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Abstract

:

SF6/CF4 mixture is considered a potential substitution for SF6 in gas-insulated equipment owing to the considerable insulation and low temperature characteristics of CF4. This paper concerns the substitutability of the mixture on the surface flashover property. Epoxy resin composites for solid insulators are applied since flashover at the insulator interface often occurs and results in severe damage to the safe operation of the equipment. Two kinds of electrode systems are designed to study DC flashover properties with different electric field uniformities. The obtained result shows that the flashover voltage in the 20% SF6/80% CF4 mixture achieved more than 70% of the voltage in SF6 at the same pressure. The mixture shows considerable synergy in the surface flashover process and performed different tendencies with varying gas pressures and contents under different electrode systems due to the influence of surface accumulated charge. Moreover, it is considered that surface charge due to ionization may result in a reversal phenomenon for voltage polarity with increasing pressure. The results indicate the possibility of SF6/CF4 functioning as an efficient substitution of SF6 with a considerable insulation property and improved environmental protection characteristics.
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1. Introduction


SF6 is widely applied in gas-insulated switchgear (GIS) due to its excellent insulation and arc-quenching properties [1,2]. However, SF6 was classified as a limited gas in the Kyoto Protocol due to the serious greenhouse effect and durable activity in the atmosphere attributed to its chemical stability [3]. Moreover, the application of SF6 in GIS is limited in areas with a low temperature due to its high liquefaction temperature [4]. Thus, substitute gas is an urgent need considering the development of power systems and the increasing push for environmental protection to satisfy the demand in low temperatures and environmental applications.



Currently, much concern is focused on the investigation of SF6 substitute gases for environmental consideration. Two main approaches are present, i.e., the development of gas mixtures based on SF6 with the application of air, N2, CO2, etc. for partial substitution and the development of new gases with an environmental property for perfect substitution [5,6]. c-C4F8 and CF3I were reported with considerable insulation and arc-quenching properties in the investigation of environmental gases [7,8]. However, the high liquefaction temperature of these gases remained a disadvantage, resulting in the limitation for cold applications. It was reported that CF4 showed favorable properties in cold weather due to its low liquefaction temperature, which could improve the application of SF6 in cold conditions with the proper amount of the mixture [9]. Moreover, CF4 demonstrates better environmental properties with a low Global Warming Potential compared to SF6, which could improve the environmental property of the SF6/CF4 mixture compared to SF6 [10]. Meanwhile, the SF6/CF4 mixture presents the advantage of insulation in a non-uniform electric field due to the considerable insulation property of CF4 and showed a proper synergistic effect [11,12]. Furthermore, the 50% SF6/50% CF4 mixture was applied in the high voltage breaker owing to its excellent arc-quenching property [13,14]. However, the research on the SF6/CF4 mixture has mainly focused on its insulation and arc properties as a SF6 substitute gas for the purpose of application in high voltage (HV) breakers in GIS.



With the development of high-voltage direct-current (HVDC) transmission, surface flashover would cause a severe challenge to the insulator in GIS owing to the accumulation of surface charge under the stress of the DC field [15,16,17]. However, research concerned with DC flashover has mostly focused on SF6 [18], and little attention has been paid to the gas mixture or new environmental gas. Meanwhile, the studies on gas mixture are mainly concerned with the insulation and arc properties. Few researchers have discussed the influence of the SF6/CF4 mixture on the surface property of insulators, especially for HVDC. This paper investigated the DC surface flashover property of epoxy resin (EP) composites applied in insulators with SF6/CF4 mixture. Two kinds of electrode systems with different electric field uniformities were designed to study the influence of the gas property on flashover behavior. Moreover, the influence of stressed voltage polarity was investigated with various SF6/CF4 mixtures considering the effect of accumulated surface charge. The synergistic effect was applied to describe the interaction between the two kinds of insulation gas for surface flashover. Finally, the substitutability of SF6/CF4 was discussed, with a comprehensive consideration of flashover and environmental properties for GIS.




2. Experimental Setup and Procedure


2.1. Test Sample and Gas Mixture


The EP composites applied in this paper consist of bisphenol-A epoxy resins as the matrix, were filled with Al2O3 particles of 70 wt%, and were supplied by Pinggao Group Co., Ltd. (Pingdingshan, China) This composition is often applied in the manufacture of GIS/GIL insulators. Thus, it was selected for this study. The thickness of the samples was 1 mm. The average surface roughness of the samples was 0.12 μm. In this test, CF4 gas with various contents was mixed in the SF6 matrix to obtain SF6/CF4 mixture with the contents of 20, 40, 60, and 80% for SF6. According to Dalton’s law of partial pressure, the content of gas constituents can be described by the partial pressure in the mixture. In the gas mixture process, a gas constituent with lower content was inflated into a high-pressure gasholder to reduce its compressibility in the following process. Thus, the SF6/CF4 mixture was standing for hours before being inflated to the test seal chamber.




2.2. Electrode System


Two kinds of electrode systems were applied in this paper, which could supply electric fields with different uniformities. The surface flashover characteristics of EP samples was investigated with different kinds of electric fields. The electrode systems are illustrated in Figure 1. Two copper finger-type electrodes of the same size were applied as HV and ground electrodes, respectively, whose surfaces were polished. The radius of the tip touching the sample was 8 mm, and the distance of the tip was 5 mm, as shown in Figure 1a. The point electrode was made of tungsten steel with a radius of 1.6 mm and fixed at an angle of 45° to the test sample. The tip was polished and set 5 mm apart from the ground electrode, which was made of copper, as shown in Figure 1b. The inhomogeneous degrees of the electric field in the finger-type electrode system and needle-plate electrode system are 1.7 and 5.2, respectively. Thus, the finger-type electrode system can be employed to investigate the flashover characteristics in a slightly uneven electric field corresponding to the condition of a GIS busbar with a coaxial cylindrical structure. The finger-type electrode system can be employed to investigate the flashover characteristics in an extremely uneven electric field corresponding to the condition of the crack or metallic particle on the insulator surface.




2.3. Surface Flashover Measurement


The flashover measurement system is shown in Figure 2. DC voltage up to 150 kV with positive and negative polarities was provided by an HVDC source. A self-designed seal chamber consisting of viewing windows was applied in the test, which could provide a gas environment with a pressure up to 0.6 MPa. A 126 kV basin insulator supplied by Pinggao Group Co., Ltd. was fixed on the chamber to prevent possible flashover between the HV input electrode and grounding tank.



The EP sample and electrodes were cleaned with ethyl alcohol and dried before being fixed in the chamber to prevent the influence of surface pollution. The seal chamber was vacuumed to 30 Pa, and then SF6/CF4 mixture was inflated up to the given pressure. The system was standing for 20 min before HVDC voltage was applied to the sample. DC voltage was applied and increased by 1 kV/s until a flashover occurred. Ten repeated tests were carried out for each condition. The gas pressure that operated in the test was from 0.1 to 0.4 MPa, and the temperature was 20 °C.





3. Results and Discussions


3.1. Surface Flashover


The negative surface flashover of the EP samples under finger-type electrodes was investigated with various SF6/CF4 mixtures, and the result is shown in Figure 3. Contents of 0, 20, 40, 60, 80, and 100% for SF6 were applied in the mixture, and the pressure was operated from 0.1 to 0.4 MPa. It is obvious that, with the increasing pressure, the negative flashover voltage decreased, while the absolute value increased, indicating an increase in the difficulty of the flashover process. Moreover, no significantly saturate tendency appeared within the increase. According to impact ionization theory, the free path of an electron decreases with increasing pressure, leading to the increasing possibility of collision. However, the obtained energy for an electron in the stress of the electric field decreases owing to the decrease of the free path. The two opposite effects result in the decline of the impact ionization coefficient within the given pressure, which contributes to the increasing tendency with increasing pressure.



The flashover strength showed obvious improvement due to the mixture of SF6, even at low contents compared to CF4. The flashover voltage achieved increments of 42, 60, 59.4, and 38.2%, respectively, from 0.1 to 0.4 MPa for the 20% SF6/80% CF4 mixture compared to CF4. The electronegativity of the gases for the constituent element of F could result in the adsorption of electrons, thus leading to the generation of negative ions. The influence on impact ionization finally leads to the increase in the flashover property. Thus, the flashover characteristics in CF4 perform a disadvantage to SF6 for the deficiency in electronegativity.



It is shown that the flashover strength increased with the increasing content of SF6. The flashover voltage in the SF6/CF4 mixture reached over 70% compared to SF6, with the content of 20% at the same pressure. The value would reach over 80% at a high pressure. The results in Figure 4 present the voltage ratio between the mixture and SF6 at the same pressure calculated from Figure 3. The results showed a slight improvement with the increase in the content of SF6, considering the difference between 20% SF6/80% CF4 and 60% SF6/40% CF4. This indicated that the 20% SF6/80% CF4 mixture would achieve good insulation properties in flashover and show an advantage in the environment-friendly application.



The flashover voltage under the needle-plate electrode system is illustrated in Figure 5. With increasing pressure, the flashover voltage increased, obviously. Similar to the tendency in the finger-type electrode system, the flashover strength achieved a significant improvement with the mixture of SF6 compared to that of CF4, which could be attributed to the excellent insulation property of SF6. Moreover, the flashover voltage increased with the increasing content of SF6 and performed a saturate tendency. The flashover property performed an obvious increase with the addition of SF6 at an extremely low content of 20% and then showed a slight improvement with a continuous increase in SF6. The flashover voltage for the 80% SF6/20% CF4 mixture achieved a slight increase compared to the 20% SF6/80% CF4 mixture.



Double parameter Weibull distribution fitting was applied to investigate the flashover property with different mixtures. The Weibull fitting can be defined in Equation (1),


     F ( t ) = 1   –   e     – (   t η   ) β    ,  



(1)




where the two key parameters mean the shape parameter η and the scale parameter β. F represents the probability of the flashover process. t represents the flashover voltage recorded. The typical results with 100, 80, 60, 40, and 20% SF6 are shown in Figure 6. The pressure was 0.4 MPa. The shape and scale parameters of the mixture from Weibull fitting are illustrated in Table 1. The shape parameter reflects the slope of probability versus the flashover voltage; a high value indicates a high concentration of voltage. The scale parameter represents the flashover voltage at a probability of 63.2%, calculated from the fitting line as a feature voltage. The fitting results of the flashover property indicated the considerable performance in the 20% SF6/80% CF4 mixture compared to SF6. Moreover, the mixture showed property surface flashover characteristics considering the balance between the shape and scale parameters, along with environmental considerations. The flashover voltage at 63.2% probability in the 20% SF6/80% CF4 mixture was calculated as 82.3% of SF6 with a concentrated disparity.



The Weibull fitting results of the point-plate electrode system at 0.4 MPa are shown in Figure 7. The voltage distribution with the contents of 20, 40, 60, 80, and 100% for SF6 was illustrated. The shape and scale parameters calculated are illustrated in Table 2. It was obvious that the flashover voltage increased with the increasing content of SF6. However, when the content increased from 20 to 80%, the voltage at the probability of 63.2% obtained an increase of only 12.6%. The disparity showed no obvious difference for the various mixtures and displayed concentrate dispersion for the voltage records.



In a real GIS, the gas pressure in the busbar is typically 0.4–0.5 MPa [3]. Thus, the performance of the gas mixture at 0.4 MPa is beneficial in evaluating its substitute for SF6 gas applied in a real GIS busbar. However, the result indicates the degradation of dielectric strength for the 20% SF6/80% CF4 mixture with increasing pressure, especially for pressures higher than 0.3 MPa. It needs to be emphasized that this degradation tendency in Figure 5 is obtained with the needle-plate electrode system, which corresponds to the extremely uneven electric field, while the electric field distribution in the real GIS busbar is slightly uneven. In Figure 3, the result corresponding to a slightly uneven electric field shows a slight degradation tendency for the 20% SF6/80% CF4 mixture. Thus, the 20% SF6/80% CF4 mixture can be regarded as a potential substitute for SF6 gas in cold weather. Attention should be paid to this degradation tendency under extremely uneven electric fields, since local electric field distortion may appear during operation due to the surface defect of the crack or metallic particle.




3.2. Synergistic Effect


The evaluation of the synergistic effect was applied to analyze the influence of the interaction between SF6 and CF4 in the flashover process. The synergistic effect concerns the phenomenon that the dielectric strength of the gas mixture shows superiority to the weighted average of each constituent and behaves in a non-linear relation [5,12]. The synergistic effect could be evaluated with Equation (2),


   U m     = U   2   +     ρ 1     ( U   1  −  U 2  )    ρ 1     + ρ   2     ×   C       ,   U   1       >   U   2  ,  



(2)




where Um represents the flashover voltage in the gas mixture consisting of g1 and g2. U1 represents the voltage of g1, which shows a higher voltage, and U2 represents the voltage of g2, with a lower voltage. ρ1 is the partial pressure ratio of g1, and ρ2 is the partial pressure ratio of g2. C is defined as the synergistic coefficient with a scope from 0 to 1. The voltage increases linearly with the synergistic coefficient equal to 1 while staying the same as a superior gas with the synergistic coefficient equal to 0 when the content of the superior gas was increased. A low coefficient indicates that the same improvement in the insulation property could be achieved with a low content of superior gas. A typical synergistic effect on the performance of the flashover property is shown in Figure 8 with various mixtures. The results illustrated the influence of gas pressure under a finger-type electrode system, with the results of 20% SF6/80% CF4, and 40% SF6/60% CF4 as examples, calculated from Figure 3.



The synergistic effect increased as the pressure increased from 0.1 to 0.3 MPa and performed a similar tendency with the breakdown property in the gas mixture. However, by continually increasing the content of SF6, the synergistic effect decreased slightly, which was opposite to the property in the gas breakdown process.



The synergistic effect under the needle-plate electrode system was illustrated in Figure 9 with the purpose of investigating the influence of pressure on the extreme non-uniform electric field. The synergistic effect decreased with the increasing pressure at high pressures. The non-linear tendency versus pressure is attributable to the influence of accumulated charge on the surface of the EP sample when the sample was applied to the HVDC electric field. Surface charge is considered to accumulate under the stress of the electric field owing to the field emission caused by points on the electrode surface, partial discharge due to the air gap between the solid dielectric and electrode, interlayer polarization considering the difference between dielectrics, discontinuity or non-linearity on the conductivity of the EP sample, etc. [15,16,17]. Moreover, the accumulation of surface charge would be a serious issue under the HVDC electric field. The accumulated surface charge would lead to a serious distortion of the electric field and promote the flashover process due to the high voltage at high pressures, thus resulting in the decrease in the synergistic effect. Moreover, due to the extreme non-uniform electric field, it would perform more serious charge accumulation, thus leading to a more obvious influence on the synergistic effect, with increasing voltages corresponding to the increasing pressure in the needle-plate electrode system compared to the finger-type electrode. Therefore, the synergistic coefficient in Figure 9 showed a more obvious increasing tendency versus pressure at high pressures from 0.2 to 0.4 MPa. In a previous work, the SF6/CF4 mixture showed an excellent synergistic effect in the breakdown characteristics under the extreme non-uniform electric field [11]. However, in flashover characteristics, due to the surface charge accumulation and the corresponding effect of field distortion on the flashover process, the synergistic effect gets worse in the needle-plate electrode system.



The synergistic effect of the finger-type electrode system is shown in Figure 10 with various contents of SF6. The coefficient increased with the increasing the content of SF6. This indicates that once a low content of SF6 was mixed with the CF4 gas, the mixture would perform a significant improvement in the flashover property. However, by continuously increasing the content of SF6, the influence of SF6 would slow down, which confirms the similar tendency with the breakdown characteristics of the gas gap in the SF6/CF4 mixture.



The synergistic coefficient in the needle-plate electrode system showed a similar monotonic increasing tendency with the increasing content of SF6 at the pressure of 0.2 MPa, as shown in Figure 11, compared to the result in Figure 10. However, the coefficient showed a non-monotonic increasing tendency with the increasing pressure of the SF6/CF4 mixture, as the synergistic coefficient decreased at low contents and grew up, continuously increasing the content. This indicates the influence of non-uniformity on the synergistic effect with the increasing content of SF6. This may be attributable to the influence of severe discharge in the CF4 gas and the corresponding accumulation of surface charge. It is considered that discharge and ionization would easily occur in CF4 gas at low voltages compared to SF6 due to the disadvantage in the insulation property of CF4. In this experiment, micro-discharge would occur at an extremely low content of SF6, especially at high pressures, due to the influence of high voltage before the flashover occurred. This would lead to an increase in the charge accumulation on the dielectric surface and thus promote the possibility of flashover, especially for the extreme non-uniform electric field. With the increasing content of SF6, the discharge phenomenon was restrained along with the charge accumulation, leading to an increase in the insulation property. Thus, with the increasing content of SF6 at low contents, the influence of charge accumulation at the interface functions as the key factor due to the excellent insulation property of SF6 resulting in the suppression of charge accumulation, which leads to an increase in the flashover property.




3.3. Polarity Property


The flashover property in the mixture at positive and negative polarities was investigated under the needle-plate electrode system with an extreme non-uniform electric field. The typical results with a content of 60% are shown in Figure 12, and the absolute voltage values are illustrated in the figure. As can be seen, the absolute voltage increased with the increasing pressure of the mixture for both the positive and negative polarities. Moreover, when the pressure increased from 0.1 to 0.4 MPa, the negative flashover voltage showed a higher increment compared to the positive polarity. This leads to an obvious reversal of the polarity effect in the flashover property as higher positive flashover voltages occur at lower pressures, while higher negative flashover voltages occur at higher pressures. However, no obvious reversal phenomenon appeared in the test under the finger-type electrode system.



The flashover property for different polarities in the mixture at low pressures is illustrated in Figure 13 and Figure 14. Figure 13 concerns ionization and the charge property and Figure 14 shows the corresponding electric field distribution on the surface due to the charge distribution. Ionization would occur at the tip of the needle electrode and result in the formation of positive ions and electrons. The generated electrons would easily move to the plate electrode with the stress of the external electric field force owing to the low pressure. Thus, the residual, considerable number of positive ions would gather at the solid–gas interface and lead to the accumulation of the surface charge of hetero-polarity with a negative needle electrode, as shown in Figure 13a. This would contribute to the increase in the surface electric field and improve the probability of flashover, as shown in Figure 14a. However, the electrons generated in ionization would move to the needle electrode due to the stress of the electric field force when the needle electrode was applied with positive polarity, as shown in Figure 13b. The residual positive ions would form an accumulated homo-charge at the surface of the EP sample, resulting in the reduction of the electric field strength at the tip. Thus, the flashover process would be restrained due to the accumulated charge. The influence of the accumulated surface charge on the field distribution with a positive needle electrode is shown in Figure 14b.



Figure 15 illustrated the corresponding influence of the generated ions and the accumulated surface charge when high gas pressure was applied in the flashover process. Meanwhile, the electric field distribution along the surface is shown in Figure 16 considering the influence of accumulated charge. Considering the high pressure applied, it would be restrained for the diffusion and movement of the generated positive ions and electrons, leading to a large amount of charge remaining at the tip area. Due to the high electro-negativity of the SF6 and CF4 molecules, the electrons would be attracted, resulting in the formation of numerous negative ions [3,12]. Thus, as illustrated in Figure 15a, these negative ions would accumulate at the surface in the vicinity of the electrode tip as a consequence of the high pressure. This could lead to the decrease in the electric field, as shown in Figure 16a, and contribute to the improvement in the flashover property for the negative needle electrode. However, the accumulated negative surface charge would perform as a hetero-polarity charge, as shown in Figure 15b, with a positive needle electrode at high pressures. Figure 16b illustrates the corresponding enhancement in the electric field strength at the tip. Thus, the voltage showed a low value in positive polarity compared to negative polarity. Due to the strong electronegativity of SF6, the effect of polarity showed a more serious reversal phenomenon. In this case, the decreasing tendency of the charge property would reduce the reversal property due to the influence of low electronegativity for CF4. Thus, with the mixture of CF4, the reversal property would decrease in the mixture.



It needs to be emphasized that the curves in Figure 14 and Figure 16 are not the exact electric field distribution by the finite element analysis (FEA) calculation, since it is difficult to calculate the surface charge distribution corresponding to the two figures with the FEA method due to the complex reactions and processes in ionization. The curves just illustrate the relative relation between the surface electric field distribution and the external electric field distribution in each condition.



Moreover, due to the enhancement in the uniformity of the electric field, the charge accumulation was prevented, and the influence of surface charge on the polarity property decreased in the finger-type electrode system, as indicated in Figure 17. Thus, the voltage polarity showed no obvious influence on the reversal phenomenon.



It is known that the regenerative dielectric character of SF6 contributes to its application in circuit breakers as the arc-extinguishing medium. Once referring to the breakdown or flashover performance, the regenerative dielectric character is not that important. The energy released due to flashover is extremely lower than that due to arcing; thus, there is no massive ionization or decomposition of the insulating gas molecule due to flashover compared to what happens during arcing. The ionization or decomposition along the discharge path would be compensated quickly after the flashover owing to the thermal motion of the gas molecule. In the future, the authors will carry out experiments to further reveal the regenerative dielectric character of the SF6/CF4 mixture to achieve comprehensive knowledge of the flashover characteristics.





4. Conclusions


The surface flashover on the solid–gas interface is a vital concern in GIS. This paper suggested the SF6/CF4 mixture as the alternation for SF6 with a satisfied insulation property on the flashover behavior for the EP composites. The results can be concluded as follows:




	(1)

	
The addition of SF6 could significantly improve the flashover property of the EP sample in CF4. The EP composites showed proper characteristics in the SF6/CF4 mixture compared to SF6. The flashover voltage in 20% SF6/80% CF4 could reach over 70% of the value in SF6, and the voltage increased with the increasing content of SF6.




	(2)

	
The synergistic effect increased with the increasing pressure in low pressures and decreased in high pressures, which showed a more obvious tendency in the needle-plate electrode system owing to the influence of surface charge on the flashover process. Moreover, due to the suppression of discharge, the synergistic effect raised with the increasing content of SF6, while it decreased with the continuously increasing content, especially in an extreme non-uniform electric field.




	(3)

	
The flashover voltage showed an obvious reversal tendency with the increasing pressure, especially when the content of SF6 increased. By increasing the pressure, the formation of negative ions due to the absorption of the ionized electron by SF6 and CF4 would reduce the electric field at the tip of the needle electrode as a consequence of the surface charge. Thus, the negative flashover voltage showed a high value compared to the positive flashover in high pressures, especially with high contents of SF6, owing to the strong electronegativity which would absorb the ionized electron.




	(4)

	
The flashover results of the EP composites indicated the possibility of SF6/CF4 functioning as an efficient substitution of SF6 with a considerable insulation property and improved environmental protection characteristics.













Author Contributions


X.W.: conceptualization, investigation, and writing—original draft; Z.W.: software, validation, and data curation; J.C.: methodology, formal analysis, and writing—review and editing; X.S.: funding acquisition and visualization; X.L.: resources, project administration, and supervision. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the Science and Technology Project Funds of State Grid Jilin Electric Power Co., Ltd. (Research on the Condition Detection and Life Assessment of GIS Insulator, JLDKYGSCLFW202107009).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Xing, Y.Q.; Liu, L.; Xu, Y.; Yang, Y.; Li, C.Y. Defects and Failure Types of Solid Insulation in Gas Insulated Switchgear: In situ Study and Case Analysis. High Volt. 2022, 7, 158–164. [Google Scholar] [CrossRef]

	



Li, X.; Cao, C.; Lin, X. Influence of Conducting Particle on DC Flashover Characteristics and Tracking Property of GIS/GIL Insulator. IEEE Access 2022, 10, 17212–17220. [Google Scholar] [CrossRef]

	



Koch, H. Gas-Insulated Substations; John Wiley & Sons: London, UK, 2014; pp. 30–38, 106. [Google Scholar]

	



Liu, W.; Su, Z.; Qi, J.; Zhu, F.; Zhao, Y.; Ma, F.; Yuan, X.; Chen, Y. Application and Recycling of SF6 gas Mixtures in Gas-insulated Circuit Breaker in Northern China. In Proceedings of the International Conference on Advances in Energy, Environment and Chemical Engineering, Shenzhen, China, 22–24 February 2019. [Google Scholar]

	



Guo, C.; Zhang, Q.; Wen, T. A Method for Synergistic Effect Evaluation of SF6/N2 Gas Mixtures. IEEE Trans. Dielectr. Electr. Insul. 2016, 22, 211–215. [Google Scholar] [CrossRef]

	



Koch, M. Prediction of Breakdown Voltages in Novel Gases for High Voltage Insulation. Ph.D. Thesis, ETH Zurich, Zurich, Switzerland, 2015. [Google Scholar]

	



Zhao, H.; Li, X.; Lin, H. Insulation Characteristics of c-C4F8-N2 and CF3I-N2 Mixtures as Possible Substitutes for SF6. IEEE Trans. Power Deliv. 2017, 32, 254–262. [Google Scholar] [CrossRef]

	



Chen, L.; Widger, P.; Kamarudin, M.S.; Griffiths, H.; Haddad, A. CF3I Gas Mixtures: Breakdown Characteristics and Potential for Electrical Insulation. IEEE Trans. Power Deliv. 2017, 32, 1089–1097. [Google Scholar] [CrossRef]

	



Hwang, J.S.; Shin, W.J.; Seong, J.K.; Park, T.G.; Lee, S.H.; Lee, B.W. Experimental Design and Test of 100 kV Extra High Voltage Prototype Bushing with as Insulation Gas for Superconducting Equipment. IEEE Trans. Appl. Supercon. 2012, 22, 7701204. [Google Scholar] [CrossRef]

	



Tezcan, S.S.; Duzkaya, H.; Dincer, M.S.; Hiziroglu, H.R. Assessment of Electron Swarm Parameters and Limiting Electric Fields in SF6+CF4+Ar Gas Mixtures. IEEE Trans. Dielectr. Electr. Insul. 2016, 23, 1996–2005. [Google Scholar] [CrossRef]

	



Sung, H.G.; Hwang, C.H.; Kim, N.R.; Huh, C.S. Non-Uniform Field Breakdown Characteristics of SF6/CF4 Mixtures at Various Pressures. In Proceedings of the International Conference on Condition Monitoring and Diagnosis, Beijing, China, 21–24 April 2008. [Google Scholar]

	



Larin, A.V.; Meurice, N.; Trubnikov, D.N.; Vercauteren, D.P. Theoretical Analysis of The Synergism in The Dielectric Strength for SF6/CF4 Mixtures. J. Appl. Phys. 2004, 96, 109–117. [Google Scholar] [CrossRef]

	



Middleton, B. Cold Weather Applications of Gas Mixture (SF6/N2, SF6/CF4) Circuit Breakers: A user utility’s perspective. In Proceedings of the US Environmental Protection Agency’s Conference on SF6 and the Environment: Emission Reduction Strategies, San Diego, CA, USA, 2–3 November 2000. [Google Scholar]

	



Wang, W.; Murphy, A.B.; Rong, M.; Looe, H.M.; Spencer, J.W. Investigation on Critical Breakdown Electric Field of Hot Sulfur Hexafluoride/Carbon Tetrafluoride Mixtures for High Voltage Circuit Breaker Applications. J. Appl. Phys. 2013, 114, 103301. [Google Scholar] [CrossRef]

	



Gao, Y.; Wang, H.; Yuan, X.; Zhao, H.; Li, Z. Surface Charge Accumulation on A Real Size Epoxy Insulator with Bouncing Metal Particle under DC Voltage. IEEE Trans. Plasma Sci. 2021, 49, 2166–2175. [Google Scholar] [CrossRef]

	



Gao, Y.; Wang, H.; Li, Z.; Yuan, X.; Zhao, H. Gaseous Ionization Dependence of Surface Charge Pattern on Epoxy Insulator with Complex Surface Profile Under DC Voltage. IEEE Trans. Plasma Sci. 2021, 49, 1627–1635. [Google Scholar] [CrossRef]

	



Du, B.X.; Liang, H.C.; Li, J.; Ran, Z.Y. Electrical Field Distribution along SF6/N2 Filled DC-GIS/GIL Epoxy Spacer. IEEE Trans. Dielectr. Electr. Insul. 2018, 25, 1202–1210. [Google Scholar] [CrossRef]

	



Li, X.; Liu, W.D.; Xu, Y.; Chen, W.; Bi, J. Surface Charge Accumulation and Pre-Flashover Characteristics Induced by Metal Particles on The Insulator Surfaces of 1100 kV GILs under AC Voltage. High Volt. 2020, 5, 134–142. [Google Scholar]








[image: Energies 15 04675 g001 550] 





Figure 1. Structure of electrode systems. (a) Finger-type electrode system. (b) Needle-plate electrode system. 
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Figure 2. Experimental setups for the surface flashover test. 
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Figure 3. Relation between the flashover voltage and the content of SF6 with various pressures under the finger-type electrode system. 
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Figure 4. Flashover voltage ratio for various mixtures. 
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Figure 5. Relation between the flashover voltage and the content of SF6 with various pressures under the needle-plate electrode system. 
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Figure 6. Weibull fitting of flashover voltage with a finger-type electrode system. 
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Figure 7. Weibull fitting of flashover voltage with a needle-plate electrode system. 
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Figure 8. Relation between the synergistic coefficient and pressure with a finger-type electrode system. 
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Figure 9. Relation between the synergistic coefficient and pressure with a needle-plate electrode system. 
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Figure 10. Relation between the synergistic coefficient and the content of SF6 with a finger-type electrode system. 






Figure 10. Relation between the synergistic coefficient and the content of SF6 with a finger-type electrode system.



[image: Energies 15 04675 g010]







[image: Energies 15 04675 g011 550] 





Figure 11. Relation between the synergistic coefficient and the content of SF6 with a needle-plate electrode system. 
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Figure 12. Flashover voltage for needle-plate electrodes under different voltage polarities. 
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Figure 13. Charge characteristics on the surface at a low pressure with different polarities. 






Figure 13. Charge characteristics on the surface at a low pressure with different polarities.



[image: Energies 15 04675 g013]







[image: Energies 15 04675 g014 550] 





Figure 14. Electric field distribution at a low pressure with different polarities. 
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Figure 15. Charge characteristics on the surface at a high pressure with different polarities. 
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Figure 16. Electric field distribution at a high pressure with different polarities. 
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Figure 17. Flashover voltage for finger-type electrodes under different voltage polarities. 
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Table 1. Shape and scale parameters with a finger-type electrode system.
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	Gas Mixture
	Shape Parameter
	Scale Parameter





	20% SF6/80% CF4
	11.98
	64.13



	40% SF6/60% CF4
	14.06
	67.44



	60% SF6/40% CF4
	10.84
	68.23



	80% SF6/20% CF4
	9.04
	74.74



	100% SF6
	14.89
	77.87
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Table 2. Shape and scale parameters with a needle-plate electrode system.






Table 2. Shape and scale parameters with a needle-plate electrode system.





	Gas Mixture
	Shape Parameter
	Scale Parameter





	20% SF6/80% CF4
	10.77
	45.56



	40% SF6/60% CF4
	10.11
	47.18



	60% SF6/40% CF4
	14.11
	50.76



	80% SF6/20% CF4
	11.89
	52.61



	100% SF6
	13.01
	55.71
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