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During the long-term operation of electrical equipment, the insulation performance of applied SF6 gas may be affected by humidity, pressure, and temperature. In this study, the collision cross sections of SF6 and H2O are considered, including ionization, attachment, excitation, and elastic collision. In order to analyze the influencing factors of SF6 insulation performance, discharge parameters are computed by the Boltzmann equation under different environmental conditions, including humidity, pressure, and temperature. It is concluded that with the conditions of 0.1 MPa and 300 K, the critical breakdown electric field increases by 1.23 kV/cm as the relative humidity increases from 0% to 80%. As the pressure increases from 0.1 to 0.6 MPa, the critical breakdown electric field increases by 451.07 kV/cm. However, temperature also has little effect on the insulation performance of SF6 gas. The conclusions of this study have reference value for safe and stable operation of SF6 insulated power equipment.
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INTRODUCTION
UHV gas-insulated switchgear (GIS) is an important component for the UHV transmission network to ensure safe and stable operation. Since the1960s, SF6 gas has been widely used in high-pressure GIS equipment. During the operation of high-voltage GIS equipment, many factors affect its safe and stable operation, such as pressure, temperature, humidity, and discharge by-products [1, 2]. The electron transport parameters of gas discharge are an important basis for studying the insulation performance. Experimental and numerical calculation methods are applied to obtain electron transport parameters of SF6 gas. Steady-state Thompson experiment (SST) and pulse Thompson experiment (PT) are the two main experimental methods. Numerical methods include the fluid dynamics hybrid model, PIC-Monte Carlo collision model, and model of Boltzmann equation. Since the solving process of PIC-Monte Carlo is too complicated and mainly used at low pressure, it is not suitable for SF6 gas [3]. Since the Boltzmann equation is of great significance in the study of transport theory, it has attracted the attention of many scholars. The Boltzmann equation is to solve the electron energy distribution function (EEDF) and the important parameters of gas discharge under known section data. Compared with the other two numerical calculation methods, the Boltzmann equation can improve the calculation accuracy with a shorter calculation time [4].
for SF6 is a strong electronegative gas with good arc extinguishing performance and insulation performance, SF6 gas is widely used as an insulation medium in GIS power equipment. The pressure and electric field are much higher in GIS equipment. Therefore, the discharge parameters of SF6 gas can vary sensitively under different environmental conditions. In 1988, H Itoh et al. [5, 6] studied the electron group behavior by using three Boltzmann equation methods and determined a set of uniform electron collision cross sections. The calculated results are compared with the Boltzmann equation with a two-term approximation, and the electron group parameters are completely effective. In 1993, H Itoh et al. [7] modified the cross-sectional data and added the elastic momentum transfer cross section on the basis of the abovementioned literature. The electron transport parameters calculated by the Boltzmann equation are very consistent with those calculated by the Monte Carlo method. Phelps and Van Brunt [8] studied the electron transport parameters of SF6 by the Boltzmann equation and predicted the critical breakdown field strength and electron drift velocity of SF6 and N2, O2, and Ne gas mixtures. A set of cross-sectional data of SF6 at lower and higher energies are summarized, which are different from the previous data. The electric field when the ionization coefficient is equal to the attachment coefficient is defined as the critical effective breakdown field (E/N)cr. MJ Pinheiro et al. [9] calculated the effective ionization coefficient and electron drift velocity of SF6 and He, Xe, CO2, and N2 gas mixtures by Boltzmann equation analysis, which proved the validity of using the Boltzmann equation with two-term approximation to calculate the transport parameters of SF6. Feng Li et al. [10] analyzed the influence of temperature on the insulation performance of SF6/N2 gas mixture by the experimental method and concluded that the critical breakdown field strength changed little in the temperature range of −20–20°C. Bin Li et al. [11] used an SF6 circuit breaker to test the relationship between temperature and SF6 humidity and the influence on the insulation performance of the product. It is verified that temperature and humidity have little effect on the ability of the SF6 circuit breaker to withstand high voltage. Tang et al. [12] studied the effect of micro-water on SF6 discharged products under an overheating fault by the experimental method. The abovementioned literature focuses on the study of the insulation performance of SF6 gas and its mixture, and the influence of humidity, pressure, and temperature is mostly through experimental methods. However, the influence of humidity, pressure, and temperature on the insulation performance of SF6 gas is rarely analyzed by numerical calculation.
The aim of this study is to analyze the influence of humidity, pressure, and temperature on the insulation performance of SF6 gas by the Boltzmann equation. The role of different environmental factors is dissected by the introduction of electron energy distribution function, and the effects of humidity, pressure, and temperature on the effective ionization coefficient are analyzed as well.
BASIC MODEL AND THEORY
Boltzmann Equation
When the fluid-chemical model is used to simulate the hydrodynamic simulation of gas, the electron transport parameters are important requirements for solving the electron continuity equation, energy equation, and momentum equation. Electron transport parameters calculated by the Boltzmann equation are the premise of hydrodynamic simulation of the discharge process.
The plasma discharge process can be explained by the plasma dynamics theory, and the Boltzmann equation shown in Eq. 1 can represent the distribution function of electrons in the six-dimensional phase space [13–16].
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where f is an electron energy distribution function, including 6D phase-space coordinates and time coordinates; v is the electron velocity vector; e is the charge of electrons; m is the mass of electrons; E is the electric field intensity vector; and C[f] is the change rate of the electron energy distribution function during the collision.
It can be seen that the Boltzmann equation is a multidimensional partial differential equation. Because of the high-dimensional characteristics of the Boltzmann equation, it is very complex to directly solve the Boltzmann equation, so the classical two-term approximation theory is used to simplify it [17]. The electron distribution function is symmetrical along the electric field direction in the velocity space and only changes along the electric field direction in the coordinate space. Therefore, using spherical coordinates in velocity space, Eq. 1 can be simplified to as follows:
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where θ is the angle between the direction of electron velocity and the direction of electric field intensity.
And the electron energy distribution function can be expanded by the spherical harmonic function, as shown in the following equation:
[image: image]
When applied to gas discharge, elastic collision plays a leading role due to the small electric field intensity and the small anisotropy caused by an electric field. At the same time, the electron mass is small, and the energy loss is less when the elastic collision with the molecule and the thermal motion under the electric field is dominant. Even if the electric field intensity is large, the anisotropy of the electron velocity distribution function is weak. Just keep the second item of the spherical harmonic expansion (to first order), as shown in the following equation:
[image: image]
where f0 and f1 are isotropic and anisotropic components of the electron energy distribution function, respectively; θ is the angle between the direction of electron velocity and the direction of electric field intensity.
The calculation results in Reference [18] show that the useful transport parameters can be calculated by using the first-order spherical harmonic expansion. The difference between the calculated transport parameters retained in the first order and the calculated transport parameters retained in the sixth order is less than 10%.
Substitute Eq. 4 into Eq. 2, respectively, multiplying Legendre polynomials (1 and cosθ) and integrating cosθ, the following two first-order partial differential equations are obtained as follows:
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where γ=(2e/m)1/2 is a constant, ε=(v/γ)2 is electronic energy, and σm and σk are total collision cross sections and reaction k collision cross sections, respectively.
Eqs 5, 6 are combined by the separation variable method to obtain a second-order partial differential equation about f0 and f1 equation about f0:
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where σε is the total cross section of elastic collision; N represents air density; M represents particle mass; kB represents the Boltzmann constant; T is gas temperature; S is the energy loss source term representing inelastic collisions; and Ck is the term of type k inelastic collisions between electrons and other particles, solving f0 and f1 to obtain the electron energy distribution function.
The electron transport parameters can be obtained, including the reduced ionization coefficient α/N, the reduced attachment coefficient η/N, and the reduced effective ionization coefficient (α−η)/N. As (α−η) = 0, the reduced electric field intensity is the critical reduced electric field strength (E/N)cr.
The reduced ionization coefficient and the reduced attachment coefficient can be calculated according to Eqs 12, 13, respectively.
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where N is the number density of neutral particles; W is the electron diffusion velocity; Qi is the electron collision ionization cross section; Qa is the electron attachment cross section; F0 is the electron energy distribution function that remains unchanged in time and space after expanding f through two-term approximation; ε is the electron energy; εi is the critical energy of collision ionization; and εa is the critical energy of adsorption reaction.
Electron Collision Reaction
Elastic collision, excitation, attachment, and ionization occur during discharge processes. The electron collision cross section is the basic data for solving the Boltzmann equation. The accuracy of the calculation depends on the cross-section set. The cross-section sets of different electron collision reactions selected in this study are all from the LXCat database [19, 20]. In order to simplify the calculation, this study only considers electron collisions. The collision types mainly include ionization, attachment, elastic collision, and excitation. As shown in Table 1.
TABLE 1 | Cross-section set of the considered electron collision reactions.
[image: Table 1]Analysis of Discharge Characteristics of SF6 Gas
In this study, the BOLSIG+ is used to solve the Boltzmann equation with the two-term approximation method [13]. The electron energy distribution function, reduced ionization coefficient, reduced attachment coefficient, and reduced effective ionization coefficient are all calculated.
Figure 1A shows the electron energy distribution functions of reduced electric fields (E/N) of 100, 200, 300, 400, 500, and 600 Td (1Td = 10−21 V·m2) in SF6 gas at 300 K. As the electron energy is below 10 eV, the electron energy distribution function decreases with the reduced electric field. This is caused by the strong electronegative property of SF6. It can attach electrons in the mean free path and make a large number of electrons gather around the SF6 molecule. The smaller the reduced electric field is, the larger the proportion of low-energy electrons is. As the electron energy exceeds 10 eV, the electron energy distribution function increases with the reduced electric field. The increasing electric field will increase the electron kinetic energy, resulting in a larger proportion of high-energy electrons. The aforementioned results are basically consistent with the conclusions in Reference [21].
[image: Figure 1]FIGURE 1 | (A) EEDF of SF6; (B) the relationship of α/N and η/N with E/N.
The reduced ionization coefficient mainly reflects the probability of collision ionization between electrons and SF6 molecules, while the reduced attachment coefficient mainly reflects the ability of SF6 molecules to attach electrons. The reduced electric field has a great influence on the ionization and attachment reactions between electrons and gas molecules. As shown in Figure 1B, the reduced ionization coefficient increases with the reduced electric field. The results of the present study are between those of Phelps and Van Brunt [8] and Itoh [22]. And the relationship between SF6 attachment coefficient and reduced electric field. It can be seen that the attachment capacity decreases with the increase of the reduced electric field, and the calculation results are basically consistent with those of Phelps and Van Brunt [8] and Itoh [22]. SF6 has a strong attachment ability that will inhibit the collision ionization process in SF6 gas.
EFFECT OF DIFFERENT ENVIRONMENT FACTORS ON THE INSULATION PERFORMANCE OF SF6 GAS
Gas Humidity
The EEDF of SF6 gas with a relative humidity of 0% and 80% is shown in Figure 2A. As E/N = 100 Td, the electron energy distribution function curve of dry SF6 is slightly higher than that of wet SF6. This is because H2O can capture free electrons to form negative ions, inhibiting the collision ionization process. However, when the E/N is 300 Td, the kinetic energy obtained by electrons also increases, and the movement of electrons is accelerated, making it difficult for water vapor molecules to capture electrons. The increasing number of high-energy electrons makes it easy for electron collision ionization. Therefore, the electron energy distribution function curve of dry SF6 is slightly lower than that of wet SF6.
[image: Figure 2]FIGURE 2 | (A) EEDF of SF6 gas with different humidity; (B) the effect of relative humidity on (α-η)/N.
To study the effect of humidity on the critical electric field of SF6 gas, the discharge transport parameters are calculated under different relative humidity from 0 to 80% at the E/N of 100, 200, 300, 400, 500, and 600 Td under the condition of 0.1 MPa and 300 K. Figure 2B shows the relationship between (α-η)/N and E. With the relative humidity increases from 0% to 80%, the critical breakdown electric field of SF6 gas increases by 1.23 kV/cm. Therefore, humidity has little effect on the insulation performance of SF6 gas, which has no effect on the insulation performance of SF6 when the relative humidity is 30% in Reference [11].
Gas Pressure
The variation of pressure can affect the number of SF6 particles per unit volume, which can be described by the ideal gas law as follows:.
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where P is the pressure, V is the gas volume, T is the temperature, N is the amount of gas material, and R is the molar gas constant.
SF6 gas generally works at high pressure in electrical equipment. With the increasing pressure, the SF6 molecule's density increases. At 300 K, the relationships of α/N, η/N with E are calculated at a pressure of 0.1–0.6 MPa, as shown in Figure 3. With the increasing electric field, α/N increases, while η/N does not change significantly. Therefore, the pressure mainly affects the α/N of SF6 gas. When (α-η)/N = 0, the electric field strength corresponding to the transverse coordinates of the intersection point is defined as the critical breakdown electric field. As the pressure increases from 0.1 to 0.6 MPa, the critical breakdown electric field increases by 451.07 kV/cm.
[image: Figure 3]FIGURE 3 | The relationships of α/N and η/N with E under 0.1–0.6 MPa.
Table 2 shows the comparison between the calculation results in this study and testing results in Reference [23], with the maximum error not exceeding 2%. Since the pressure value of SF6 gas applied in gas-insulated switchgear (GIS) equipment is generally 0.4–0.6 MPa, Table 2 also shows the relationship between (α-η)/N and E at 0.4–0.6 MPa.
TABLE 2 | Critical breakdown field at (α-η)/N = 0.
[image: Table 2]With the increase of pressure, the critical breakdown field strength increases, and the insulation performance is enhanced. The increase in air pressure can reduce the free path length of electrons and the number of collision ionization between electrons and SF6 molecules, thus inhibiting collision ionization.
Gas Temperature
To study the effect of gas temperature, α/N and η/N of SF6 gas at 250 K, 300 K, and 340 K were calculated, as shown in Figure 4. The gas temperature has little effect on α/N and η/N.
[image: Figure 4]FIGURE 4 | α/N and η/N versus E with the temperature of 250–340 K.
With the increasing temperature, the critical breakdown electric field changes slightly. Therefore, the effect of temperature on the discharge characteristics of SF6 gas is very small and can be approximately ignored.
CONCLUSION
This study uses BOLSIG+ to solve the Boltzmann equation with the two-term approximation method. The accurate cross-sectional data are selected to solve the electron energy distribution function and discharge transport parameters of SF6 gas. The accuracy of the model is verified by comparing the results with the known literature.
1) EEDF is mainly affected by the E/N. As the electron energy is below 10 eV, the EEDF decreases with the reduced electric field. And the EEDF increases with the reduced electric field when the electron energy exceeds 10 eV.
2) Humidity has a slight impact on the insulation performance of SF6. Collision reactions of H2O are considered in this study. As the relative humidity is increased from 0% to 80%, the critical breakdown electric field increases by 1.23 kV/cm.
3) Pressure effects a lot on the insulation performance of SF6. Through comparing the calculation results in this study and testing results, verify the accuracy of the model. The critical breakdown electric field increases by 451.07 kV/cm as the pressure is increased from 0.1 to 0.6 MPa.
4) Gas temperature has little effect on α/N and η/N. Also, the critical breakdown electric field changes slightly.
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