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Abstract. CO2 has been adopted by gas circuit breakers serving as an arc extinguishing gas and by arc
welding as a shielding gas. These applications are usually accomplished by the erosion of metal constituting
the device, which may modify arc properties. Therefore, this paper investigates the impact of metals (Al, Fe,
Cu) on equilibrium compositions, thermodynamic (mass density, specific enthalpy and specific heat) and
transport properties (thermal conductivity, viscosity and electrical conductivity) for CO2 thermal plasmas,
which are obtained using the Chapman–Enskog theory and the Gibbs free energy minimization method.
Mass proportion is adopted for all mixtures. The presence of metals, particularly Al, can greatly enhance
the electrical conductivity for CO2, especially at low temperature even for a small concentration like 1%.
Fe and Cu reveal quite close evolutions of electrical conductivity and present similar effects on electrical
conductivity of CO2 under the same mixing ratio. However, for viscosity and thermal conductivity of CO2,
the attenuating effects of metals, particularly Fe and Cu, are quite marginal with a concentration of 10%.

1 Introduction

CO2 thermal plasma, or electrical arc, has been widely
used in many industrial applications involving plasma cut-
ting, surface treatment, arc welding and circuit breaker
[1–4]. In metallurgical processes, CO2 is used as shield-
ing gas for gas metal arc welding to prevent the molten
weld metal from contamination and for converter pro-
cess to reduce the amount of converter dust; it is also
used as a carrier and reacting gas in iron-making process.
For electrical apparatus such as gas-insulated switchgears
and high-voltage circuit breakers, CO2 is considered as
a promising alternative candidate of SF6 gas for good
electrical properties and environmental friendliness [5].
Moreover, CO2 has been utilized as an insulation gas in
high-voltage circuit breaker named LTA 72D1, developed
by ABB Company [6].

In fact, the establishment of arc in above industrial
applications usually is accomplished by the erosion of
metal constituting the device. The existence of metal-
lic vapour may modify dramatically the arc properties.
For instance, in arc welding, Murphy found that the arc
properties and the shape and size of weld pool were
mainly affected by metal vapour [7]. Gonzalez et al. pre-
sented measurement on an Ar arc with an iron electrode
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and observed the cooling of arc temperature due to the
existence of iron vapour [8]. Schnick et al. found that
metal vapour can cause a cooling effect of the arc by
increasing radiative emission coefficients [9]. In a circuit
breaker, metal vapours from electrode and wall erosion,
mixing with working gas, can affect arc characteristics.
Zhang et al. [10] and Liau et al. [11] studied effects of
copper vapour, released by electrode erosion, on arc char-
acteristics in an SF6 circuit breaker and found that copper
vapour can lower arc core temperature and broaden arc
radius. Lee et al. investigated both electrode evaporation
and nozzle ablation processes in an SF6 switchgear and
observed higher electrical conductivity than that without
considering copper erosion [12].

A further study or investigation of these thermal plasma
processes usually utilizes various numerical models [13].
Moreover, the prerequisite to these numerical models
requires the knowledge of corresponding thermal plasma
properties. In order to better investigate arc behaviour
and its extinction, these metallic vapours must be con-
sidered, which plays an essential role in more and more
sophisticated numerical models. Therefore, before setting
up numerical models, thermophysical properties consider-
ing metal vapours, for example, composition, thermody-
namic and transport properties, need to be determined.
In this paper, metallic vapours are focused on aluminium,
iron and copper vapours in the consideration of industrial
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applications such as electrical apparatus and arc weld-
ing process. Numerous papers studied the thermodynamic
or transport properties for pure CO2 gas as well as mix-
tures of CO2 and other gases; for example, CO2–CF3I
mixtures [14], CO2–PTFE mixtures [15], CO2–SF6 mix-
tures [16]. Besides, there are large quantities of papers
about thermodynamic or transport properties of various
gases containing metallic vapours; for instance, SF6 mixed
with copper vapour [17–20], air mixed with calcium, mag-
nesium or iron vapours [21], air mixed with copper, iron,
silver, or aluminium vapours [22–24], argon contaminated
by iron, aluminium, chromium or manganese vapour [7],
argon mixed with copper, iron or aluminium [25,26], nitro-
gen, helium and argon with consideration of copper, iron,
aluminium or calcium vapours [27]. However, up to now,
literature concerning thermodynamic and transport prop-
erties for CO2 thermal plasma mixed by copper, iron or
aluminium is extremely scarce in spite of the requirement
of numerical modelling in industrial applications such as
arc welding and electrical apparatus when CO2 serves as
a shielding or insulation gas.

Therefore, this paper is devoted to the calculation of
thermodynamic and transport properties for CO2 ther-
mal plasma contaminated by metallic vapours: copper,
iron and aluminium, and to the investigation of influences
of metal on these thermophysical properties. Thermody-
namic and transport properties of CO2 plasma mixed with
Al/Fe/Cu vapour of various concentrations are calculated
assuming local thermodynamic equilibrium at atmosphere
pressure with a temperature range of 2000–30,000 K since
metals or their components may exist in the solid form
under approximately 2000 K. In Section 2, the calculated
results of equilibrium compositions and thermodynamic
properties (mass density, specific enthalpy, specific heat)
for CO2–Al/Fe/Cu mixtures are exhibited in detail with
a brief introduction of the calculation method. More-
over, the influence of metallic vapours (metal nature and
concentrations) on these properties is investigated. In
Section 3, transport coefficients of CO2–Al/Fe/Cu mix-
tures are presented and the choice of potential models
dealing with particle interactions is described. Lastly,
conclusions are presented in Section 4.

2 Equilibrium composition and
thermodynamic properties

To acquire thermodynamic properties depending signif-
icantly on plasma compositions, plasma compositions
must be determined as a prerequisite. More specifically,
assuming local thermodynamic equilibrium, the calcula-
tion of equilibrium compositions for CO2–metal mixtures
is conducted utilizing the Gibbs free energy minimization
method as done in our previous work [15].

In the calculation of CO2–metal mixtures 61 different
species are taken into consideration: e−, C, C2, C3, C4,
C5, O, O2, O3, CO, CO2, C2O, C3O2, C+, C2+, C3+, C2+,
O+, O2+, O3+, O4+, O2

+, O3
+, CO+, CO2

+, C−, C2
−,

C3
−, O−, O2

−, O3
−, CO− and CO2

− for CO2 plasma,
and in addition Cu, Cu2, CuO, Cu+, Cu2+, Cu3+, Cu−

for CO2–Cu mixture, or Al, Al2, AlO, Al2O, AlO2, Al2O2,

Al+, Al2+, Al3+, AlO+, Al2O+, Al2O2
+, Al−, AlO−,

AlO2
− for CO2–Al mixture, or Fe, FeO, Fe+, Fe2+, Fe3+,

Fe− for CO2–Fe mixture. The basic parameters required
to determine equilibrium composition are compiled from
NIST–JANAF thermo-chemical tables [28]. Mass propor-
tion is adopted to define mixing ratios of mixtures in this
paper.

As an example, equilibrium compositions for CO2

plasma contaminated with 1% Al and 10% Al (mass pro-
portion) at atmosphere pressure with temperature up to
30,000 K are presented in Figures 1a and 1b, respec-
tively. It can be found that the existence of Al element is
mainly in form of Al2O2, AlO, Al2O and AlO2 at temper-
ature below 3500 K, which can decrease the proportion
of oxides and oxygen such that CO2 and O2 and can
increase CO proportion marginally with hampering the
reassembly of CO2 at this temperature range. As temper-
ature increases, dissociation and ionization reactions play
a vital role in the determination of plasma compositions. It
is notable that the existence of Al even in small concentra-
tion like 1% can change significantly the ion species at low
temperature (approximate 6000 K). Specifically, within
this temperature range, the predominant positive ion for
CO2–Al mixtures is Al+ rather than C+ for pure CO2 gas.
Besides, the reactions of ionization are stimulated to occur
at lower temperature caused by the addition of Al. In fact,
compared with neutral atoms like C and O (C 11.26 eV,
O 13.62 eV), metal atoms (Al 5.986 eV, Fe 7.902 eV,
Cu 7.726 eV) require a lower ionization energy, which can
be furnished spontaneously at lower temperature. Further-
more, the mole fraction of electrons existing in CO2–Al
mixtures is enhanced dramatically at temperature range
4000–9000 K with the addition of Al but is altered min-
imally at temperature above around 13,400 K. Similar
behaviour can also be observed for CO2–Cu mixtures and
CO2–Fe.

To acquire thermodynamic properties, equilibrium com-
positions are utilized via thermodynamic equations, which
is demonstrated in our previous work [19]. Thermody-
namic properties, such as mass density, specific enthalpy
and specific heat at constant pressure, are usually required
by numerical simulation for diverse applications. Figure 2
exhibits the variations of mass density for pure CO2 and
pure metallic vapours including Al, Fe and Cu at atmo-
sphere pressure. Taken together, these curves for mass
density have a tendency to decrease with temperature,
which is accompanied by slope fluctuation representing
dissociation and ionization processes. Specifically, mass
densities for Cu and Fe have quite similar variations.
Mass density for Al is lower than that for other metallic
vapours but is higher than that for CO2 at temperature
above 3500 K, which can be attributed to the differ-
ent atomic masses (Al 26.9 g mol−1, Fe 55.8 g mol−1,
Cu 63.5 g mol−1). It is interesting to find that the mass
density for pure Al at temperature below 3500 K is lower
than that for pure CO2. Although its atomic mass is
higher than that of Al, CO2 dissociates strongly into CO
and O and is not a dominant species at this temperature
interval.

Variations of specific enthalpy at atmosphere pressure
for pure CO2, pure metals (Al, Fe, Cu) and CO2 mixed
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Fig. 1. Equilibrium compositions for (a) 99% CO2–1% Al mixtures, (b) 90% CO2–10% Al mixtures, (c) 99% CO2–1% Fe
mixtures, (d) 90% CO2–10% Fe mixtures, (e) 99% CO2–1% Cu mixtures and (f) 90% CO2–10% Cu mixtures at 1 bar.

with 10% metal are presented in Figure 3. It can be
observed that, among metals, the enthalpy of Al is much
higher than that of other metals. Moreover, the enthalpy
of Fe is close to that of Cu, which results in rather
similar effects on the enthalpy of CO2. Compared to
CO2, however, all kinds of metal considered in this paper

present a much lower enthalpy at temperature above
7300 K, suggesting that nonmetallic particles need more
energy to dissociate and ionize than metallic particles.
Taken together, metals of small proportion, especially Al,
have only a noticeable effect on the specific enthalpy for
CO2.

https://epjd.epj.org/
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Fig. 2. Mass density for CO2, Al, Fe and Cu at 1 bar.

Fig. 3. Specific enthalpy of CO2, metallic vapours (Al, Fe, Cu)
and 90% CO2–10% metal mixtures at 1 bar.

Figure 4a illustrates the evolutions of specific heat for
pure CO2, pure metals and CO2 mixed with 10% metal-
lic vapour at atmosphere pressure. The specific heat, the
derivative of enthalpy with respect to temperature at con-
stant pressure, is evidenced by the enthalpy shown in
Figure 3, and peaks of curves are correlated to reactions
of dissociation and ionization. For pure metal vapours,
the peaks at temperatures above 5000 K represent the
successive ionizations of metal atom. At around 2000 K,
however, the enthalpy for Al and Cu reveals peaks which
are not observed for Fe. Assuming all components are
gaseous species, the compositions for pure Al, taken as
an example, are exhibited in Figure 4b to investigate this
phenomenon and it was found that the peak at approxi-
mately 2000 K could result from this dissociation reaction
Al2 → Al. Besides, it can be observed that the addition of
metals, in general, can decline the specific heat for CO2

due partially to the enhanced mass density, which is not
so marked with a metal concentration of 10%. Moreover,
copper and iron vapours indicate quite similar effects on
specific heat for CO2.

The influence of gas pressure on thermodynamic prop-
erties are investigated as follows. CO2–metal mixtures
exhibit similar properties and are strongly dominated by
properties of CO2 when metallic concentration is small.
Thus, we take 80% CO2–20% Cu mixture as an example
to illustrate the effect of gas pressure on thermodynamic
properties, as shown in Figure 5.

Increasing pressure delays the dissociation and ioniza-
tion reactions and compresses the gas mixtures. Therefore,
heavier molecules can stay longer and the number den-
sity is enhanced, leading the increase of mass density.
The evolution of specific enthalpy can be attributed to
the chemical reactions and change of mass density when
increasing pressure. For specific heat, peaks are shifted to
higher temperatures with amplitudes attenuated, which is
mainly due to the delayed chemical reactions.

3 Determination of transport coefficients

Based on the classical Chapman–Enskog method detailed
by Hirschfelder et al. [29], transport properties (viscos-
ity, electrical and thermal conductivity) are determined
approximately by utilizing selected-order approximations
of solutions to the Boltzmann equation. The formula
established by Devoto [30] through the third approxima-
tion for partially ionized gas in LTE is utilized in our work
to calculate electrical conductivity neglecting the contri-
bution of ions. The viscosity, resulting from a velocity
gradient and representing momentum transport process,
is often computed by a first-order approximation of the
Chapman–Enskog method with an assumptive indepen-
dence of viscosity on electron properties. This is due to
the rather high mass ratio of heavy particle and electron
on physical grounds [31]. Thermal conductivityκ contains
three parts [32]: the first one, internal thermal conduc-
tivity, which corresponds to internal energy transport,
can be calculated from a second-order approximation of
Chapman–Enskog method; second one, reaction thermal
conductivity, which represents chemical reaction processes
like dissociations, recombinations and ionizations, is com-
puted based on Butler and Brokaw method [33] extending
to ionized mixtures; third one, translational thermal con-
ductivity, resulting from translation of electrons and heavy
particles, is developed by approximating to a second-
and third-order of Chapman–Enskog method, respectively
[30]. For the sake of our calculation, comparisons with
the literature results are essential, which have been per-
formed in our previous paper [15,34] for pure CO2 and
pure copper and have achieved a good agreement.

Previous studies have demonstrated that collision inte-
grals play a critical role in the determination of transport
coefficients. Thus, the computation of collision integrals
is most essential and difficult to deal with all binary
collisions, since collision integrals could affect transport
coefficients significantly.

3.1 Collision integrals

To acquire collision integrals, four categories of interac-
tions between different species are considered, which are
as follows.
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Fig. 4. (a) Specific heat of various 90% CO2–10% metal mixtures at 1 bar. (b) Equilibrium composition for pure Al at 1 bar.

Fig. 5. Thermodynamic properties of 80% CO2–20% Cu mixtures for different pressure. (a) Mass density, (b) specific enthalpy,
(c) specific heat.
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Table 1. Potentials or method adopted to calculate
electron–neutral collision integrals.

Method Reference

e-C Integration of cross section [15]
e-O Integration of cross section [15]
e-C2 Integration of cross section [15]
e-O2 Integration of cross section [15]
e-CO Integration of cross section [15]
e-CO2 Integration of cross section [15]
e-C2O Integration of cross section [15]
e-Al Integration of cross section [25]
e-Al2 Estimation from e-Al [26,39]
e-AlO Polarization potential [24]
e-AlO2 Polarization potential [24]
e-Al2O Polarization potential [24]
e-Al2O2 Polarization potential [24]
e-Fe Integration of cross section [25]
e-FeO Polarization potential [22]
e-Cu Integration of cross section [34]
e-Cu2 Polarization potential [22]
e-CuO Polarization potential [22]

For neutral–neutral interactions, as an improvement of
other approaches, Lennard-Jones like phenomenological
potential, proposed by Laricchiuta [35] and validated by
Capitelli [36], was adopted to describe neutral–neutral
interactions calculating corresponding collision integrals
with the similar consideration demonstrated in our pre-
vious work [19,37]. Polarizability of neutral species, as an
essential parameter in the determination of this mentioned
potential, is compiled from NIST Computational Chem-
istry Comparison and Benchmark Database [38] except
species containing Al and Fe element from literature
[22,24].

For electron–neutral interactions, collision integrals of
e-C, e-O, e-C2, e-O2, e-CO, e-CO2 and e-C2O are obtained
by conducting numerical integrations of the transport
cross section compiled in literature [15]. Transport cross
sections for e-Al, e-Fe and e-Cu are compiled from
[25]. The collision integrals for e-Al2 are estimated from
e-Al following the relation proposed by Andre et al.
[39]. Additionally, for interactions between electron and
species containing AlO, AlO2, Al2O, Al2O2, FeO, Cu2

and CuO, the polarization potential is applied following
the work of Cressault et al. [22,24]. The methods used
to deal with electron–neutral interactions are reported in
Table 1.

For ion–neutral interactions, elastic collision process
and resonant charge exchange process are considered
[17,40]. For the interactions dominated by resonant charge
exchange process, CO–CO+, Cu–Cu+, O–O+, C–C+ and
O2–O2

+ are taken into consideration in this work, for
which the corresponding parameter A and B utilized to
evaluate transport cross section are detailed in our pre-
vious work [34]. However, the collisions for the other
ion–neutral interactions are considered as elastic. More
specifically, Lennard-Jones like phenomenological poten-
tial, for elastic collision process, was preferred to deal
with a collision between charged and neutral particles,
while the polarization potential was adopted for charged

Table 2. Potentials or data used to calculate the collision
integrals of ion–neutral interactions.

C O O2 CO Cu Fe

C+ [41] Len Len Len Len Len
O+ Len [42] Len Len Len Len
O2

+ Len Len [43] Len Len Len
CO+ Len Len Len [43] Len Len
O3

+ Pol Pol Pol Pol Pol Pol
C3

− Pol Pol Pol Pol Pol Pol
Cu+ Len Len Len Len [44] —
Cu2+ Pol Pol Pol Pol Pol —
Cu3+ Pol Pol Pol Pol Pol —
Fe+ Len Len Len Len — [22]
Al2+ Pol Pol Pol Pol — —
Al3+ Pol Pol Pol Pol — —
Al2O+ Pol Pol Pol Pol — —
Al2O2

+ Pol Pol Pol Pol — —
Al− Pol Pol Pol Pol — —

Notes. Len – Lennard-Jones like phenomenological
potential; Pol – polarizability potential; interac-
tions that are not mentioned in Table 2 are all
described by Lennard-Jones like phenomenological
potential.

particles without available polarizability values. Potentials
or data used to treat ion–neutral interactions are reported
in Table 2.

Interactions between charged species are usually
described by the screened Coulomb potential [45] using
the Debye radius as the screening distance. The definition
of the Debye radius arouses some debate on the question
of whether only electron or both electron and ion contri-
butions should be considered to calculate Debye length.
In this work, only electrons were considered to compute
the Debye length according to the work of Murphy [46,47]
and Devoto [48].

3.2 Transport properties

3.2.1 Electrical conductivity

As shown in Figures 6a and 6b, the effect of metal-
lic vapours (Al, Fe, Cu) on the evolution of electrical
conductivity for CO2 at atmospheric pressure is inves-
tigated. Obviously, the electrical conductivity for CO2

is enhanced dramatically with the addition of minimal
metallic vapours at temperature below 8500 K. This
behaviour can be attributed to the increase of elec-
tron number density, as shown in Figure 6c, resulting
from the added metal with lower ionization energy (Al
5.986 eV, Cu 7.726 eV, Fe 7.902 eV) than other neutral
species (C 11.2603 eV, O 13.6181 eV). Such mechanism is
evidenced by that Al has the largest electrical conduc-
tivity among pure gases at temperatures below 10,000 K
because ionization of Al atoms occurs easier than other
atoms and, consequently, Al modifies the electrical con-
ductivity for CO2 more significantly than other metals.
However, at high temperature, the addition of metals
indicates a reverse tendency towards the electrical con-
ductivity for CO2. The reason for this phenomenon may

https://epjd.epj.org/
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Fig. 6. (a) Electrical conductivity of 2000–13,000 K. (b) Electrical conductivity of 13,000–30,000 K. (c) Electrical number
density for pure CO2, pure metals (Al, Fe, Cu) and 99% CO2–1% metal mixtures at 1 bar.

be the serval opposite processes: the raised electron num-
ber density and the essential charge–charge interactions.
Although ionizations produce more electrons tending to
increase electrical conductivity, the generated multiple
ionized particles result in larger collision integrals due
to the domination of Coulomb potential, which hinders
the increase of electrical conductivity. In addition, Fe and
Cu present quite close evolutions of electrical conductivity
and indicate a similar influence on electrical conductivity
of CO2 under same mixing ratio.

3.2.2 Viscosity

Figure 7 illustrates the influence of metals on the viscosity
at atmospheric pressure with temperature up to 30,000 K.
It can be observed that the addition of metals (Al, Fe, Cu)
to CO2 leads to a decline of viscosity, especially at tem-
perature interval 3000–14,000 K. It is classically known
that the peak of viscosity represents a transform of a gas
governed by neutral particles into a plasma dominated
by ionized particles. As Cressault et al. concluded [24],
the amplitude and position of the peak for viscosity is
related to the masses and ionization energies as well as

collision integrals Ω
(1−1)

X−X and Ω
(2−2)

X−X of species present in
the plasma. Compared with other species, aluminium has
a lowest ionization energy and mass and therefore the vis-
cosity exhibits a smallest peak. Before reaching maximum,
viscosity shows a quasi-linear relationship with tempera-
ture, which is strongly determined by properties of species
present in the plasma. Then, after reaching the maximum,
charged particles become predominant and the viscosity
descends owing to the larger Coulomb collision integrals.
Besides, Al modifies the viscosity for CO2 more dramat-
ically than Fe or Cu. In addition, the effect of Fe or Cu
on the viscosity for CO2 is rather similar and negligible at
the concentration of 10%. Metals present peaks at lower
temperatures, which are quite close than CO2 owing to
the lower ionization potential, and consequently ionization
degree.

3.2.3 Thermal conductivity

Figure 8 investigates the effect of metals on the total
thermal conductivity of CO2 plasma. It can be observed
that generally the addition of metals to CO2 will reduce
the thermal conductivity. The reason for the decline of

https://epjd.epj.org/
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Fig. 7. Viscosity for pure CO2, pure metals (Al, Fe, Cu) and
10% CO2–10% metal mixtures at 1 bar.

Fig. 8. Thermal conductivity of CO2, metallic vapours (Al,
Fe, Cu), 50% CO2–50% metal mixtures and 90% CO2–10%
metal mixtures at 1 bar.

thermal conductivity with adding metal at low tempera-
ture can be explained by a relative decrease of CO2 and
the less energy required by the ionization of metal atoms
due to the dominance of reaction thermal conductivity in
this temperature interval. At high temperature, charged
particles, as majority species, lead to larger collision inte-
grals, which cause a decline of thermal conductivity. The
peaks of thermal conductivity represent different reactions
that are similar to those for specific heat. In addition, the
existence of metals with a concentration of 10% has a
rather limited influence on the thermal conductivity in
CO2-metal mixtures. Besides, an interesting phenomena
is observed: the first peak of 50% CO2–50% Al mix-
ture presents a larger amplitude, which occurs at higher
temperature than the first peaks of 50% CO2–50% Fe mix-
ture and 50% CO2–50% Cu mixture. The reason can be
attributed to the dissociation reactions considered in the
calculation.

The influence of gas pressure on transport are investi-
gated as shown in Figure 9, taking 80% CO2–20% Cu as an
example. For electrical conductivity, at low temperature
increasing pressure declines the electrical conductivity,
whereas an opposite effect is observed at high tempera-
ture. Obviously, increasing pressure will lead to continuous
growth of species number density, including electron num-
ber density for a given temperature. At high temperatures,
electron and ions are dominant species and electron num-
ber density increases with pressure, consequently leading
to growth of electrical conductivity. However, at low
temperature, electron–neutral interactions are dominant.
Ionization processes are hindered by increasing pressure
and electron number density cannot grow rapidly with
pressure as other species. Besides, collision integrals of
electron–neutral interactions are much lower than those
of ion–ion interactions.

Viscosity of CO2–Cu mixture shows almost indepen-
dence on pressure when temperature is below 7000 K
since viscosity is strongly related to temperature in this
temperature interval. Above 7000 K, viscosity shows an
upward tendency with pressure and simultaneously the
peak is shifted to higher temperature with increasing pres-
sure. These phenomena can be attributed to the hindered
ionization process, resulting in a drop of ionization degree
and consequently a declined contribution to integrals of
Coulomb collisions.

As for thermal conductivity, increasing pressure results
in attenuated peaks with a shift to higher temperatures
below 12,000 K and leads to an enhancement of ther-
mal conductivity above 12,000 K. These phenomena can
be mainly attributed to suppression of dissociation and
ionization with increasing pressure.

Mixing rules for transport coefficients have been widely
studied in literature for benefits of simplicity of calcula-
tions and convenient access of pure gas properties, which
might be essential in some industrial applications. The
best well-known mixing rules might be the formula pro-
posed by Wilke [49] and improved by Vanderslice et al.
[50], which might be less dependable for some plasmas
[51–53].

Some of the results obtained through the molar/mass
fraction averages mixing rules and Wilke’s approximation
are shown in Figure 10 to compare these mixing rules
with respect to electrical conductivity, viscosity and ther-
mal conductivity for 80% CO2–20% Cu mixtures and 80%
CO2–20% Fe mixtures.

As for electrical conductivity, the approximation of lin-
ear interpolation (mass, molar) is less satisfactory for
temperature below 10,000 K for either CO2–Cu or CO2–Fe
mixtures. This mixing rule underestimates the increase of
electrical conductivity due to the metal vapour addition
and predicts in a lower electrical conductivity than the
exact values. At high temperature, linear interpolation is
more reliable.

As for viscosity, these mixing rules exhibit quite
close variations for both CO2–Cu mixtures and CO2–Fe
mixtures. The amplitude of peaks predicted by mix-
ing rule is lower than that of exact solution and the
peaks predicted occur at lower temperature. Besides,
Wilke’s approximation does not present better results

https://epjd.epj.org/
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Fig. 9. Transport coefficients of 80% CO2–20% Cu mixtures for different pressure. (a) Electrical conductivity, (b) viscosity,
(c) thermal conductivity.

than molar/mass average mixing rules except for CO2–Cu
mixtures.

As for thermal conductivity, the method of Wike’s
approximation is only applicable for translation thermal
conductivity. In fact, however, besides translation thermal
conductivity, reaction thermal conductivity is also one of
vital component of thermal conductivity, which is strongly
related with peaks of thermal conductivity. Thus, it is less
satisfactory to adopt Wilke’s approximation to describe
the variation near the peaks, as shown in Figures 10e
and 10f. The method of Wilke’s approximation is not bet-
ter than molar/mass average mixing rules. Furthermore,
because the thermal conductivity of CO2 is much higher
than that of copper or iron vapour, the thermal conduc-
tivity of mixtures is governed by CO2. Moreover, it can be
expected that the mixing rules would present more reliable
results when the concentration of metal vapour is rather
low.

These properties for CO2–metal mixtures are essential
parameters in arc modelling, especially for CO2 circuit
breakers taking account of the electrode vaporization.

For circuit breakers, it is well known that the thermal
interruption capability depends strongly on the turbulent

exchange that plays a vital role in the energy transfer
between the arc and surrounding gas [54,55]. Turbulent
effect leads to an enhanced thermal conductivity, and
energy transfer can be represented by the term of ρCp.
Liu et al. found that the excellent interruption capabil-
ity of a gas media requires highest possible values of ρCp
at temperature interval where electrical conduction does
not occur and at lowest possible values of ρCp above this
temperature (around 4500 K, Fig. 6a) [56]. Consequently,
these characteristics result in a small size arc with high
axial heat conduction and high radial heat conduction in
edge regions. For instance, the variation of ρCp of SF6

presents no peaks above 4500 K while two large peaks
below this temperature where electrical conduction does
not occur, as shown in Figure 11. Thus, the arc quenching
capability is superior to other gases such as CO2. For CO2

mixing with 1% Cu, 10% Cu and 30% Cu, the variation of
ρCp exhibits two peaks at around 3000 K and 7300 K. The
first peak, which happens at temperature before the begin-
ning of electrical conduction, will enhance the radial heat
conduction. However, the second peak at temperature
which electrical conductivity cannot be neglected is unde-
sirable and could result in a broad arc core with slow

https://epjd.epj.org/
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Fig. 10. Comparison of approximation rules with the exact values of electrical conductivity, viscosity and thermal conductivity
for 80% CO2–20% Cu mixtures and 80% CO2–20% Fe mixtures (‘Mass’ and ‘Molar’ for mass molar average mixing rules,
respectively; ‘Wilke’ for Wilke’s approximation).

temperature decay. In addition, the presence of copper
decreases the amplitude of the peak at around 3000 K
but barely modifies the other peak at around 7300 K.
These phenomena will reduce the radial heat conduc-
tion below temperature where electrical conductivity is

negligible and lead to a broad arc core, which means
weaker thermal arc interruption capability. Besides, cop-
per vapour makes the electrical conduction occur at lower
temperature due to the smaller ionization energy of Cu,
as shown in Figure 6. This process is adverse to the arc

https://epjd.epj.org/
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Fig. 11. ρCp of SF6[17], Cu and CO2 mixing with 1%, 10%
and 30% Cu.

extinction that is accomplished by eliminating electrical
conductivity.

Based on this discussion, it can be found that the inter-
ruption capability of CO2 is lower than that of SF6 and
the copper vapour from electrode erosion further hinders
arc extinction. Moreover, arc modelling is indispensable to
obtain an overall evaluation of the arc extinction in CO2

circuit breakers with the consideration of copper vapour.

4 Conclusion

In this study, using Gibbs free energy minimum method
and classical Chapman–Enskog theory, we studied the
effects of various metals, namely, Al, Fe and Cu, on the
fundamental properties of CO2 plasma at temperatures
of 2000–30,000 K. Comparison with the limited results of
metals published by other researchers are conducted to
validate our calculation.

Because of low ionization energy (Al, Fe and Cu), met-
als, even if a rather small concentration like 1%, can
change significantly the charged species at low temper-
ature and result in more electrons at lower temperature,
consequently enhancing the electron number density of
CO2–metal mixtures.

As a result, the electrical conductivity, especially at
low temperature, is significantly enhanced by the exis-
tence of metals. More specifically, Al increases electrical
conductivity more dramatically than other metals (Fe,
Cu). Moreover, Fe and Cu reveal a quite close electri-
cal conductivity and present a similar effect on electrical
conductivity of CO2 under the same mixing ratio.

However, for viscosity and thermal conductivity of CO2,
the attenuating effects of metals, particular Fe and Cu,
are quite marginal with a concentration of 10%. Al and
Fe present a similar thermal conductivity whose peaks are
slightly higher than that of Cu and the peak positions for
these metals are near.

Besides, metals indicate a slightly attenuating influ-
ence on the enthalpy and specific heat for CO2 with a

small concentration of 10%. Fe and Cu present similar
revolutions for these thermodynamic properties.

Gas pressure modifies thermophysical properties of
CO2–metal mixtures significantly. Electrical conductivity
is deduced by increasing pressure at low temperature,
whereas an opposite influence is at high temperature.
Above 7000 K, viscosity is enhanced and peaks are
shifted to higher temperature. Thermal conductivity is
attenuated below 12,000 K and enhanced above this
temperature with peaks shifted to higher temperature.
The reason can be attributed to the suppression of
chemical reactions and modification of species number
density.
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