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C6F12O has good insulating properties and has the potential to be used as an insulating medium in gas-insulated equipment. Previous researches show that thermodynamic properties and transport parameters can reflect the microscopic properties of plasma and evaluate the physical properties of gas during gas discharge. In this paper, the thermodynamic and transport properties of C6F12O are calculated based on LTE conditions. According to the type of particles participating in the reaction and the thermal parameters, the number density of particles, the thermodynamic properties and transport parameters in the range of 300–30000 K are calculated. The results show that the conductivity of C6F12O is higher than that of CO2 and N2 at lower temperatures, which is consistent with the properties of most electronegative gases. The thermal conductivity of C6F12O has distinct peaks at 3500, 5500 and 16000 K, respectively. The calculation results can provide a data basis for the subsequent calculation of breakdown and interruption characteristics, which is significant to the design and development of gas insulating equipment.
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INTRODUCTION
Gas insulation medium has the advantages of safety, reliability, long maintenance period and without aging, therefore, it plays a major role in the field of high voltage insulation (Xiao, 2016). Among various insulating gas media, SF6 is widely used in electrical insulation equipment. Its insulation strength in uniform electric field is more than 2.5 times that of air (Tian et al., 2019a). Besides, it can recombine under the high temperature arc has excellent arc extinguishing performance. In terms of performance, SF6 is a gas medium with excellent insulation, however, its global warming potential (GWP) of 23,500 can not be ignored (Hou et al., 2019; Zhang et al., 2020a). With the continuous development of the power industry, the content of SF6 in the global atmosphere has increased by 20% in the past 5 years, which has a harmful impact on the environment. If it is left alone, it may cause the global average temperature to increase by 4°C or more until 2100 (Zhang et al., 2017a; Obama, 2017). Therefore, it is urgent to find an environmentally friendly insulating gas.
C6F12O is non-toxic and nonflammable, which is in focus due to the original application of extinguishing agent (Linteris et al., 2013). The molecular structure is shown in Figure 1. Further research shows that its insulation performance is more than twice that of SF6 and the GWP value is close to 1, which has little impact on the environment. However, the liquefaction temperature of C6F12O is high, which needs to be mixed with buffer gas to meet the application requirements (Zhang et al., 2017b; Tian et al., 2018; Tian et al., 2019b; Wang et al., 2020a).
[image: Figure 1]FIGURE 1 | Molecular structure of C6F12O.
At present, the research on the related properties of C6F12O has made preliminary progress. In 2014, the experimental studies conducted by ABB show that the mixture of C6F12O and air or CO2 has similar insulation performance to SF6 under AC voltage and lightning impulse voltage (Mantilla et al., 2014). In recent years, some progress has been made in the domestic research on the insulation and decomposition properties of C6F12O. In 2017, Zhang et al. were the first to study the influence of the mixing ratio on the power frequency breakdown characteristics of C6F12O/N2 mixture through experiments. The results show that the power frequency breakdown performance of 3% C6F12O/N2 is 1.7 times that of pure N2 under 0.1 MPa, which is very close to that of to N2 after adding 10% SF6 (Tian et al., 2018). Under this condition of pressure and mixing ratio, the products are mainly CF4, C2F6, C3F8, C4F10 and C5F12 after breakdown. When the buffer gas is CO2, the breakdown voltage of 3% C6F12O/CO2 mixture at 0.1–0.2 MPa is slightly higher than that of 10% SF6/CO2 mixture (Tian et al., 2019c). In further research, the team also studied the partial discharge characteristics of C6F12O/CO2 mixture. Both the initial voltage and extinction voltage are positively correlated with the mixing ratio, and they are greatly influenced by the mixing ratio under the higher the pressure (Zhang et al., 2017b). In addition to the characteristics of the breakdown and decomposition, the team also studied thermal decomposition characteristics of C6F12O (Yi et al., 2019). The results show that decomposition products are mainly CF4, C2F6, C3F8, C3F6 and C5F12 at high temperatures. For the compatibility of C6F12O and metal, existing studies have shown that the compatibility of C6F12O-air with aluminum is better than that of copper (Pan, 2021a; Pan, 2021b; Chen and Pan, 2022a; Chen and Pan, 2022b; Pan, 2022).
From a theoretical level, in 2020, Tian et al. calculated the total electron collision ionization cross section of the C6F12O molecule to evaluate its dielectric strength by using the Deutsch-Märk formula (Tian et al., 2019b). In 2019, Tang et al. analyzed its bond energy and bond angle in detail from the molecular level, then, its thermal stability was preliminarily revealed (Tang et al., 2019). In 2020, Zhong et al. comprehensively analyzed the decomposition mechanism of C6F12O through advanced quantum chemical calculations of DFT and TST on the basis of experimental research (Wang et al., 2020b). In 2021, Rao et al. calculated the formation process of C6F12O decomposition products based on DFT, which explained the formation process of decomposition products from a theoretical level (Rao et al., 2021).
The above theoretical and experimental researches on the insulation and decomposition characteristics of C6F12O have been carried out in a deeply study. Thermodynamic and transport parameters can be used to evaluate the interruption and breakdown characteristics of gas insulating media, now, some relevant calculations have been made in the study of other environmentally friendly insulating media (Zhang et al., 2020b; Zhang et al., 2020c). In this paper, the thermodynamic properties and transport parameters in the range of 300K–30000 K are calculated, which can provide a theoretical basis for the design and development of gas insulation equipment filled with C6F12O and buffer gases.
CALCULATION METHOD
Based on the assumption that C6F12O is in local thermodynamic equilibrium (LTE), it is assumed that the discharge is in an ideal gas environment. Based on the partition function of each particle, the law of mass action, the law of partial pressure of Dolton, the ionization equation and the dissociation equation, electric neutrality, and atomic conservation are combined to calculate the number density of each particle. Then, various thermodynamic parameters can be obtained directly by using standard thermodynamic relations (Wang et al., 2011). The transmission of particle mass, momentum, and energy in the plasma can be described by the Boltzmann equation, therefore, the transport coefficients can be obtained by the Chapman-Enskog expansion of this equation (Wang et al., 2012).
Specifically, the law of mass action is that the rate of chemical reaction is proportional to the effective mass of the reactants. The law of partial pressure of Dolton is that the partial pressure in a gas mixture is equal to the pressure when it occupies the entire region alone at the same temperature, and the sum of the pressures of the components in the mixture is the mixture’s pressure. The Saha ionization equation and Guldberg-Waage dissociation equation indicates that the atomic concentration and ion concentration are keep balance depending on ionization and recombination, which are calculated through formula (1) and (2).
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Qint is the internal partition function of the particle. ni is the number density of the particle, me is the mass of the electron, Kb is the Boltzmann constant, h is the Planck constant and Eion is the ionization energy of the particle. mA, mB, and mAB are the masses of the particles and Edis is the dissociation energy.
For the partition function of a particle, it is significant in the calculation. It is the sum of the Boltzmann factors of its possible states in the system, which reflects the structural characteristics and thermal parameters of the particle. According to the molecular structure of C6F12O and preliminary research, C6F12O may decompose to a variety of different particles after discharge, which can be divided into monatomic and polyatomic particles to calculate the partition function, respectively. There are 13 kinds of monatomic particles: C, C−, C+, C2+, O, O−, O+, O2+, F, F−, F+, F2+, e. Diatomic particles are 12 types: C2, C2−, F2, F2+, O2, O2−, O2+, CF+, CF, FO, CO, CO+. Polyatomic particles are 34 types: C3, CF2, CF2+, CO2, CFO, F2O, C2O, FO2, F2O2, C4, C5, C2F, C2F2, CF3, C2F4, C3F, C3F4, C3F6, C3F6O, C3O2, CF4, C2F6, C2F6O, CF2O, CF4O, C3O2, C3F8, C3F7, C4F8O, C4F10O, C5F8, C5F10, C5F10O, C6F12O.
The calculation methods of different types of particles are slightly different for the partition function. The atoms can be directly calculated according to Formula 1. In the formula: [image: image] is the internal partition function of particle i; gn is the degeneracy of the nth electron energy level; [image: image] is the energy value of the nth electron energy level.
[image: image]
When calculating the partition function of diatomic particles, the vibrational energy level and the rotational energy level also need to be considered except the electronic excitation energy level, as shown in Formula 4.
[image: image]
Where [image: image] is the electron internal partition function of particle i, [image: image] is the oscillation partition function of particle i, [image: image] is the rotational partition function of particle i, Te is the excitation energy level of the particle, v is the vibrational energy level of the particle, and J is the particle vibration energy level. The spectral data involved can be obtained from the NIST database.
For the calculation of the partition function of polyatomic particles needs to be divided into linear particles and nonlinear particles. During the calculation, some required vibration parameters and rotation parameters can be found in the JANAF thermochemical data manual. In addition, for the macromolecular particles CF4O, C4F8, C4F10O, C6F12O, C5F8, C5F10, C5F10O, C2F6O and C3F6O, the models of them are built and the geometric optimizations are carried out in Materials Studio. Then, the vibration parameters and rotation parameters with the stable structures are calculated based on the density functional theory, the results are shown in Table 1.
TABLE 1 | Calculated values of vibration parameters and rotation parameters of polyatomic particles.
[image: Table 1]Based on the partition functions of different particles, the nonlinear equations are obtained in combination with ionization equation, dissociation equation, electric neutrality principle, atomic conservation and Dalton’s partial pressure law. The number density of each particle are calculated through Newton iterative method to get the thermodynamic parameters (Cressault, 2001; Cressault and Gleizes, 2004; Boulos et al., 2013).
The transport parameters of C6F10O can be calculated based on the mass, momentum and energy transmission of the particles in the plasma. Based on the interaction potential, the collision integrals between different particles at different temperatures are analyzed and calculated, then, the Chapman-Enskog expansion is performed on them to obtain the transport coefficients. During the calculation of the collision effect, the required parameters of the binding energy, the distance between the two particles when the potential energy is zero and the polarization rate of most macromolecules can be obtained from literature (Cressault et al., 2011). In addition, for other macromolecules, the relevant parameters are calculated by quantum chemistry method in Materials Studio, the calculation results are shown in Table 2.
TABLE 2 | The key parameters of collision integral the main neutral particle (Yu et al., 2017; Zhong et al., 2017).
[image: Table 2]ANALYSIS OF CALCULATION RESULTS
Number density of particles
The monatomic, diatomic and polyatomic particles can be produced after the ionization and dissociation of C6F12O at 0.1 MPa. As shown in Figures 2A–C, it is the change of the number density of each particle at 300 K–30000 K. With a rise of temperature, some small molecular particles such as C2, C2F4, C3, C3F4, C4, C5, CF, CF2, CF2O, CF3, CF4, CFO, CO, CO2 and F2 are firstly dissociated from C6F12O between 300 and 3000 K. At the same time, the appearance of C, F and O are accompanied with ionization. As the temperature continuously rises, the number density of most particles begins to decrease and the secondary ionization process occurs. When the temperature is high enough, there are a large number of monatomic particles C2+, F2+ and O2+ in the plasma. Therefore, the proportion of macromolecules is low at high temperature. For polyatomic particles produced during discharge, the number density is relatively low, which is less than 1014/m3.
[image: Figure 2]FIGURE 2 | Number density and mass density of main particles.
As shown in Figure 2D, it is the mass density of C6F12O, which is obtained by summing the product of the number density and mass corresponding for the above particles. Under the constant pressure, with the increase of the temperature, the total number of particles increases due to the increasing decomposition of the plasma, which can increase the total volume of the system. Therefore, the mass per unit volume continuously decrease. Some small molecular particles appear at 300–3000 K, so the mass density of C6F12O decreases rapidly in this temperature range.
Thermodynamic parameters
Based on the particle number density obtained above, the main thermodynamic parameters of enthalpy H, entropy S, specific heat Cp and sound velocity Vs of C6F12O are calculated. As shown in Figure 3, it is the calculation results of main thermodynamic parameters of C6F12O at 0.10 MPa.
[image: Figure 3]FIGURE 3 | The calculation results of main thermodynamic parameters of C6F12O.
As shown in Figure 3, it is the calculation results of main thermodynamic parameters of C6F12O at 0.10 MPa. Among them, the change trend of enthalpy, entropy and sound velocity is roughly the same as that of most other gases. The specific heat has an obvious peaks in the temperature range of 300–5000 K and 20000–25000 K. The position of the peak is generally considered to be caused by endothermic reaction processes of particles. Therefore, combined with the analysis of the change of particle number density, the peak can be considered to be caused by the dissociation between particles below 1000 K. At higher temperatures, the appearance of the peak is mainly due to the peak change caused by the ionization of atoms.
Transportation parameters
Conductivity
Conductivity σe is a physical quantity used to characterize the electron conduction characteristics in plasma, which is closely related to the electron number density and ionization degree. The expression is as follow.
[image: image]
Where e, ne, me, na, σen are the amount of elementary charge, number density of electron, electronic mass, number density of neutral particles and collision cross section between electrons and neutral particles, respectively. The internal conductivity of σ can be obtained by the calculation of Chapman-Enskog third-order approximation. The conductivity of C6F12O, CO2 and N2 at 0.1 MPa is calculated by the above method, as shown in Figure 4. It can be seen that when the temperature is higher than 10000 K, the conductivity difference of the plasma formed by the three gases is small and the curves of them with temperature almost coincide. When the temperature is low, the curves show obvious differences with the change of temperature. Specifically, the curve of C6F12O is higher than that of CO2 and N2, which is consistent with the properties of most electronegative gases.
[image: Figure 4]FIGURE 4 | Conductivity of C6F12O, CO2 and N2.
Thermal conductivity
The Thermal conductivity k characterizes the ability of a material to directly conduct heat, which is consisted of heavy particle thermal conductivity kh, electron thermal conductivity ke, internal thermal conductivity kint and reaction thermal conductivity kreac. The kh, ke and kint are calculated through the second approximation order, the third approximation order and the first approximation order of the Chapman-Enskog method, respectively. The kreac is obtained from the Butler and Brokaw theory. Among them, the internal thermal conductivity is caused by the change of heat transfer energy due to the internal degrees of freedom of particles. The specific calculation method can refer to Reference (Wang et al., 2020b).
Figure 5 shows the calculation results of each part and total thermal conductivity of C6F12O. It can be seen that the proportion of thermal conductivity of each part at different temperatures. When the temperature is low, the total thermal conductivity of C6F12O mainly depends on the reaction thermal conductivity, which is related to the enthalpy of particle reaction. When the temperature is higher than 20000 K, the reaction thermal conductivity decreases to a lower level. When the temperature is higher than 7000 K, the electron thermal conductivity increases significantly with the increase of the temperature, which is mainly because of the enhancement of atomic ionization and the increase of the electron number density at higher temperature. When the temperature continuously rises to higher than 20,000 K, the contribution of electronic thermal conductivity to the total thermal conductivity is dominant.
[image: Figure 5]FIGURE 5 | Calculation results of thermal conductivity of C6F12O.
As shown in Figure 6, the thermal conductivities of CO2 and N2 are compared with that of C6F12O. The calculation results of thermal conductivities of CO2 and N2 are consistent with those in literature (Cressault and Gleizes, 2004). Since the types and number densities of particles formed by different gases at different temperatures are different, the thermal conductivities of different gases show different amplitudes for the peaks at different temperatures. At the same time, the number density of electron increases significantly with the gradual increase of temperature, and the change of the whole thermal conductivity shows an upward trend. The thermal conductivity of C6F12O has three obvious peaks, which appear at 3500 K, 5500 K and 16000 K, respectively.
[image: Figure 6]FIGURE 6 | Thermal conductivity of C6F12O, CO2 and N2.
CONCLUSION
In this paper, according to all possible particle types, the nonlinear equations are written through the conditions satisfied by LTE to obtain the number density of each particle. Then, the thermodynamic parameters are obtained with partition function and the transport parameters are obtained by calculating the collision cross sections between different particles. The specific conclusions are as follows:
(1) With the increase of temperature, small molecular particles C2, C2F4, C3, C3F4, C4, C5, CF, CF2, CF2O, CF3, CF4, CFO, CO, CO2, F2, etc. firstly appear between 300 and 3000 K. At the same time, the appearance of C, F and O are accompanied with ionization. As the temperature continuously rises, the number densities of most particles begin to decrease and the secondary ionization process occurs. When the temperature is high enough, there are a large number of C2+, F2+ and O2+ in the plasma.
(2) When the temperature is higher than 10000 K, the conductivities of the plasma formed by C6F12O, CO2 and N2 at different temperatures are almost the same. At low temperature, the difference of the conductivities is obvious. Specifically, the conductivity of C6F12O is higher than that of CO2 and N2, which is consistent with the properties of most electronegative gases.
(3) The thermal conductivity of different gases show peaks with different amplitudes at different temperatures and the overall thermal conductivity shows an upward trend. There are three obvious peaks in the thermal conductivity of C6F12O, which appear at 3500, 5500 and 16000 K, respectively.
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