed for SFg thermal
plasmas in [1] — [11].

In a circuit breaker, the decaying arc plasma between
the electrodes is also exposed by transient recovery
voltage (TRV) after current zero. The TRV application
may raise the electron temperature 7, higher than heavy
particle temperature 7},. To consider this effect, modeling
of two-temperature SFg arcs has been developed [4]—[8],
[12]. However, there are only few researches to study the
non-equilibrium effects taking accounts of reaction heat,
thermodynamic and transport properties.
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In this paper, the developed two-temperature chemi-
cally non-equilibrium (2T-NonCE) model has been used
to study phenomena in decaying SFg arcs with TRV
application. The TRV was applied with a rise of rate of
recovery voltage (RRRV) of 0.1 kV/us and 0.2 kV/us.
The TRV application with a RRRV of 0.1 kV/us results
in successful interruption, while that of 0.2 kV/us shows
interruption failure thermally in 10 us after TRV applica-
tion. For arc re-ignition cases, the tempo-spatial distribu-
tion of T, and T}, by the 2T-NonCE model were indicated.
We furthermore compared the T, and T}, to the tempera-
ture by one-temperature chemically non-equilibrium (1T-
NonCE) model. Finally, the electron density evolution in
case of arc-reignition is shown in this paper.

II. ASSUMPTIONS IN A SFg ARC MODEL

The developed model assumes the following things
in the SFg arc plasma for simplicity: (i) Axisymmet-
ric structure, (ii) Laminar flow, (iii) Optically thin, (iv)
Electron emission phenomena were not considered. (v)
Evaporation of the electrode and the nozzle was neglected.
(Vl) 19 species SFG, SF5, SF4, SF3, SF2, SF, SQ, F2, S,
F, SF+, ST, Ff, SF—, S*, F+, S7, F~, e~ were taken
into account as constituents in SFg arc plasmas. (vii) The
electron temperature 7, is not always the same to the
heavy-particle temperature 73,. (viii) Electrons, ions, and
neutral particles have the same flow velocity.

A. Governing equations for SFg arcs

On the basis of the assumptions in the preceding
section, the behavior of SFg arc plasmas is governed by
the following equations:
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The equation of state:
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Effective reaction heat:
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where p: mass density, ¢: time, u: gas flow vector, p:
pressure, T: stress tensor, 7): viscosity, e;;: unit tensor,
d;;: Kronecker delta, T': temperature, Cyy,: effective spe-
cific heat at constant volume for heavy particles, Ay,:
translational thermal conductivity, D;: effective diffusion
coefficient, h;: enthalpy of species j, Y;: mass fraction
of species j, P,aq: radiation power, AQ,: heating power
from reaction heat of reaction £, m;: mass of species j,
[3}15 stoichiometric coefficient of species j for reaction /,
: reaction rate coefficient for reaction Z, n;: density of
specws J» Ven: collision frequency between the electron
and heavy particles, Fyeaco: Reaction heat for reaction /,

k: Boltzmann constant, Dt = %
derivative.

By solving (8), we can obtain mass fraction for each
of species in the SFg arc in chemically non-equilibrium
condition. On the other hand, the energy equations for
electrons and heavy particles were solved to derive the
T, and T3, with thermally non-equilibrium effects. Eq.(15)
is the energy conversion between the electron and heavy
particles to couple both energy conservations (4) and (6).
Eq.(6) takes into account the equivalent energy conversion
by excitation reaction through electron impact processes.
In this expression we used the effective excitation tem-
perature T, for species j [13]. The TZ, was also used
for calculation of h; and Cvy for considering the effect
of electronic excitation of species j.

+u-V is the Lagrangian

B. Thermodynamic and transport properties, rate coeffi-
cients for reactions

The fluid calculation needs the thermodynamic and
transport properties such as specific heat C,y, enthalpy
h], translational thermal conductivity for heavy particles
AlL, translational thermal conductivity for electrons A§,,
viscosity 7, and emission coefficient P,,q. These proper-
ties were self-consistently calculated using the computed
particle composition, both T, and T}, and the collision
integrals at each position at each calculation step. The
transport properties were calculated on the first order
approximation of Chapman-Enskog method.

The developed model accounts for 61 reactions such as
the electron impact ionization, the electron attachment, the
electron impact dissociation, other chemical reactions, and
their backward reactions [9]. Temperature dependent rate
coefficients for these reactions were used in literatures
[4]—[8]. Rate coefficients for their backward reactions
were calculated through the principle of detailed balance.
Reaction rate coefficient was assumed to depend on T,
when the electron is included as reactants, otherwise it
depends on Tj,.

C. Calculation space and boundary condition

The calculation space for the arc device is shown
in Fig. 1. Between the electrodes, the arc plasma is
established. The arc plasma is blown by SFg gas flow
from the left hand side in Fig. 1. This calculation space
is the r-z two-dimensional axis-symmetrical space. This
space was divided by 153x 170 mesh. In this calculation,
the following boundary conditions were set: The nozzle
and the electrode has a non-slip wall with u=v=0. At the
axis, v and the radial derivatives of physical parameters
of u, Te, Ty, p and p were set to zero. At the inlet
around z=0 mm, the gas flow and the temperature were
set 10 m/s and 300 K, respectively. At the outlet, the
axial derivatives of the parameters were set to zero. The
pressure at one point of the outlet was fixed at 0.5 MPa.
This calculation neglected thermal decomposition of the
nozzle and evaporation of the electrode for simplicity.

The current and voltage applied to the arcs are pre-
sented in Fig. 2. First of all, the arc plasma was simulated
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Fig. 1. Calculation domain.
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Fig. 2. Current and applied voltage given in the calculation.

under steady condition with a current of dc 100 A.
From the steady state calculation, the decaying arc was
simulated by stepping the current down from 100 A to O
A. From t=5 ps after current down from 100 A to 0 A,
TRV was applied with different RRRVs. The reason why
a 5 ps delay was set before TRV application is that TRV
application without a delay causes the large current, and
then failure of current interruption. The values of RRRV
in this paper are 0.1 kV/us and 0.2 kV/us. For transient
calculation, the C-CUP algorithm was adopted.

III. CALCULATION RESULTS

A. Tempo-spatial distribution of electron temperature and
heavy particle temperature

The TRV application with a RRRV higher than 0.2
kV/us causes interruption failure with involving continu-
ously increasing post-arc current. On the other hand, the
TRV application with RRRV<0.1 kV/us resulted in the
successful interruption with continuously decreasing post-
arc current. It would be useful to study the aspect of arc
re-ignition between the electrodes by TRV application
with high RRRV. Figs. 3-6 illustrates the tempo-spatial
distribution of temperature between the electrodes in an
SFg arc at t = 0, 5, 7, and 8 us after current zero. The
upper panel in these figures shows the temperature T
derived by a one-temperature chemically non-equilibrium
(1T-NonCE) model previously developed [9] for compar-
ison. The middle and lowest panels depicts respectively
Ty and T, obtained by the two-temperature chemically
non-equilibrium (2T-NonCE) model in the present paper.
Note that the TRV was initiated to be applied from ¢ = 5
us after current zero. The results at ¢ = O us in Fig. 3 are
the same to those under steady state calculation for 100
A.

From current down at ¢=0 pus to ¢t = 5 ps, both 7}, and
T, decreases with time. Especially, T is rapidly diffused
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Fig. 3. Temperature distributions between the electrodes in an SFg arc
at t = 0 us after current zero. The upper panel is the temperature calcu-
lated by the one-temperature chemically non-equilibrium (1T-NonCE)
model, the middle and the lower panels are respectively the heavy
particle temperature 7}, and the electron temperature 7T, calculated by
the two-temperature chemically non-equilibrium (2T-NonCE) model.
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Fig. 4. Temperature distributions between the electrodes in an SFg arc
at t =5 pus after current zero. The upper panel is the temperature calcu-
lated by the one-temperature chemically non-equilibrium (1T-NonCE)
model, the middle and the lower panels are respectively the heavy
particle temperature 7}, and the electron temperature Te calculated
by the two-temperature chemically non-equilibrium (2T-NonCE) model.
TRV is applied with RRRV=0.2 kV/us.

from the higher thermal conductivity of electrons. Thus,
the arc radius defined by T, is larger than that by T;,. At ¢
=7 us after current zero, the instantaneous applied voltage
is 0.4 kV. This applied voltage brings a T, increase in
the vicinity of the upstream electrode. At the same time,
Ty, still decreases with time by convection and thermal
conduction losses for heavy particles. At t= 8 us, T in
the vicinity of the upstream electrode rises up markedly
owing to the joule heating o.|E|? there. The T}, here is
also heated from the energy conversion from electrons
as indicated in Eq.(15). After that, both T, and T}, are
increased rapidly in 1ps, resulting in the interruption
failure.
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Fig. 5. Temperature distributions between the electrodes in an SFg
arc at ¢t = 7 us after current zero. The upper panel is the temperature
calculated by the one-temperature chemically non-equilibrium (1T-
NonCE) model, the middle and the lower panels are respectively the
heavy particle temperature 7}, and the electron temperature 7, calcu-
lated by the two-temperature chemically non-equilibrium (2T-NonCE)
model. TRV is applied with RRRV=0.2 kV/us.
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Fig. 6. Temperature distributions between the electrodes in an SFg arc
at t = 8 ps after current zero. The upper panel is the temperature calcu-
lated by the one-temperature chemically non-equilibrium (1T-NonCE)
model, the middle and the lower panels are respectively the heavy
particle temperature 7T}, and the electron temperature 7T, calculated
by the two-temperature chemically non-equilibrium (2T-NonCE) model.
TRV is applied with RRRV=0.2 kV/us.

We compared between results by 2T-NonCE model
and 1T-NonCE model. The temperature 7' by 1T-NonCE
model decays from ¢=0 us rapidly. The decaying aspect
in the 7" seems similar to that in the 73},. This implies that
the energy conservation equation in the 1T-NonCE model
expresses almost the heavy particle energy conservation
equation in the 2T-NonCE model. This 1T-NonCE model
predicted the successful interruption, although the 2T-
NonCE model did the interruption failure. This is due
to the rapid increase in T, in the 2T-NonCE model.
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Fig. 7. Electron density distributions between the electrodes in an SFg
arc after current down calculated by the two-temperature chemically
non-equilibrium (2T-NonCE) model. TRV is applied with RRRV=0.2
kV/us.

IV. TIME EVOLUTION IN ELECTRON DENSITY

For arc re-ignition process, the recovery of electrical
conductivity, and thus the electron density in a residual
arc may be essential as well as T,. Generally, increasing
Te elevates the electron density due to electron impact
ionization of heavy particles. Fig. 7 indicates time evo-
Iution in electron density in decaying SFg arcs with
TRV application of a RRRV of 0.2 kV/us. The electron
density decays rapidly, in particular, around the nozzle
throat with time from current down. This is due to strong
radial convection and radial diffusion effects, as well as
dissociative electron attachment reaction F» + ¢ — F~
+ E At t=7 ps, the decay rate in the electron density
around an axial position of 60 mm becomes slower on
the axis. This is because of electron impact ionization by
T, increase due to joule heating. At t=8 us, the electron
density increases on the axis there and furthermore around
the in the vicinity of the upstream electrode. This is
one trigger to raise the electron density increase for arc
re-ignition. After that, the electron density on the axis
between the electrode is elevated promptly. This elevation
results in the interruption failure.

V. SUMMARY

In this paper, the two-temperature chemically non-
equilibrium model was used to study the effect of tran-
sient recovery voltage (TRV) application to residual SFg



arcs. First, the decaying SFg arcs under free recovery
condition was created by stepping down the current for
a fundamental study. To the decaying SF¢ arcs, the TRV
was numerically applied with a rate of rise of recovery
voltage of 0.1 kV/us and 0.2 kV/us to investigate the
arc re-ignition processes. As a result, the application of
0.2 kV/us TRV causes the arc re-ignition with increasing
electron temperature and the electron density near the
upstream electrode. It was also found that the temperature
evolution by one-temperature model is simulated almost
only to the evolution in the heavy particle temperature.
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