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Abstract.
This study reviews two numerical models to simulate arc plasma decay in polyatomic molecular

gas flows, focusing on chemically non-equilibrium (CNE) effects. The first model addresses C-F-O
gas mixtures formed by CO2 with ablated PTFE vapor, incorporating 24 species and 98 reversible
reactions with temperature-dependent rates. It predicts plasma composition and electron density during
decay. The second model assumes irreversible C5F10O decomposition in CO2/O2 mixtures, validated
by equilibrium analysis. Arc decay under free recovery is analyzed, highlighting the impact of reaction
kinetics and gas composition on temperature and species evolution.
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1. Introduction
Gas circuit breakers (GCBs) have long relied on
sulfur hexafluoride (SF6) for its superior dielectric
strength and arc-quenching capability. However,
due to its extremely high global warming potential
(GWP > 23,000), international regulations are accel-
erating the transition toward eco-friendly alternative
gases. Among these, CO2-based gas mixtures blended
with fluorinated additives such as CO2/C4F7N and
CO2/O2/C4F7N as well as CO2/O2/C5F10O are at-
tracting significant interest for use in high-voltage
equipment [1–3].

Historically, numerical modeling of arc plasmas has
been based on the assumption of local thermodynamic
equilibrium (LTE), wherein all species are considered
to be in chemical and thermal equilibrium. LTE mod-
els have been widely adopted due to their relative
simplicity and computational efficiency. They are par-
ticularly effective in representing high-current arcs,
where rapid collisional processes enforce equilibrium
states over short timescales. However, during arc cur-
rent interruption, particularly in the arc decay phase,
plasma conditions can deviate from equilibrium. The
arc experiences rapid cooling driven by convection and
radiation, while molecular recombination and associ-
ation reactions often proceed at finite rates. Under
these conditions, LTE-based models can lead to signif-
icant overestimations of decays in electron density and
conductivity, failing to capture the delayed chemical
relaxation inherent in polyatomic gas systems.

To address these deficiencies, chemically non-
equilibrium (CNE) models have been developed.
These models solve additional continuity equations
for key species and include reaction kinetics with
temperature-dependent rate coefficients. For SF6 arcs,
early CNE modeling efforts incorporated stepwise dis-

sociation of SF6, SF4, and other fluorinated species [4]–
[5]. The authors also developed two-dimensional (2D)
models to simulate decaying SF6 arc plasmas [6]–[7],
N2 arcs [8], air arcs [9]. including full chemically non-
equilibrium models and furthermore two-temperature
(2T) chemically non-equilibrium models, both of which
predicted both thermal and chemical non-equilibrium
states. More recently, studies have extended this
framework to alternative gases, such as CO2 and
CO2/O2, capturing dissociation chains and recom-
bination in the decaying plasma arcs [10, 11].

One promising research direction is the modeling
of decaying arcs in CO2 mixed with PTFE ablation
vapor. Such mixtures involve a complex set of carbon-
fluorine-oxygen (C-F-O) species, many of which un-
dergo slow recombination or form stable byproducts
like CO, CF, or CF2. The present authors have devel-
oped a CNE model that incorporates 24 species and
98 reversible reactions to simulate such systems with
high temporal and spatial resolution [12]. The model
successfully captures the decay of electron density
and molecular recombination during post-arc cool-
ing. In parallel, to address the computational cost of
full CNE models, a simplified approach was proposed
for CO2/O2/C5F10O mixtures. Based on equilibrium
composition analysis, the dissociation of C5F10O was
modeled as an irreversible reaction, reflecting the fact
that recombination is thermodynamically suppressed
at lower temperatures [13, 14]. This reduced-order
model retains essential features of the thermal and
chemical response while being more tractable for en-
gineering simulations.

This paper presents a comparative investigation of
these two modeling frameworks. By analyzing the arc
decay characteristics under free recovery conditions,
we highlight the roles of irreversible decomposition,
reaction kinetics, and mixture design in influencing
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Figure 1. Equilibrium composition of 90%CO2 +
10%C2F4 vapor considering 48 species [12].

arc quenching behavior.

2. Modeling of Arc Plasmas in the
C-F-O System with Chemically
Non-Equilibrium Effects

2.1. Selection of Dominant Species
To construct a chemically non-equilibrium (CNE)
model for decaying arc plasmas in CO2 mixed with
PTFE vapor (C2F4), it is essential to identify domi-
nant species that significantly influence arc chemistry
over a wide temperature range. As a preliminary step,
equilibrium composition calculations were performed
using the NIST-JANAF thermochemical tables [15],
assuming a 90%CO2 + 10%C2F4 vapor mixture at
0.5 MPa. The analysis considered 48 species composed
of carbon (C), fluorine (F), and oxygen (O) atoms.

Figure 1 shows the calculated equilibrium composi-
tion, highlighting CO2, CO, and CF4 as major species
below 4000 K. At higher temperatures, dissociation
produces radicals and atoms such as C, F, and O.
Beyond 8000 K, ionization becomes prominent, gener-
ating C+, F+, O+, and free electrons.

From this full set, 24 chemically significant species
were selected for the CNE model: CF4, CF3, CF2,
CF, CF2O, CO2, CO, C2O, C2, C3, F2, O2, C, F, O,
O+

2 , C+, F+, F−, O+, O−, and e−. These species
are sufficient to capture the major kinetic pathways
under arc and post-arc conditions. Figure 2 confirms
that the simplified 24-species model reproduces the
qualitative composition trends of the full 48-species
system, justifying the species reduction.

2.2. Governing Equations
Because of fundamental study, for simplicity, the be-
havior of arc plasmas is modeled under the assump-
tions of axial symmetry, laminar flow due to slower
gas flow velocity compared to circuit breakers, opti-
cally thin radiation, and no surface evaporation or

Figure 2. Equilibrium composition of 90%CO2 +
10%C2F4 vapor considering 24 species [12].

electron emission from electrodes. The following con-
servation equations describe the coupled evolution of
mass, momentum, energy, and species mass fractions:
Mass:

Dρ

Dt
= −ρ(∇ · u), (1)

Momentum:

ρ
Du

Dt
= −∇p + ∇ · τ̄ , (2)

τ̄ = τij = 2η{eij − 1
3δij(∇ · u)} (3)

Energy:

ρCv
DT

Dt
= −p(∇ · u) + ∇ · (λtr∇T ) + Qheat (4)

Qheat =
N∑

j=1
∇ · (ρDjhj∇Yj) +

L∑
ℓ

∆Qℓ − Prad (5)

Mass of species j:

ρ
DYj

Dt
= ∇ · (ρDj∇Yj) + Sj , (6)

Sj = mj

L∑
ℓ

(βr
jℓ − βf

jℓ)(kf
ℓ

N∏
i=1

n
βf

iℓ
i − kr

ℓ

N∏
i=1

n
βr

iℓ
i ) (7)

The equation of state:

ρ = p

κT
∑N

j
Yj

mj

(8)

where ρ: mass density, t: time, u: gas flow vector,
p: pressure, τ̄ : stress tensor, η: viscosity, eij : the
rate of deformation tensor, δij : Kronecker delta, T :
temperature, Cv: effective specific heat at constant
volume, λtr: translational thermal conductivity, Dj :
effective diffusion coefficient, hj : enthalpy of species j,
Yj : mass fraction of species j, Prad: radiation power,
∆Qℓ: heating power from reaction heat of reaction ℓ,
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CO2 + O → CO + O2 CO2 + C → CO + CO
CO2 + M → CO + O + M CO + C + M → C2O + M
CO + M → C + O + M C + C + M → C2 +M
C2 + C2 → C3 + C C2O + O → CO + CO
C2O + O2 → CO2 + CO CO2 + e → CO + O + e
C + e → C+ + e + e O2 + M → O + O + M
O2 + e → O− + O O2 + e → O + O + e
O2 + e → O+

2 + e + e O− + C → O + e + e
O+

2 + e → O + O O− + O+
2 → O + O2

O− + O+
2 → O + O + O O2 + e → O− + O+ + e

O2 + e → O + O+ + 2e O + e → O+ + e + e
O− + O+ → O + O O+ + O2 → O + O+

2
CF + O → CO + F CF + F → C + F2
CF + F + M → CF2 + M CF3 + F + M → CF4 + M
F + F + M → F2 + M CF2 + F + M → CF3 + M
FCO + F → CO + F2 FCO + F → COF2
COF2 + F → FCO + F2 CF2 + O → FCO + F
CF2 + O2 → COF2 + O CF2 + F2 → CF3 + F
CF2 → CF + F OF + O → O2 + F
OF + OF → O2 + F + F OF + OF → F2 + O2
CO + OF → CO2 + F COF2 + CO → FCO + FCO
F + e → F+ + 2e F + F + F → F2 + F
2F2 → 2F + F2 F2 + e → F + F + e
F− + F → F + F + e F+ + F− + F → F2 + F
F− + F → F2 + e

Table 1. Reactions considered in the chemically non-
equilibrium model of C-F-O system arc plasmas [12].

mj : mass of species j, βjℓ: stoichiometric coefficient
of species j for reaction ℓ, kf,r

ℓ : reaction rate coefficient
for reaction ℓ, nj : density of species j, κ: Boltzmann
constant, D

Dt = ∂
∂t +u ·∇ is the Lagrangian derivative.

Solving (6) enables calculation of particle composition
in the CO2+C2F4 arc plasma under chemically non-
equilibrium condition considering reaction rates.

2.3. Reaction Set and Transport Properties
A total of 98 reactions (49 forward and 49 reverse) are
included in the model, covering key electron-impact
ionization, dissociation, association, and electron at-
tachment/detachment reactions (see Table 1). For-
ward rate coefficients are taken from NIST and other
literature sources, while reverse rates are derived by
the principle of detailed balance. Transport coeffi-
cients, including thermal conductivity λtr, viscosity
η, and binary diffusion coefficients Dj , are evaluated
using the Chapman-Enskog method with first-order
approximation. Radiative losses Prad account for lines
including atomic lines and ion lines and continuum
contributions from bremsstrahlung and the recombi-
nation radiation.

2.4. Computational Domain and Conditions
Figure 3 illustrates the axisymmetric r-z computa-
tional domain. The nozzle and electrodes are mod-
eled with thermal boundary conditions, but material
evaporation is neglected. Boundary conditions are de-
fined as follows: At Inlet (z = 0 mm), T = 300 K,
uz = 5 m/s, species concentrations from equilib-
rium; At Outlet, zero-gradient boundary conditions,
p = 0.5 MPa; On the Axis (r = 0), symmetry condi-

Figure 3. Calculation domain.

tion was set; At Wall (nozzle and electrodes), no-slip
(u = 0), thermal conduction allowed.

Simulations are carried out in two stages. First,
a steady-state arc is calculated for 100 A using the
SIMPLE algorithm. Next, a transient simulation is
performed under free recovery conditions with current
instantaneously dropping from 100 A to 0 A at t = 0 µs
using the CIP-CUP method.

2.5. Results of CO2 gas [11]
2.5.1. Temperature variation
Figure 4 illustrates the temporal evolution of arc tem-
perature in a CO2 gas flow. The temperature dis-
tribution is visualized using color contours ranging
from 300 K to 5000 K on a logarithmic scale. The
inlet gas velocity was set to 5 m/s, corresponding to a
volumetric flow rate of approximately 280 L/min.

Figure 4(a) shows the steady-state temperature field
at a current of 100 A (t = 0 µs). The arc core reaches
a peak temperature of approximately 18,000 K along
the axis, with the high-temperature region extending
radially up to 2.5 mm. Hot gas at around 3000 K
is convected downstream, resulting in elevated gas
temperatures near the downstream electrode. The
electrode surface temperature reaches approximately
2000 K on the upstream (left-hand) side and 3000 K
on the downstream (right-hand) side, indicating asym-
metric thermal loading.

Under free recovery conditions following current in-
terruption at t = 0 µs, the arc enters a transient cool-
ing phase. The temperature near the nozzle throat
inlet (z = 70 mm) drops rapidly due to high local
gas velocities that enhance convective heat loss. As
a result, the arc plasma begins to constrict around
the nozzle throat, a behavior particularly evident for
t > 50 µs. By t = 100 µs, cold gas from the surround-
ings begins to penetrate into the arc region, and by
t = 200 µs, the arc column has significantly thinned,
indicating ongoing plasma recombination and cooling
in the decaying arc.

2.5.2. Time Variation in CO2 Mole Fraction
Figure 5 shows the temporal evolution of the CO2 mole
fraction distribution under free recovery conditions.
The mole fraction is visualized using a color scale
ranging from 10−8 to 100.
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Figure 4. Temperature variation in 100%CO2 arc
under free recovery condition (100→ 0 A, CO2 gas
velocity 5 m/s) [11].

Figure 5(a) displays the steady-state distribution at
a current of 100 A (t = 0 µs). In the high-temperature
region near the arc axis, the CO2 molecules are almost
completely dissociated, resulting in a negligible mole
fraction at the arc core. A sharp increase in CO2 mole
fraction is observed in the radial range of r = 1–2 mm,
and beyond r ≥ 2 mm, the mole fraction approaches
unity. This indicates a steep compositional gradient at
the arc boundary, where undissociated ambient CO2
transitions to a fully dissociated plasma core.

Figures 5(b)–(e) present the transient evolution
of CO2 mole fraction following current interruption.
As the arc cools, CO2 molecules rapidly re-form due
to recombination processes. By t = 20 µs, the CO2
mole fraction reaches values above 10−4 at the nozzle
throat inlet (z ≈ 70 mm), where the gas velocity is
highest and convective cooling is most intense. At
t = 50 µs, the CO2 mole fraction further increases to
approximately 0.1 near the nozzle throat exit.

As the arc continues to decay, molecular recombi-
nation progresses. By t = 100 µs, CO2 recovery is
evident even along the arc axis. At t = 200 µs, CO2
is nearly fully restored throughout the computational
domain, indicating that the gas has reverted to its
initial molecular composition after complete plasma
extinction.
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Figure 5. Time variation in distribution of mole frac-
tion of CO2 under free recovery condition (100→ 0 A,
CO2 gas velocity 5 m/s) [11].

2.5.3. Time Variation in CO Mole Fraction

Figure 6 illustrates the temporal evolution of the CO
mole fraction during arc decay in a CO2 gas-blast
under free recovery conditions. As the arc tempera-
ture decreases, particularly along the arc periphery,
the mole fraction of CO increases due to the partial
recombination of dissociated CO2.

At t = 20 µs, this trend is especially prominent
near the nozzle throat inlet around z = 70 mm, where
elevated gas velocity enhances convective heat loss,
resulting in a rapid local temperature drop. In this
region, the CO mole fraction exceeds 10−4, primarily
concentrated along the outer regions of the arc.

By t = 50 µs, the CO mole fraction further increases
to approximately 0.01–0.1 at the nozzle throat exit.
As the arc continues to decay, CO formation pro-
gresses inward. At t = 100 µs, significant CO presence
is observed even along the arc axis, indicating that
recombination reactions are occurring throughout the
plasma volume.

At t = 200 µs, however, the CO mole fraction de-
creases across most of the domain. This decline is
attributed to secondary chemical reactions in which
CO combines with atomic oxygen (O) to re-form CO2,
signaling the gradual restoration of the initial molecu-
lar composition as thermal equilibrium is approached.
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Figure 6. Time variation in distribution of mole frac-
tion of CO under free recovery condition (100→ 0 A,
CO2 gas velocity 5 m/s) [11].

2.5.4. Time Variation in Electron Mole Fraction
Figure 7 presents the spatial distribution of the elec-
tron mole fraction in the CO2 gas-blast arc under free
recovery conditions. The color scale is defined over
the range of 10−8 to 100.

At the initial time (t = 0 µs), corresponding to
steady-state conditions with a current of 100 A, the
electron mole fraction is high in the arc core. This
is due to the ionization of carbon and oxygen atoms
in the high-temperature region along the arc axis,
resulting in a dense electron population.

As the arc begins to decay over the time interval
t = 0–100 µs, the gas temperature decreases due to
convection and radiation losses. Consequently, the
electron mole fraction drops rapidly with time. By
t = 100 µs, the electron mole fraction has decreased
to approximately 10−4 along the arc axis.

At t = 200 µs, the cooling process continues, and
the electron mole fraction further declines to around
10−6 at the arc center. This reduction reflects both
the recombination of charged species and the loss of
thermal ionization capability as the plasma transitions
into a predominantly neutral gas.

2.5.5. Comparison of changes in particle mole
fraction between NCE model and LTE model

Figure 8 compares time variations in mole fraction
of CO2, CO, O2, O, and electrons at t = 100 µs in
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Figure 7. Time variation in distribution of electron
mole fraction under free recovery condition (100→ 0 A,
CO2 gas velocity 5 m/s) [11].

the free recovery condition. This is a comparison of
the calculation results of the NCE model with the
LTE model. From the figure, the mole fractions of
CO and O show almost the same distributions and
values between the NCE and LTE models. On the
other hand, CO2, O2, and e give large differences.
In particular, the recovery of CO2 was delayed in
the vicinity of the downstream electrode in the NCE
model. This is because the association reaction for
producing CO2 molecules is delayed with time because
the association reaction occurs at low temperatures.
As for O2, the NCE model indicates that more O2 is
generated than the LTE model. Electron also decays
more slowly in the NCE model than in the LTE model,
indicating the possibility of a lower decay rate of the
electrical conductivity of CO2 arc discharge.

2.6. Results of CO2-PTFE vapor [12]
2.6.1. Byproduct Molecular Species: CO and CF

Mole Fraction Variation
Figures 9 and 10 show the time evolution of CO and
CF mole fractions, which are key byproducts during
arc decay in CO2 mixed with PTFE vapor. These
species are important for understanding recombination
dynamics and chemical effects in fluorocarbon-based
arc quenching media.

CO forms mainly via CO2 dissociation followed
by C + O → CO recombination. This reaction is
exothermic and most active at 4000–8000 K, where
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Figure 8. Comparison of calculation results in mole fraction at t = 100 µs in CO2 arcs by NCE model and LTE model.
(100→ 0 A, CO2 flow velocity 5 m/s) [11].

the plasma is partially dissociated. As the arc cools,
CO becomes the dominant carbon species, with in-
creasing mole fraction downstream, particularly near
the nozzle throat. CF radicals originate from the de-
composition of PTFE ablation products such as C2F4,
and appear near the arc fringes where temperature
and fluorine availability favor their formation. Their
mole fraction peaks at t = 50–100 µs, aligning with
strong recombination activity. CF then reacts via CF
+ F → CF2 or CF + M → CF2 + M, yielding the
more stable CF2 species.

Crucially, CO and CF contribute to electron density
reduction through dissociative attachment: CO + e
→ C+ O−, and CF + e → C + F−. These reactions
capture low-energy electrons and form negative ions,
particularly as electron temperature drops during arc
decay. This leads to rapid electron loss and aids
dielectric recovery between electrodes. Modeling such
mechanisms is essential for accurately simulating non-
equilibrium arc behavior in environmentally friendly
C-F-O gas mixtures for circuit breakers.

3. Modelling of Arcs in CO2/ O2/
C5F10O with considering irreversible
reactions [13, 14]

3.1. Equilibrium composition of CO2/ C5F10O
or CO2/ O2/ C5F10O

To validate the physical assumption of one-way ir-
reversible decomposition of C5F10O under arc con-
ditions, equilibrium composition calculations were
performed for pure C5F10O as well as its mixtures
with CO2 and O2 at atmospheric pressure [13, 14].

Monatomic C, F, O
Diatomic CF, C2, FO, F2, CO, O2
Triatomic CF2, C2F, C3, CFO, F2O, FO2, CO2,

C2O, O3
Tetratomic CF3, C4, CF2O, C2F2, F2O2, COF2,

C2CF, C2FO
Pentatomic CF4, C2F3, C5, C3O2, CF3O
Hexatomic C6, C2F4, C3F3, C4F2, CF3O2,

CF3OF
Heptatomic C7, C2F5, C3F4
Octatomic C8, C2F6, C3F4O
More than C9, C3F6, C3F7, C4F6, C2F6O2,
nonatomic C3F8, CF3F5, C5F6, C4F8, C6F6,

C4F10, C7F8, C5F12, C6F14, C7F16,
C4F7O, C5F8O, C5F9O,
C5F10, C5F10O

Monatomic ion C+, C2+, C−, F+, F2+, F−, O+,
O2+, O−

Diatomic ion C2
+, C2

−, CO+, O2
+, O2

−, O2
2−,

CF+, CF−

Polyatomic ion CF2
+, CF2

−, CO2
+, CO2

−, FCO−,
CF3

+, CF3
−, COF2

+, COF2
−,

C3O2
+

Electron e

Table 2. Species considered for composition of CO2/
O2/ C5F10O in the present work [14].

The molecular constants of C5F10O and byproducts
were newly calculated by quantum chemistry calcu-
lations [16] in addition to the data in NIST-JANAF
Table [15]. Table 2 shows species considered in the
present work.

Figure 11 presents the equilibrium composition of
100% C5F10O as a function of temperature. At high
temperatures exceeding 15,000 K, the plasma consists
mainly of monatomic ions (C+, O+, F+) and electrons.
As temperature decreases, these ions recombine into
neutral atoms (C, O, F), which subsequently asso-
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Figure 9. Time variation in distribution of mole frac-
tion of CO under free recovery condition (100→ 0 A,
Inlet gas velocity 5 m/s) [12].

ciate to form stable molecular fragments such as CF4,
C3F4O, C5F8O, and eventually C5F10O as tempera-
tures approach ambient levels.

However, as shown in Figure 12, the equi-
librium composition of a ternary mixture
(75%CO2/10%O2/15%C5F10O) reveals a con-
trasting trend. In this case, even after cooling to
300 K, the original C5F10O species is not re-formed.
Instead, fluorinated and oxygenated fragments remain,
including COF2, C2F4, C5F8O, and other byproducts.
This result indicates that, in the presence of CO2
and O2, the decomposition of C5F10O is practically
irreversible. Thus, modeling the dissociation as a
one-way reaction is physically justifiable.

3.2. MODELING OF ARC PLASMA IN A
NOZZLE

3.3. Assumptions
Based on the above findings, a simplified thermofluid
model incorporating irreversible dissociation is devel-
oped. The following assumptions are applied:

(1) The calculation domain has a axisymmetric
structure. (2) The arc plasma is under local ther-
modynamic equilibrium (LTE) condition. (3) The
gas flow is laminar, thus the effect of turbulent is
neglected. (4) The arc is optically thin. (5) The elec-
trode surface phenomena such as electron emission
are not considered. (6) The electric field has only

Figure 10. Time variation in distribution of mole
fraction of CF under free recovery condition (100→
0 A, Inlet gas velocity 5 m/s) [12].
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Figure 11. Equilibrium composition of 100%C5F10O
thermal plasma at a pressure of 1 atm [14].

axial direction components. (7) Density fluctuations
due to pressure fluctuations in steady state are ne-
glected. (8) Melting or evaporation of the electrodes
and nozzle are neglected. (9) Heat conduction inside
the electrodes and nozzle is considered. (10) The irre-
versible reaction such as C5F10O (A) + CO2 (B) or
CO2/O2 (B) → C-F-O byproducts (C: the dissociated
gas) is only considered, where A and B are indicators
of reactants and C is an indicator of the product in
A+B→C reaction, as indicated in Fig. 13.

86



vol. 12 no. 1/2025 Decaying arc plasmas in C-F-O system with non-equilibrium effects

1000 10000300 3000 30000
1017

1018

1019

1020

1021

1022

1023

1024

1025

1026

Pressure : 1 atm

N
um

be
r 

de
ns

ity
 [m

-3
]

Temperature [K]

Gas : 75%CO2/10%O2/15%C5F10O

OC C+
O+

e

CO

F++

F-

F

CO2

O2
CF

C2

OF

F2
CF2

COF

CF3

C++

F+

O++

O-

CO+

CF+

C3F4O

C5F10O CF4

COF2

C5F8O
C2CF

C5F9O

C4F7O

Figure 12. Equilibrium composition of 75%CO2/
10%O2/ 15%C5F10O thermal plasma at a pressure
of 1 atm [14].

Figure 13. Gas composition calculation considering
irreversible dissociation reaction.

3.4. Numerical Modeling and Simulation
Conditions

3.4.1. Governing equations
The present model assumes that the arc plasma is
governed by the fluid equations such as the mass
conservation, the momentum conservation, and energy
conservation with electromagnetic fields. In addition
to these, the following mass conservation equations
were solved:

C5F10O(A) + CO2/O2(B) → C − F − O byproducts(C)

∂(ρYA)
∂t

+ ∇ · (ρuYA − ρDAB∇YA) = −kA
ρ2YBYA

mB
(9)

∂(ρYC)
∂t

+ ∇ · (ρuYC − ρDCB∇YC) = mCkA
ρ2YAYB
mAmB

(10)

YB = 1 − (YA + YC) (11)

where YX: the mass fraction of gas X, mX: the mass
of particle X [kg], mXY: the relative mass of particle X
and Y [kg], DXY: the diffusion coefficient of gas X in
gas Y. Thermodynamic and transport properties were
calculated for 100%C5F10O (A), CO2/O2 (B) and the
dissociated byproducts (C). Solving Eqns.(15) and
(16) enables us to consider the irreversible reactions
of C5F10O (A) + CO2/O2 (B) → the dissociated
byproducts (C).
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Figure 14. Two-dimensional distributions of arc tem-
perature, mass fraction of C5F10O, and that of byprod-
ucts in a steady state in 85%CO2/15%C5F10O gas
flow [14].

3.4.2. Calculation domain and condition
The geometry and grid used for the simulation is the
same to that shown in Figure 3. The computational
domain represents a half cross-section of the arc device
and includes a 10 mm diameter nozzle throat and
50 mm inter-electrode spacing. Gas enters the domain
at z = 0 mm with a flow rate of 100 L/min (1.768 m/s)
at 300 K. A fixed pressure of 1 atm is applied at the
outlet. First, a steady-state arc is simulated with
a DC current of 50 A using the SIMPLE algorithm.
Then, a transient simulation is initiated at t = 0 µs by
dropping the current to 0 A to simulate free recovery.

The model captures the arc temperature, flow field,
and species concentrations, enabling investigation of
the dissociation behavior of C5F10O and the influence
of O2 addition on arc decay.

3.5. CALCULATION RESULTS
3.5.1. The temperature distributions of CO2/

C5F10O or CO2/ O2/ C5F10O in a steady
state with consideration irreversible
dissociation

Figures 14(a), 14(b), and 14(c) show the steady-state
results of the arc in an 85%CO2 / 15%C5F10O mixture,
including temperature distribution, mass fraction of
the reactant (C5F10O, denoted A), and mass fraction
of byproducts (denoted C) resulting from irreversible
dissociation.
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Figure 14(a) indicates a high-temperature arc
column concentrated near the nozzle throat at
z ≈ 70 mm, with maximum temperatures reaching
15,000 K. The arc diameter narrows in this region
due to strong convection losses induced by high gas
velocity.

Figure 14(b) shows that unreacted C5F10O gas is
located primarily on the outer periphery of the arc
region, consistent with the thermal dissociation mecha-
nism. In contrast, Figure 14(c) demonstrates that the
dissociation products occupy the arc core, where tem-
peratures are sufficient to break C-F and C-O bonds.
This spatial segregation validates the modeling as-
sumption that the A+B→C reaction predominantly
occurs in the high-temperature zone.

3.5.2. Transient Arc Decay Behavior under Free
Recovery Conditions

Figure 15 shows the temporal evolution of the arc
temperature distribution from t = 0 to 100 µs in the
85%CO2/15%C5F10O mixture following current inter-
ruption. At t = 0 µs, the arc begins from the steady-
state condition. Rapid temperature decay is observed
near the nozzle throat due to enhanced convective
losses in this region.

At t = 20 µs, significant cooling has occurred in the
high-speed flow region, with localized arc contraction.
By t = 100 µs, the high-temperature core has largely
vanished, and thermal energy is rapidly dissipated
into the surrounding gas. This behavior mirrors the
cooling dynamics seen in chemically non-equilibrium
models, but here the dissociation enthalpy contributes
significantly to energy absorption.

3.5.3. Comparison of Arc Decay Rates Across
Mixtures

Figure 16 compares the temporal evolution of the
axial arc temperature at z = 70 mm among three
cases of 85%CO2/15%C5F10O (with irreversible dis-
sociation), 75%CO2/10%O2/15%C5F10O (with irre-
versible dissociation), 75%CO2/10%O2/15%C5F10O
(without irreversible dissociation, i.e., conventional
LTE model).

The addition of O2 increases the arc decay rate.
This is because O2 dissociation introduces a large spe-
cific heat capacity around 4000 K, enhancing energy
removal by convection. In the model including irre-
versible decomposition, the arc cools faster than in
the conventional model due to the additional energy
consumed by bond-breaking in the C5F10O molecules.

At t = 50 µs, the arc temperature in the O2-added
mixture has already dropped below 8000 K. In con-
trast, the case without irreversible dissociation retains
higher core temperatures. These differences high-
light the importance of incorporating both irreversible
chemical effects and mixture design in predicting arc
extinction behavior.
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Figure 15. Temporal variation of temperature and
flow velocity distribution in 85%CO2/15%C5F10O gas
arcs [14].
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4. Summary
This study presented two numerical approaches to
simulate arc plasma decay phenomena in polyatomic
molecular gas flows with a focus on chemically non-
equilibrium (CNE) effects and irreversible reactions
relevant to SF6 alternatives.

First, a chemically non-equilibrium arc model was
developed for a C-F-O system based on a 90%CO2
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+ 10%C2F4 mixture, representing a system where
PTFE ablation vapor mixes with CO2. A set of 24 key
species was selected based on equilibrium composition
analysis from an original set of 48 candidates. The
model incorporated 49 reversible reactions (98 total)
with temperature-dependent rate coefficients sourced
from established kinetics databases. Using this model,
the transient evolution of temperature and species
composition during arc decay was simulated under
free recovery conditions. The results demonstrated
that rapid temperature decay leads to electron–ion
recombination and subsequent formation of neutral
atoms and stable molecules such as CO, CF, and CF2.
These effects critically influence arc conductivity and
chemical byproducts.

Second, a simplified thermofluid model was con-
structed for CO2/O2/C5F10O mixtures by introducing
irreversible dissociation reactions. Thermodynamic
equilibrium analysis showed that once C5F10O is disso-
ciated in the arc core, it does not reform upon cooling,
especially in the presence of O2. This justified mod-
eling the process as a one-way irreversible reaction.
The model accounted for the decomposition energy
and its contribution to arc cooling. Simulations re-
vealed that the presence of O2 enhances convective
energy removal through its dissociation enthalpy, while
C5F10O decomposition accelerates arc temperature
decay through both chemical and thermal mechanisms.
Comparative results against conventional LTE models
highlighted significant differences in arc temperature
dynamics when irreversible chemistry is included.

Overall, the two models provide complementary in-
sights into arc extinction phenomena in alternative gas
mixtures for SF6 replacement. The CNE model cap-
tures detailed chemical kinetics under transient non-
equilibrium conditions, while the irreversible model
offers computational tractability for engineering-scale
simulations. These tools are essential for the design
and optimization of environmentally friendly switch-
ing technologies in high-voltage systems.
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