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Abstract This paper presents the calculated values of equilibrium compositions, ther-

modynamic properties and transport coefficients (viscosity, electrical conductivity and

thermal conductivity) for CO2–Cu thermal plasmas. With several copper mass proportions,

the calculation is performed at temperatures 2000–30,000 K and various pressures

0.1–16 bar. Gibbs free energy minimization is used to determine species compositions and

thermodynamic properties and the well-known Chapman–Enskog method is applied to

calculating transport properties. Furthermore, great attention is paid to cope with the

interactions between all the particles in the determination of collision integrals. The results

are illustrated indicating the effect of the copper proportions and pressure on the funda-

mental properties of CO2–Cu thermal plasmas. It can be found that a small quantity of

copper (less than 10 %) can significantly modify the charged species densities and elec-

trical conductivity especially at low temperature. While for other properties, the influences

can be noticeable only when the copper proportion is above 10 %.
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Introduction

Thermal plasma are widely adopted by numerous industrial applications, for example, arc

welding [1], arc lighting [2], circuit breakers [3, 4], plasma cutting [5] and plasma spraying

[6]. In the above applications, evaporation of electrode leads to a large quantity of metal

vapour in the arc. For instance, Wilhelm et al. [7] observed a metal vapour molar fraction

in the center of gas metal arc welding (GMAW) above 25 % for Ar–O2 mixtures and 75 %

for CO2 gas. Schnick et al. [8] found the molar fraction of a metal vapour above 60 % in

the arc axis when studying a GMAW arc at 450 A. Liau et al. [9] simulated the electrode

erosion on SF6 arc. They found the Cu concentration nearby the anode upstream contact

was particularly prominent for around 65 %. These metallic impurities dramatically affect

characteristics of arc [10] as a result of that it modifies the thermodynamic, radiative and

transport properties of the plasma. Andanson and Cheminat found the temperature near the

anode decrease by up to 2000 K with the copper vapour mole fraction up to 0.4 % in 15

and 30 A argon arcs [11]. Cheminat et al. [12] discovered that when copper vapour exits

with mole fraction up to 1 %, the temperature near the anode decreased by approximate

2000 K in 20–50 A argon arcs. Adachi et al. [13] discovered that adding iron with a mole

fraction between 3 and 5 % lowered the arc voltage from approximate 110 to approximate

90 V for arc currents from 10 to 60 A. Rong et al. [14] concluded that, during arc motion,

the voltage of arc column considering electrode erosion was smaller than that without

considering electrode erosion. Lee et al. [15] discovered that, for Ag–CdO and Ag–C

contacts, poor performance of gap-recovery at a current of 5 kA was mainly due to the

droplets formed during arcing. Yang et al. [16] have shown that the splitting process was

fundamentally changed by the existence of metal vapor. In order to investigate arc char-

acteristics in welding and circuit breakers through magnetic hydro-dynamics, it is, there-

fore, imperative to calculate the thermal plasma properties considering the existence of

metal vapour. This paper focuses on the transport coefficients of CO2–Cu mixtures with the

motivation of the requirement of these properties for arc modelling in CO2 circuit breakers

and CO2 welding.

A large quantity of studies can be found concerning the properties of various plasmas

with metal vapour: N2–Al [17], N2–Cu [18], air–Ca/Mg/Fe [19], air–Al [20], air–Cu/Ag/Fe

[21, 22], SF6–Cu [23–27], Ar–H2–Cu [28], Ar–H2–Fe [29], Ar–Cu/Fe/Al [30, 31] and He–

Fe [32, 33]. Up to now, however, few papers concerning CO2–Cu mixtures can be found in

spite of their importance. As for wielding, CO2 is widely used as a shielding gas [7, 34–36].

The metallic vapour strongly affects the weld depth in MIG welding [37] and in some cases

in TIG welding [38]. As for circuit breakers, concentrated exertion has been made to seek

environmental friendly media to quench arc due to the strong global warming potential of

SF6. Among SF6 alternatives considered, CO2 has drawn particular attentions regarded as a

suitable candidate [39–43]. Especially, a high-voltage circuit breaker, utilizing CO2 to

quench arc and insulate, has been developed by ABB company: the LTA 72D1 [44]. Using

the existing data, our work focus on to attaining the consistent computed results of fun-

damental properties of CO2–Cu mixtures containing equilibrium compositions, thermo-

dynamic functions and transport coefficients which are of considerable importance for the

research on the CO2 welding and the design optimization of CO2 circuit breakers. The

computation methods adopted by this work are as akin to those introduced in our earlier

studies [25, 26] for SF6–Cu and thus not detailed in this paper. Special attentions are paid

to the basic data required for collisions and the analysis of the main results. Here we cope

with a very wide range of copper concentrations (1–100 %) (always mass proportions here)
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and pressures (0.1–16 bar), meeting a majority of arc modeling requirements for wilding

and circuit breaker applications. Assuming only gaseous phase, the species compositions

are supposed to be an equilibrium state in the temperature range 300–30,000 K. In fact,

however, when the temperature is low, copper and its components exist in the mixtures

primarily in the solid form since the melting temperature and the boiling temperature at

atmospheric pressure of Cu is approximate 1358 and 2840 K respectively. Therefore, when

the temperature is below approximately 2000 K, a mixture of CO2 and copper vapour

cannot be achieved as the plasma components. Therefore, our work calculated the fun-

damental properties of CO2–Cu mixtures in the temperature range 2000–30,000 K and all

the results are presented in this temperature range which has been adopted by Cressault

et al. [20, 21].

The paper is organized as follows. ‘‘Equilibrium Compositions and Thermodynamic

Properties’’ section describes the computation of species compositions and thermodynamic

properties of CO2 plasma mixed with Cu vapour. ‘‘Collision Integrals’’ section presents an

introduction of Chapman–Enskog method and potential models adopted to deal with dif-

ferent particle interactions to determine collision integrals which are required to compute

transport coefficients. ‘‘Transport Coefficients’’ section presents transport coefficients

under various copper concentration and pressure. Finally, conclusions are drawn in

‘‘Conclusion’’ section.

Equilibrium Compositions and Thermodynamic Properties

Thermodynamic functions and transport coefficients are calculated from particle compo-

sitions of thermal plasmas. The equilibrium compositions are calculated assuming local

thermodynamic equilibrium (LTE) and utilizing the Gibbs free energy minimization

method. The calculation method is given in Refs. [45, 46] and has been used in our

previous studies [26, 42, 43, 47]. Furthermore, Debye–Hückel correction is considered to

Fig. 1 Equilibrium compositions for pure CO2 gas at temperatures of 2000–30,000 K and a pressure of
1 bar
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represent the extra influence of electrostatic interactions between ions. In this paper, 44

species are considered for CO2–Cu mixtures: e-, C, O, Cu, Cu2, O2, O3, C2, C3, C4, C5,

CO, CO2, C2O, C3O2, CuO, C
?, O?, Cu?, C2?, O2?, CO?, O3?, CO2?, C2?, O2?, Cu2?,

C3?, O3?, Cu3?, C4?, O4?, Cu4?, Cu5?, Cu6?, C-, O-, Cu-, C 2-, O 2-, CO-, C3
-, O3

-

and CO 2-. With regard to atoms and their positive ions, the required thermodynamic data

are calculated using the internal partition functions. All the basic parameters of the cal-

culation of partition functions were compiled from NIST–JANAF tables [48]. For other

species, thermodynamic data are obtained in literature [49].

Figures 1 and 2 present the equilibrium compositions for pure CO2 gas and for mixtures

containing 1 % of Cu, respectively. At low temperature plasma is dominated obviously by

gaseous molecules. As temperature increases, gaseous molecules (such as CO2, CO and

O2) dissociate into atoms (such as C and O). It is notable that the predominant positive ions

are influenced remarkably by the existence of copper especially at low temperature owing

to the fact that copper has relatively low ionization energy of (7.726 eV for Cu). For

example, Cu? is the predominant positive ion for CO2–Cu mixtures rather than C? for pure

CO2 gas at around 7000 K, as is consistent with SF6–Cu [23, 26] and air–Fe [21] mixtures.

Based on equilibrium compositions, thermodynamic properties can be calculated by the

standard formulas [26]. Figure 3 presents the calculated values of mass density versus

temperature for CO2–Cu mixtures with several copper proportions at 1 bar. It can be

observed that mass density decreases monotonically as temperature rises, which can be

explained by the pressure conservation and the rarefaction effect. Mass density, at a given

temperature and pressure, increases with the rising Cu proportion in CO2–Cu mixtures,

which is simply due to the mass density of elementary atomic constituents (64 for Cu, 12

for C and 16 for O). The evolution of mass density for 90 %CO2–10 %Cu mixtures with

different pressures is illustrated in Fig. 4. Obviously, for a given temperature, the disso-

ciation reactions are delayed leading to the heavier molecules staying longer and the

increasing pressure enhances the number density resulting in the increase of mass density.

Fig. 2 Equilibrium compositions for 90 %CO2–1 %Cu mixtures (in mass proportions) at temperatures of
2000–30,000 K and a pressure of 1 bar
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Figure 5 presents the variation of specific heat at constant pressure for various copper

proportions in CO2–Cu mixtures. It can be observed that specific heat has a significant

dependence on the mix ratio and has multiple peaks. For pure CO2, the peaks at 3500 and

7300 K correspond to the dissociation of CO2 and CO, respectively, while the peak at

around 15,000 K is associated with the ionization of atom C and O. For pure copper, the

peaks at 9800 and 19,700 K are associated with the sequential ionizations of Cu. With

regard to CO2 mixed with Cu vapour, the peaks are lower than those for pure CO2. 1 %Cu

has little effect on the specific heat of CO2 plasma. Similar to SF6–Cu mixtures [26], the

Fig. 3 Mass density of CO2–Cu mixtures (in mass proportions) at 1 bar

Fig. 4 Influence of pressure on the mass density for the 90 %CO2–10 %Cu mixtures (in mass proportions)
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addition of copper (above 10 %) can significantly reduce Cp especially around the peaks,

due partially to the enhanced mass density.

Figure 6 illustrates the variation of Cp with various pressures for 90 %CO2–10 %Cu

mixtures. When the pressure is increased, the curve peaks associated with the reactions of

dissociation and ionization are removed to the higher temperature and at the same time

their amplitudes are decreased. According to the Le Chatelier’s principle, at a fixed

temperature, rising pressure will suppress the chemical reactions such as dissociation and

ionization.

Collision Integrals

Transport coefficients are computed by the resolution of Boltzmann equation based on the

classical Chapman–Enskog method, detailed in our previous studies [43]. The most dif-

ficult part in the calculation is to deal with all binary elastic collisions and compute

collision integrals depending on the cross-sections. With regard to interactions in CO2

mixed with Cu, the collisions between different particles are treated as follows.

Neutral–Neutral Interactions

There have been various potentials have been developed to describe the neutral–neutral

interactions such as the exponential repulsive potential [50], the Morse potential [51], the

Lennard-Jones potential [52] and the Hulburt–Hirschfelder potential [53]. Capitelli et al.

[54] developed a new potential model named the Lennard-Jones like phenomenological

potential, which can be used in the whole interaction range compared with these potentials.

Therefore, for neutral–neutral interactions, the collision integrals are calculated with the

Lennard-Jones like phenomenological potential, as has been detailed in our previous

studies [25, 43]. Such potential model uses a few fundamental physical properties (po-

larizability a, charge, number of electrons effective in polarization) to describe the

Fig. 5 Specific heat of CO2–Cu mixtures (in mass proportions) at 1 bar
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Fig. 6 Influence of pressure on the specific heat for 90 %CO2–10 %Cu mixtures (in mass proportions)

Table 1 Polarizability values of
neutral species (Å3)

Species Polarizability Species Polarizability

C 1.760 O2 1.562

O 0.802 C2 7.815

O3 2.684 C4 7.512

C3 5.179 CO 1.953

C5 11.164 C2O 4.087

CO2 2.507 C3O2 6.873

Cu 6.2 Cu2 11.554

CuO 4.658
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interaction energy. Table 1 presents the polarizability data used in this paper obtained from

the NIST Computational Chemistry Comparison and Benchmark Database [55].

Neutral–Ion Interactions

Both the elastic collision and the charge-exchange inelastic collision should be both taken

into account when dealing with neutral–ion interactions, which was detailed in our pre-

vious work [43].

For elastic collision, the polarization potential model has been widely used for calcu-

lating elastic collision integrals [56]. The phenomenological potential model is preferred in

this paper with the fact that it has been developed to elastic interactions between the neutral

and ion [25, 43, 54]. Table 2 tabulates the polarizability of several ions which were

compiled from the Computational Chemistry Comparison and Benchmark Database [55].

For the charged particles whose polarizability data are unavailable in literature, the

polarization potential is adopted to compute the collision integrals for elastic interactions.

The charge-exchange inelastic collision plays a vital role in the determination of col-

lision integrals for X–X? interactions. Transport cross section Qij
(l)(e) can be estimated

through the charge transfer cross-section Qex [23, 57, 58]:

Q
ðlÞ
ij ðeÞ ¼ 2Qex ð1Þ

where Qex can be evaluated by

Qex ¼
1

2
A� B ln gð Þ½ �2 ð2Þ

with the parameters A and B, obtained through experimental or theoretical approaches, and

independent of impact velocity g. In this work, the charge-exchange inelastic collisions are

considered for C–C?, O–O?, Cu–Cu?, CO–CO? and O2–O2
? interactions. For C–C? and

O–O? interactions, the parameters A and B can be obtained from the theoretical data Qex

given by Copeland et al. [59]. For CO–CO? and O2–O2
? interactions, the parameters

A and B can be got from the theoretical data Qex given by Yevseyev et al. [60]. For Cu–

Cu? interaction, Mosthaghani proposed A = 4.74 9 10-9 and B = 4.67 9 10-10 [61],

which has been adopted by some workers [21, 23, 25, 30]. However, Aubreton pointed out

that the values proposed by Mosthaghani were absolutely incorrect (maybe misprint)

Table 2 Polarizability values of
ion species (Å3)

Species Polarizability Species Polarizability

C? 0.829 C- 7.280

C2? 0.578 C3? 0.289

C4? 0.003 C2
? 3.200

C2
- 3.660 O? 0.376

O- 3.200 O2? 0.228

O3? 0.182 O4? 0.164

O2
? 0.958 O2

- 1.581

O3
- 6.42 CO? 1.341

CO- 14.153 CO2
? 2.212

CO2
- 7.765 Cu? 0.204

Cu- 0.252
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because when the collision energy is around 1 eV, their work gave negative values of

A-Bln(g) [62]. Based on the collision integrals for Cu–Cu? interaction at 1000 and

5000 K, given by Bouillon [63] and Abdelhakim et al. [61], Aubreton established a non-

linear system and obtained A = 2.454 9 10-9 and B = 1.091 9 10-10. In this paper, the

parameters A and B for Cu–Cu? interaction are obtained based on Rapp and Francis’

recommendation [64]. They developed an approximate calculation and obtained the charge

transfer cross-section Qex from Eq. (3) and (4) for different atoms.

Q
1
2
ex ¼

1

2
p

� �1
2 a0

2c

� �
ln

72�b31
pca0

I2

�h2

� �
1þ a0

c�b1

� �2
" #

� 1

2
p

� �1
2 a0

c

� �
ln gð Þ ð3Þ

2p
ca0

� �1
2 I

�hg

� �
b

3
2

1 1þ a0

cb1

� �2

exp � c�b1
a0

� �
¼ p

6
ð4Þ

where c = I/13.6, a0 is Bohr radius, I is the ionization potential in electron volt, ⁄ is

reduced Planck constant, �b1 is the average b1 obtained from Eq. (4) for a limited range of

g. Based on (3) and (4), we can get A = 2.278 9 10-9 and B = 8.797 9 10-11. Table 3

gives the constants A and B considered in this paper to characterize the charge exchange

cross sections.

Electron–Neutral Interactions

As for interactions between the electron and neutral, the collision integrals are obtained by

straightforward integration of Qij
(l)(e). The treatment of electron–neutral interactions

involving CO2 species (C, O, C2, O2, CO and CO2) is detailedin our previous study [43].

As for e–Cu interaction, the collision integrals are obtained from Ref. [66]. According

Cressault’s recommendation [21], the potential of polarizability is adopted to deal with the

e–Cu2 and e–CuO interactions.

Charged–Charged Interactions

A screened Coulomb potential is often used to describe the charged–charged interactions.

However, when dealing with the Debye shielding effect, there are some debates about

whether both the heavy particles and electrons or only electrons should be considered.

Recently, Ghorui et al. [67] proposed a revised definition of the shielding Debye length for

charged–charged interactions in two-temperature non-equilibrium plasma, which considers

both ions and electrons but assumes they have the same temperature which means they are

under the local thermal equilibrium (LTE). It should be stressed that when thermal plasma

is assumed to be LTE (adopted by this work), the revised shielding length proposed by

Table 3 The constants A and B
for the approximation of charge-
exchange cross sections (Å)

Interaction A B Data source

C–C? 22.7338 1.2837 [59]

Cu–Cu? 22.78 0.8797 [64]

O–O? 20.1794 1.1383 [65]

O2–O2
? 17.1453 0.9233 [60]

CO–CO? 20.4702 1.0629 [47]
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Ghorui et al. is same to the previous shielding length considering both ions and electrons.

Here, we mention that this study follows the recommendation of Murphy [68] and does not

consider ions when calculating the Debye length.

Transport Coefficients

Electrical Conductivity

The electrical conductivity r is computed based on Deveto’s study [69] to the third

approximation of the Chapman–Enskog method. It should be mentioned that only the

electrons’ contribution is taken into account when calculating r because electrons’

mobility is higher than charged species.

Since some literatures have investigated the fundamental properties for pure CO2 and

pure Cu plasmas, some comparisons are made to validate our calculations. For pure CO2,

our results, compared with different authors’ theoretical results, shows a good agreement,

and have been discussed in our previous study [43]. For pure Cu plasma, we validate our

results of electrical conductivity through compared with those of Cressault et al. [21] at

1 bar, as plotted in Fig. 7. It is apparent that, in the whole temperature range considered,

our results agree well with those of Cressault et al. [21].

The evolution of electrical conductivity for CO2–Cu mixtures with various Cu con-

centrations is illustrated in Fig. 8. For temperature below 7500 K, it can be observed that

minimal Cu in CO2–Cu mixtures powerfully increases the electrical conductivity due to a

lower ionization energy of Cu atom (7.726 eV for Cu) compared with those of carbon and

oxygen neutral species (11.2603 eV for C, 13.6181 eV for O). The behavior can be also

seen in air–metal (Cu, Ag, Fe, and Al) [20, 21] and Ar–metal (Cu, Fe and Al) [30]

mixtures. It should be mentioned that the electrical conductivity of CO2–Cu mixtures

shows an opposite variation when the rising Cu concentration at high temperature (above

Fig. 7 Electrical conductivity of pure Cu at 1 bar. The calculated results of Cressault et al. [21] are shown
for comparison
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15,000 K), despite the electron number density (not shown in this paper) increasing with

the copper proportion. This behavior can be explained by the reason that, in this tem-

perature range, increasing the Cu concentration results in more multiple-charged particles

formed due to a low ionization energy of Cu atom. As we know, the electrical conductivity

is proportional to electron mobility and electron density. For charged–charged interactions,

the fact that collision integrals of multiple-charged ions are higher, leads to a lower

electron mobility and thus a lower electrical conductivity.

Fig. 8 Electrical conductivity in CO2–Cu mixtures with different Cu proportions (in mass proportions) at
temperatures up to 30,000 K and a pressure of 1 bar

Fig. 9 Electrical conductivity in 90 %CO2–10 %Cu mixtures (in mass proportions) at various pressures
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The evolution of electrical conductivity for CO2–Cu mixtures under various gas pres-

sures is illustrated in Fig. 9. At low temperature (below 10,000 K), increasing pressure

causes a decrease in electrical conductivity. However, at high temperature, the opposite

effect is noted. It should be noted that, at a fixed temperature, increasing gas pressure will

enhance the electron number density continuously (not presented in this paper). A similar

performance has been reported for SF6–Cu [25], air–metal [20] and CO2–C2F4 [43]

mixtures. This performance is mainly due to the evolution of main elastic collisions

involving electrons. At low temperature, electron–neutral interactions are mainly respon-

sible for the collision integrals. The electrical conductivity can be written as a first

approximation: r / ne=
P

i 6¼e ni
�Xei

� �
, based on the formula given by Devoto [69]. When

increasing of the gas pressure, the ionization is suppressed and the electron density does

not increase rapidly as other neutral species, leading to the decrease of electrical con-

ductivity. At high temperature (above 10,000 K), electron–ion interactions become pre-

dominant. The ionization is delayed by the increasing pressure and hence lowers the

density of high valence ions, leading to a rise of electrical conductivity.

Viscosity

The viscosity g, as usual, is assumed to be independent of electron properties, which on

physical grounds is acceptable for that a particle’s viscosity is proportional to the mass

[70]. It is calculated with a first approximation of the method of Chapman–Enskog. The

evolution of viscosity for pure Cu at 1 bar is presented in Fig. 10, compared with those of

Cressault et al. [21]. A good agreement, except a little higher peak around 6000 K, can be

observed. The small discrepancies are mainly due to the collision integrals obtained from

diverse methods. For instance, The Lennard-Jones potential was adopted by Cressault et al.

to describe neutral species interactions while Lennard-Jones like phenomenological

potential by us.

Fig. 10 Viscosity of pure Cu at 1 bar. The calculated results of Cressault et al. [21] are shown for
comparison
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Figure 11 presents the influence of Cu proportions on the viscosity. Besides being

directly proportional to
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
MiMjT= Mi þMj

� �q
(M is molar weight), the viscosity of the

thermal plasma is inversely proportional to the collision integrals �X
ð2;2Þ
ij . It is noted that the

predominant collision integrals �X
ð2;2Þ
xx increase with temperature when neutral–neutral

collisions control, but decrease when ion–ion collisions dominate resulted from the large

collision integrals. Thus, the curve peak of viscosity represents a change in the elastic

collisions from neutral–neutral collisions dominating to ion–ion collisions dominating

between heavy particles in CO2–Cu mixtures. Besides, the presence of Cu vapour for mass

proportions below 10 % shows little impact on the viscosity. Therefore, the viscosity of

pure CO2 can be applied to approximate the viscosities of CO2–Cu mixtures with small

proportions of Cu vapour. This behaviour is rather distinct from that of the electrical

conductivity. It can be also observed that the viscosity decreases with copper proportion

(above 10 %) especially at temperatures of 5000–15,000 K. This is attributed to the

increase of neutral–neutral collision integrals Xij
(2,2) with an addition of Cu.

The variation of viscosity for CO2–Cu mixtures under different gas pressure is

highlighted in Fig. 12. First, it can be seen that the viscosity is almost independent on

the pressure when temperature is below 7000 K, since the viscosity, compared with other

parameters, is more sensitive to temperature at temperature below 7000 K. Besides, as

can be also observed that the viscosity increases with pressure when the temperature is

above 7000 K. This is attributed to the suppression of ionization caused by increasing

pressure which leads to a declined collision integrals by Coulomb potentials. Finally,

there is a phenomenon that, for a larger pressure, the viscosity peaks are shifted to a

higher temperature. This behavior can be illustrated by the reason that increasing pres-

sure suppresses the ionization and the powerful Coulomb interactions will dominate at

higher temperature.

Fig. 11 Viscosity in CO2–Cu mixtures with various Cu proportions (in mass proportions) 1 bar
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Thermal Conductivity

Thermal conductivityj is consisted of three components: internal thermal conductivity jint
the translational thermal conductivity jtr (containing jtr

h from heavy particles and jtr
e from

electrons), and reaction thermal conductivity jreac [23]. A second-order approximation of

Chapman–Enskog method is adopted to compute internal thermal conductivity jint which
describes transport of internal energy. jtr

e and jtr
h can be calculated according to third-order

and second-order approximations of Chapman–Enskog method, respectively. The reaction

Fig. 12 Viscosity in 90 %CO2–10 %Cu mixtures (in mass proportions) with various pressures

Fig. 13 Thermal conductivity of pure Cu at 1 bar. The calculated results of Cressault et al. [21] are shown
for comparison
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thermal conductivity jreac represents the transport of energy by dissociation and recom-

bination of molecules and ionization of species. It is computed by the expressions derived

firstly by Butler and Brokaw [71] for neutral gas mixtures and then developed to ionized

mixtures by Meador and Stanton [72]. The calculation of thermal conductivity is validated

by comparing with those obtained by Cressault et al. [21] for pure Cu, shown in Fig. 13.

The discrepancies mainly occur above 8000 K. At around 10,000 K, this difference is

caused by different charge exchange cross sections of Cu–Cu ? interaction. Above

15,000 K, the discrepancies can be attributed to the different definitions of the Debye

length. Heavy particles were taken into account by Cressault et al. in the Debye shielding

effect, whereas ions are not considered in this study following the recommendation of

Murphy and Arundell [58].

Figure 14 shows the components of thermal conductivity of 90 %CO2–10 %Cu mix-

tures (mass proportions) at 1 bar. It can be observed that the internal thermal conductivity

jint can be neglected during the temperatures range considered in this work. The reaction

thermal conductivity jreac is rather essential as a result of incessant dissociation and

ionization reactions, particularly below 15,000 K. The reactions of CO2 and its resultants

considered to calculate the reaction thermal conductivity can be found in our previous

work [43], while for Cu and its resultants, the successive ionization of Cu and the dis-

sociation of Cu2 are taken into consideration. Below 10,000 K, translational contribution

of heavy particles is rather significant with an upward trend but, above 10,000 K, decreases

with temperature since ionization occurs. The translational contribution of electrons rising

monotonically with temperature exceeds that of heavy species and reaction thermal con-

ductivity at temperature above 10,000 and 14,500 K, respectively. Above 20,000 K, as the

gas is mightily ionized, the thermal conductivity is dominated by the elastic collisions

between ions and electrons. Therefore, jtr
e is predominant and other components can be

neglected.

The impact of Cu proportions on the thermal conductivity of CO2–Cu mixtures is

illustrated in Fig. 15. The several peaks which are akin to those of specific heat (presented

in Fig. 5) correspond to the reactions of dissociation and ionization. The peaks’ positions

Fig. 14 Components of thermal conductivity of 90 %CO2–10 %Cu mixtures (in mass proportions) at 1 bar
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and amplitudes are mighty dependent on the Cu proportions due to the complicated

reactions in the mixtures. Indeed, the peaks’ amplitude is attenuated when increasing the

Cu concentration, since the ionization of Cu need less energy and easier than the disso-

ciation of CO2 species and ionization of atomic carbon and oxygen. It is also can be

observed that minimal concentration of Cu vapour (below 10 %) weakly change the

thermal conductivity of CO2–Cu mixtures, as is akin to that observed of viscosity. The

Fig. 15 Thermal conductivity in CO2–Cu mixtures with different Cu proportions (in mass proportions) with
temperatures up to 30,000 K and a pressure of 1 bar

Fig. 16 Thermal conductivity in 90 %CO2–10 % Cu mixtures (in mass proportions) at temperatures up to
30,000 K and various pressures
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evolution of thermal conductivity for CO2–Cu mixtures with different gas pressures is

presented in Fig. 16. Increasing pressure will remove the peaks of the thermal conductivity

to a higher temperature with decreased amplitudes. Similar to the specific heat, this

behavior can be explained by the suppressed chemical reactions and variation of species

compositions.

Conclusion

In this paper, the fundamental properties, containing the equilibrium compositions, ther-

modynamic properties and transport coefficients (viscosity, electrical conductivity and

thermal conductivity) of high-temperature CO2–Cu mixtures for several copper concen-

trations are computed at pressures of 0.1–16 bar and temperatures of 2000–30,000 K. The

Lennard-Jones like phenomenological potential is utilized to compute collision integrals of

all neutral–neutral interactions and partial neutral–ion interactions for ions with available

polarizability data in literature and the polarization potential is adopted for the remaining

ion–neutral interactions. Some updated transport cross sections are used to compute

electron–neutral collision integrals.

The calculation of transport coefficients is confirmed through compared with the finite

results available of other authors. Special attentions are paid on investigating the evolution

of fundamental properties of CO2–Cu mixtures with different copper proportions. A small

quantity of copper can significantly modify the charged species densities resulting from the

low ionization energy of Cu. Electrical conductivity is therefore enhanced due to the

existence of Cu, especially at low temperature. It should be noted that the addition of

copper has an opposite effect on the electrical conductivity of CO2–Cu mixtures when

temperature is high (above 15,000 K) due to the higher densities of multi-charge ions. The

other properties, however, is not sensitive to the presence of a small percentage of Cu

copper. All the thermal plasma properties can be significantly changed when the copper

proportion is elevated (above 10 %). The impact of pressure on various properties is also

discussed and classical results are obtained.

To our knowledge, our calculation fills the lack of the data related to the thermodynamic

properties and transport coefficients of high-temperature CO2–Cu mixtures which are not

available in the literature before. These calculated results is vital for the arc modelling in

CO2 welding and CO2 circuit breakers. In the arc welding, the metal vapour has a sig-

nificant influence on the depth of the weld the transport of energy to the work piece and.

For a circuit breaker, when there is a decaying arc, the high electrical conductivity at low

temperatures may enhance the restrike and therefore decrease the interruption capability.
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transport, diagnostiques et interaction avec des matériaux. Doctoral dissertation

64. Rapp D, Francis WE (1962) Charge exchange between gaseous ions and atoms. J Chem Phys
37:2631–2645

65. Rutherford JA, Vroom DA (1974) The reaction of atomic oxygen with several atmospheric ions. J Chem
Phys 61:2514–2519

66. Zatsarinny O, Bartschat K (2010) Electron collisions with copper atoms: elastic scattering and electron-
impact excitation of the (3 d 10 4 s) 2 S ? (3 d 10 4 p) 2 P resonance transition. Phys Rev A 82:062703

67. Ghorui S, Das AK (2013) Collision integrals for charged–charged interaction in two-temperature non-
equilibrium plasma. Phys Plasmas 20:093504

68. Murphy AB (2000) Transport coefficients of hydrogen and argon–hydrogen plasmas. Plasma Chem
Plasma Process 20:279–297

69. Devoto RS (1967) Simplified expressions for the transport properties of ionized monatomic gases. Phys
Fluids 10:2105–2112

70. Devoto RS (1967) Third approximation to the viscosity of multicomponent mixtures. Phys Fluids
10:2704–2706

71. Butler JN, Brokaw RS (1957) Thermal conductivity of gas mixtures in chemical equilibrium. J Chem
Phys 26:1636–1643

72. Meador WE, Stanton LD (1965) Electrical and thermal properties of plasmas. Phys Fluids 8:1694–1703

1160 Plasma Chem Plasma Process (2016) 36:1141–1160

123


	Thermodynamic Properties and Transport Coefficients of CO2--Cu Thermal Plasmas
	Abstract
	Introduction
	Equilibrium Compositions and Thermodynamic Properties
	Collision Integrals
	Neutral--Neutral Interactions
	Neutral--Ion Interactions
	Electron--Neutral Interactions
	Charged--Charged Interactions

	Transport Coefficients
	Electrical Conductivity
	Viscosity
	Thermal Conductivity

	Conclusion
	Acknowledgments
	References




