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Abstract. Gaseous switching arc plasmas near current zero typically deviate from LTE and are
often modeled using a two-temperature approach. However, in non-equilibrium plasmas, different
energy states may follow separate Boltzmann distributions, each with distinct temperatures. This
study calculates the thermophysical properties of SFg and C4F7N arc plasmas by explicitly considering
translational, rotational, vibrational, and electronic excitation temperatures. The results reveal that
compared to the conventional two-temperature model (distinguishing heavy species and electrons), the
multi-temperature framework leads to measurable changes in plasma properties. The C4F7N mixture
is more sensitive to multi-temperature effects than SFg. Additionally, the two-temperature simulation
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model may slightly underestimate the plasma’s non-equilibrium degree.
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1. Introduction

In most previous studies, due to the extremely high
temperatures (15~30kK) of gas switching arcs, the
plasma is generally assumed to satisfy the local ther-
modynamic equilibrium (LTE) condition. This as-
sumption implies that collisions and energy exchange
among different species are sufficiently frequent, and
all particles in the plasma are presumed to share
the same temperature, which is reasonable for the
arc burning phase. Based on the LTE assumption,
Murphy et al. [1] and Narayanan et al. [2] have cal-
culated the chemical composition and thermophysical
properties of various arc plasmas, providing essen-
tial parameters for the numerical simulation of gas
arcs. However, in the arc fringes and current-zero
regions, where the plasma temperature is relatively
low, insufficient energy exchange occurs between elec-
trons and heavy particles due to their significant mass
disparity. Consequently, the plasma often exhibits a
non-local thermodynamic equilibrium (NLTE) state,
where the electron temperature exceeds that of heavy
particles. Research has shown that neglecting NLTE
effects may lead to erroneous estimations of electron
states in the plasma, thereby causing inaccuracies in
predicting the breakdown process of switching devices.
In this regard, Gleizes et al. [3], and Colombo et al.
[4] have investigated the thermophysical parameters
of various non-equilibrium plasmas, consistently find-
ing that NLTE conditions significantly influence the
thermodynamic and transport properties of gas arcs.
In numerical simulations, Wang et al. [5] studied
the evolution of NLTE arcs in SFg¢ circuit breakers
and observed strong non-equilibrium behavior at the
arc edges under gas-blast conditions. Furthermore,
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for plasmas where quantum energy levels follow a
Boltzmann distribution, translational, rotational, vi-
brational, and excitation states may exhibit distinct
distributions, each corresponding to different temper-
ature definitions. To further elucidate the influence
of NLTE conditions on plasma evolution, it is neces-
sary to investigate the thermophysical properties and
interruption characteristics of multi-temperature arcs.
Additionally, given the severe greenhouse effect of
SFs (with a global warming potential approximately
24,300 times that of CO3), environmentally friendly
alternatives for arc quenching media have become a
research priority. Among them, C4F7N has attracted
considerable attention due to its excellent dielectric
properties, and C4F7N-based gas mixtures have been
preliminarily applied in switching devices [6]. How-
ever, reliable interruption near current zero remains a
significant challenge for C4F7N alternatives. Accord-
ing to experimental results from Franck et al. [7], the
thermal interruption capability of C4F7;N-COy mix-
tures is only about two-thirds that of SFg. Based on
our previous research, the physical properties of eco-
friendly gas arcs near current zero may be more signif-
icantly affected by NLTE conditions [8]. In summary,
this work further investigates the thermodynamic and
transport properties of SFg and C4F7;N-COy plas-
mas under multi-temperature conditions, conducts
non-equilibrium magnetohydrodynamic (MHD) simu-
lations for both gas arcs, and compares their NLTE
characteristics. The results provide essential data for
numerical modeling of NLTE arcs and contribute to
a deeper understanding of arc interruption behavior
near current zero.
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2. Method

This study employs a multi-temperature plasma model
to describe the energy states of plasma under non-
equilibrium conditions, based on the assumption of
local chemical equilibrium (LCE). Due to varying
energy exchange rates among different degrees of free-
dom, the translational, rotational, and vibrational en-
ergy levels of particles may follow distinct Boltzmann
distributions, each corresponding to a separate tem-
perature definition. For heavy particles, translational
kinetic energy rapidly equilibrates on a picosecond
timescale through interparticle collisions, allowing the
translational temperature (Ti,) to be directly defined
as the heavy-particle temperature (73,). Similarly, due
to the small energy spacing between rotational levels,
rotational equilibrium is quickly achieved, making the
rotational temperature (Tyo4) nearly identical to Ti,
and thus also approximating 7T},. In contrast, molec-
ular vibrational energy levels exhibit larger spacing,
requiring longer relaxation times to reach equilibrium.
Consequently, during the cooling phase of arc plasma,
the vibrational temperature (Tyi,) typically exceeds
Trot- Furthermore, electronic excitation states possess
the largest energy spacing, resulting in an excitation
temperature (Tex) that is generally higher and closer
to the electron temperature (7). Previous studies
have demonstrated that in non-equilibrium plasmas,
the vibrational temperature typically lies between the
rotational and excitation temperatures [9]. Following
the recommendation of André et al. [10], this study
approximates the vibrational temperature as v/ times
the rotational temperature, where 6 denotes the de-
gree of non-equilibrium (0=T¢/T}). In summary, the
temperature definitions for multi-temperature plasma
in this work are as follows:

Tire) = Tes Torn) = Th

Trot = Th
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The determination of plasma composition is a prereq-
uisite for calculating its thermodynamic properties
and transport coefficients. For plasmas under the as-
sumption of chemical equilibrium, this study employs
the van de Sanden formulation of the mass action
law to compute species composition under non-local
thermodynamic equilibrium conditions:
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Here, Equations (2) and (3) describe the dissociation
and ionization processes in NLTE plasma, respectively.
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The reaction temperature for dissociation is selected as
the heavy-particle temperature, while ionization cor-
responds to the electron temperature. n; denotes the
number density of species i, Z; represents the internal
partition function of species i, and m; is the absolute
mass of species i. Fq and Ey are the dissociation and
ionization energies, respectively, and AFE; accounts
for the reduction in ionization energy due to interpar-
ticle interactions. kg and h denote the Boltzmann
constant and Planck constant, respectively. Based
on the multi-temperature plasma composition, the
thermodynamic properties and transport coefficients
of the arc can be calculated using thermodynamic
equations and the Chapman-Enskog method. The de-
tailed computational methodology has been described
in our previous work [8]. Utilizing the thermophys-
ical parameters of multi-temperature plasma, this
study further conducts preliminary arc simulations
and briefly compares the results with those obtained
using traditional two-temperature thermophysical pa-
rameters. The behavior of the arc during interruption
is described using an axisymmetric MHD model. This
numerical approach treats the arc as a continuous
fluid subjected to electromagnetic fields and solves
the governing equations based on the Navier-Stokes
equations with electromagnetic source terms. For the
non-equilibrium arc model, the energy of electrons and
heavy particles must be considered separately [11]:
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Here, u represents the mass-averaged velocity of
plasma particles; p and h denote the density and
enthalpy of the plasma, respectively, which are fun-
damental thermodynamic parameters of the plasma;
J represents the current density at a certain point
in space; keg is the effective thermal conductivity,
encompassing the combined effects of laminar and
turbulent flow; Q. denotes the energy exchange term
between electrons and heavy particles; (Qj represents
Joule heat; Q,.q represents the radiative emission en-
ergy of electrons; and @),,p indicates the radiative
reabsorption energy of heavy particles. For radiation
calculations [12], the net emission coefficient (NEC)
method was adopted in this work, with the boundary
of the net emission region defined at 0.83 times the
maximum temperature. Only atomic radiation was
considered.

3. Multi-temperature thermophysical
properties of SFgz and C4F7;N-CO,
3.1. Thermodynamic properties

Figure 1 presents the thermodynamic properties of
non-thermal equilibrium SFg plasma at 0.1 MPa. Fig-
ure 1(a) depicts the plasma density, which represents
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the mass per unit volume. As temperature increases,
the interparticle spacing expands, and larger molecules
dissociate into smaller ones, leading to a continuous
decrease in plasma density. Under non-thermal equi-
librium conditions, when the electron temperature is
fixed, the heavy-particle temperature decreases with
increasing non-equilibrium degree, while the corre-
sponding number density of heavy particles per unit
volume rises. Consequently, as non-equilibrium con-
ditions intensify, the plasma density increases. Addi-
tionally, lower heavy-particle temperatures suppress
dissociation reactions in the system, further delay-
ing the density decline with temperature. Moreover,
in the multi-temperature model, the higher vibra-
tional temperature of heavy species and the larger
vibrational partition function of polyatomic molecules
further inhibit dissociation. Thus, in the tempera-
ture range where dissociation reactions dominate, the
density computed by the multi-temperature model
exceeds that of the two-temperature model.

Figure 1(b) illustrates the isobaric specific heat of
the plasma, reflecting the ongoing chemical reactions
in the system. The peaks in the specific heat curve
arise from the energy consumption of various chem-
ical reactions. For LTE plasma, the peak around
1000~2500 K primarily corresponds to the stepwise
dissociation of SFg molecules. In non-thermal equi-
librium plasma, dissociation reactions are suppressed
due to lower heavy-species temperatures, causing the
specific heat evolution to lag behind LTE conditions
at lower temperatures. In high-temperature regions,
according to Wu et al. [13], the electron tempera-
ture contributes # times more than heavy particles
to the non-equilibrium isobaric specific heat, leading
to a significant increase in specific heat with rising
non-equilibrium degree. Under multi-temperature
conditions, dissociation and first-order ionization re-
actions are further suppressed, delaying the evolu-
tion of plasma specific heat compared to the two-
temperature model. Furthermore, at lower tempera-
tures, the higher vibrational energy of heavy species
in multi-temperature plasma results in slightly greater
specific heat than in the two-temperature model.

Figure 2 displays the thermodynamic properties of
non-equilibrium 10% C4F7N-90% CO5 plasma. Com-
pared to SFg, the C4F7N mixture exhibits more com-
plex chemical reaction pathways, where dissociation
and ionization reactions are strongly coupled and more
sensitive to non-equilibrium conditions. For instance,
at =6, the difference between multi-temperature and
two-temperature models in SFg plasma is mainly ob-
served below 21,000 K, whereas in the C4F7N mixture,
the multi-temperature approach influences nearly the
entire temperature range. In summary, compared to
the two-temperature model, the multi-temperature
model primarily affects plasma thermophysical prop-
erties by altering the vibrational energy of species and
modifying chemical reaction dynamics, with the latter
having a more pronounced impact.
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Figure 1. Thermodynamic properties of non—
equilibrium SFe at 0.1 MPa.

3.2. Transport coefficients

Figure 3 presents the transport coefficients of SFg
at 0.1 MPa under non-equilibrium conditions. Fig-
ure 3(a) shows the electrical conductivity, which pri-
marily characterizes electron transport in the plasma.
In the low-temperature regime, the reduced heavy-
particle temperature in NLTE plasma suppresses disso-
ciation and ionization reactions, leading to lower elec-
tron number density and consequently decreased elec-
trical conductivity. In contrast, at high temperatures
where ionization reactions dominate, the higher heavy-
particle number density in non-equilibrium plasma
results in relatively greater electron number density,
causing conductivity to increase with non-equilibrium
degree. Compared to the two-temperature model,
multi-temperature plasma exhibits lower conductivity
in the low-temperature region but remains consistent
at high temperatures. This occurs because the multi-
temperature definition primarily influences chemical
reaction progress without directly altering the total
particle number density per unit volume.

Figure 3(b) depicts viscosity, which mainly re-
flects heavy-particle transport processes. As non-
equilibrium degree increases, the reduced heavy-
species temperature weakens interparticle interactions,
thereby decreasing viscosity. Furthermore, since non-
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Figure 2. Thermodynamic properties of non—
equilibrium CyF7 N mizture at 0.1 MPa.

equilibrium conditions inhibit dissociation reactions in
the plasma, the viscosity peak under NLTE conditions
shifts toward higher electron temperatures. Compared
to the two-temperature model, multi-temperature
plasma exhibits slower viscosity evolution, collectively
demonstrating a "stronger non-equilibrium state."

Figure 4 displays the transport coefficients of
10% C4F7N-90% CO; plasma under non-thermal equi-
librium. Similar to thermophysical properties, the
multi-temperature model exerts more pronounced
effects on transport coefficients in C4F7N mixtures
than in SFg. For instance, at #=6, the difference be-
tween multi-temperature and two-temperature models
in SF¢ plasma is primarily confined below 18,000 K,
whereas for C4F7N mixtures, this influence persists
up to 26,000K. This demonstrates that the multi-
temperature definition predominantly affects plasma
transport coefficients by modifying chemical reac-
Given the more intricate chemical
reaction pathways in C4F;N-based mixtures, multi-

tion progress.

temperature conditions exhibit a more pronounced
influence on the thermophysical properties of C4F7N
arc plasmas.
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Figure 3. Transport coefficients of nmon-equilibrium
SEe at 0.1 MPa.

4. MHD simulation of
multi-temperature arcs

This study is based on a simplified switching arc model:
during the reverse motion of the contacts, the arc
burns within a classical converging-diverging nozzle
while a constant gas blow is applied on one side. The
current is maintained at a constant 50 A, and when the
electrode reaches a certain reverse displacement, the
current is rapidly reduced to 0 A to simulate the arc
extinction process. The background pressure during
arc burning is 0.1 MPa.

Figure 5 presents the temperature and non-
equilibrium degree distributions of a 10% C4F;N—
90% CO4 arc under both multi-temperature and two-
temperature models, captured at a steady current of
50 A during sustained arc burning. During arc com-
bustion, two distinct non-equilibrium layers emerge at
the arc periphery—one in the high-temperature region
immediately adjacent to the arc edge and another in
the lower-temperature region farther outward. For
the inner non-equilibrium layer near the arc edge, the
electron temperature ranges between 7,000~8,000 K,
primarily due to the steep temperature gradient and
frequent gas flow exchange in this region, which hinder
the complete and rapid transfer of Joule heating from
electrons to heavy particles. The non-equilibrium de-
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Figure 4. Transport coefficients of non-equilibrium
CyF7 N mizture at 0.1 MPa.

gree in this layer is approximately 1.5. In contrast,
the outer non-equilibrium layer exhibits electron tem-
peratures below 4,000 K, where insufficient energy
exchange between electrons and heavy particles re-
sults in a pronounced non-equilibrium state, with a
non-equilibrium degree reaching up to 3.5 (indicating
strong NLTE conditions).

Furthermore, compared to the conventional two-
temperature model, the mlti-temperature arc exhibits
a more significant non-thermal equilibrium effect. In
the high-temperature inner non-equilibrium layer, the
multi-temperature model yields a non-equilibrium
degree of 1.5, whereas the two-temperature model
predicts 1.3. At the cooler outer arc boundary,
the multi-temperature model produces a thicker
outer non-equilibrium layer than the two-temperature
model. This discrepancy arises because, in the two-
temperature model, electron collision energy directly
increases heavy-particle temperature, whereas in the
multi-temperature model, a portion of this energy is
additionally allocated to elevating vibrational temper-
ature. Moreover, suppressed ionization reactions in
multi-temperature plasma lead to slightly lower elec-
tron density compared to the two-temperature model,
further reducing electron-heavy particle energy trans-
fer efficiency.
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Figure 5. MHD simulation results of non-thermal
equilibrium CyF7 N mizture arc: (a) Multi-temperature
model, (b) Two-temperature model.

For the arc extinction process, the influence of the
multi-temperature model on MHD simulation results
is similar to that during the arcing period. Under dif-
ferent temperature definitions, the temperature and
non-equilibrium degree distributions exhibit nearly
identical characteristics. The only distinction is that
the multi-temperature model yields slightly higher
calculated values for plasma non-equilibrium degree.
This finding suggests that for most computational
scenarios, the simpler two-temperature model can ad-
equately meet accuracy requirements. The rationale
lies in the fact that when the non-equilibrium degree is
low, the thermophysical properties of arc plasma show
minimal differences between the two-temperature and
multi-temperature approaches. However, in practi-
cal high-voltage circuit breakers, the plasma’s non-
equilibrium degree may become significantly larger
due to intense gas blowing and turbulent effects. Un-
der such conditions, the impact of multi-temperature
definitions may need to be re-evaluated to ensure
simulation fidelity.

5. Conclusions

At the arc periphery and current-zero regions, arc
plasmas typically exist in a non-thermal equilibrium
state. This study investigates the thermodynamic
properties of NLTE SFg and C4F;N-CO, plasmas
and conducts MHD simulations of NLTE arc plasmas
based on a simplified arc model.

Non-equilibrium conditions significantly influence
the thermophysical properties and transport coeffi-
cients of plasmas, primarily due to substantial alter-
ations in chemical reaction pathways and species com-
position within NLTE plasmas, as well as changes
in total particle number density. Compared to
the conventional two-temperature model, the multi-
temperature definition induces notable variations in
plasma thermophysical parameters, particularly un-
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der strong non-equilibrium conditions. Owing to
the molecular complexity of C4F7N mixtures, their
thermophysical properties exhibit more pronounced
sensitivity to non-equilibrium conditions and multi-
temperature definitions than those of SFg. Further-
more, the conventional two-temperature model may
slightly underestimate the non-equilibrium degree.
Under the simplified arcing conditions examined in
this work, the multi-temperature model demonstrates
lesser influence, suggesting that the two-temperature
model remains a simpler and acceptable approach.
However, in practical circuit breaker environments
characterized by intense ablation and strong gas blow-
ing effects, plasma non-equilibrium phenomena may
become significantly more pronounced. In such cases,
the impact of multi-temperature states states may
require more thorough consideration.
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