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Abstract

:

As an environmentally friendly gas with good insulation and stable chemical properties, CF3I gas mixture is considered as a potential alternative to SF6 gas to compensate for the shortcomings of SF6 gas as a greenhouse gas. This article attempts to study the CF3I ternary gas mixtures with c-C4F8 and N2 by considering the process of streamer development in surface discharge. The model of surface discharge in CF3I gas mixture under DC voltage was established by COMSOL, and the drift-diffusion equations of particles was solved to show the discharge process, and the changes of electric field and particle concentration, etc. during the development of streamer were obtained, which provides the theoretical basis for the reliable diagnosis of partial discharge. On this basis, the model is compared with models for two other different gases (SF6/N2, artificial air) in terms of particle characteristics, streamer characteristics and streamer branches characteristics. Finally, it is concluded that under this model, although the insulation characteristics in CF3I gas mixture are weaker than those in SF6, the difference is not large and both are much better than those in artificial air, so c-C4F8/CF3I can be considered as a potential substitute for SF6.
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1. Introduction


SF6 is a colorless, odorless, non-toxic and non-flammable gas with stable chemical properties and good insulating properties, so it is widely used in electrical equipment [1]. However, SF6 is a greenhouse gas; its GWP (global warming potential) is 23,900, and is listed as one of the main greenhouse gases in the Kyoto Protocol adopted in 1997 [2]. Therefore, it is urgent to find an alternative to SF6.



CF3I is considered as a potential SF6 replacement gas due to its chemical stability and excellent insulation properties. In a slightly non-uniform electrical field, the insulation strength of CF3I is approximately 1.2 times that of SF6 [3]. It has good compatibility with many electrical equipment materials. Its GWP is 5, which is much less than that of SF6 [4]. And the carbon-iodine bond in the CF3I molecule can be broken by solar radiation, leading to CF3I decomposition, which limits its diffusion into the stratosphere and thus reduces its impact on the greenhouse effect. However, its liquefaction temperature is −22.5 °C under normal temperature and pressure [5]. Thus, a buffer gas is needed to lower its liquefaction temperature.



C-C4F8 is also a potential replacement gas for SF6. It has a symmetrical molecular structure and two more fluorine atoms than SF6, so it is more electronegative than SF6 [6]. Its GWP is 3600 [7], which is about one-third of that of SF6. But similar to CF3I, it has a higher liquefaction temperature and requires a mixture of buffer gases [8].



Nowadays, the buffer gases generally chosen are CO2 and N2, and their liquefaction temperature are −78.5 °C and −195.8 °C, respectively, which can well make up for the disadvantage of high liquefaction temperature of electronegative gases [9].



At present, there are many studies on CF3I and c-C4F8 at home and abroad. In order to explore the insulation of CF3I/N2 mixture, Zhang et al. changed the ambient air pressure, gas mixing ratio and other conditions, and finally concluded that 30%CF3I/70%N2 mixture at 0.3 Mpa can replace pure SF6 gas under the low insulation requirement of the equipment [10]. Deng et al., concluded from simulation calculations and breakdown tests that the breakdown voltage of c-C4F8 gas mixtures with N2 or CO2 has a higher breakdown voltage than SF6 at 0.3 Mpa and above [8]. However, c-C4F8 also belongs to the greenhouse gas category, and thus these adverse effects may be attenuated if a mixture of CF3I, c-C4F8 and another buffer gas is used. After that, Zhong et al., conducted a power frequency breakdown tests as well as positive and negative lightning impulse breakdown tests, and found that the power frequency breakdown voltages of CF3I/c-C4F8/CO2 gas mixtures are basically the same as that of c-C4F8/CO2 gas mixture, but are higher than that of CF3I/CO2 gas mixture. In addition, the 50% breakdown voltage of c-C4F8/CF3I/CO2 gas mixtures under lightning impulse are higher than that of CF3I/CO2 [9]. After that, based on Boltzmann simulation method, they studied and analyzed c-C4F8/CF3I gas mixture in terms of electron energy distribution function (EEDF), reduced effective ionization coefficient, critical reduced electrical field strength, electric field sensitivity coefficient, and so on [6]. However, there is little study on the mechanism of streamer generation and the development law of surface discharge in c-C4F8/CF3I gas mixture.



Partial discharge is one of the main reasons that endanger the safe operation of power equipment [11]. And surface discharge is a common phenomenon of partial discharge, so it is necessary to study the surface discharge. The presence of insulators changes the distribution of the electric field and therefore plays a key role in the formation and propagation of the discharge [12]. During the past decades, experimental studies of surface discharge have focused on the measurement of flashover voltages [13] and surface charge accumulation [14]. However, the experimental microscopic study of insulator surface in surface discharge is extremely challenging because a method with low spatial resolution and low temporal resolution down to nanoseconds is required. Therefore, in order to get a closer understanding of surface discharge, a simulation approach is needed. Multiphysics software such as COMSOL have been used for modeling of streamer development in partial discharges. COMSOL, a commercial finite element package, is designed to address a wide range of physical phenomena by combining and coupling different physical phenomena in a single model, represented by partial differential equations. By accurately describing all relevant phenomena, multiphysics simulation can maximise physical insight and predictive power [15]. In the past decades, many simulations have been done by scholars using COMSOL Multiphysics. Peng et al., investigated the effects of primary and secondary streamer on the insulator surface at different pulse amplitudes and different dielectric constants of insulators through experiments and combined with simulations, and also discussed the effects on the particle generation and distribution [16]. Sima et al., studied the streamer transition from the gas gap to the insulator surface, and the surface charge accumulations on the dielectric insulators [17]. Li et al., studied the properties of negative surface discharge in artificial air and discussed the effect on the streamer characteristics under different applied voltages and different relative dielectric constants of the insulator [18]. However, the gases they chose were generally air or SF6 and its mixtures, and little research has been done to discuss some of the phenomenon that occur when the streamer conducts the electrode.



In this paper, a model of positive surface discharge under an environmentally friendly gas c-C4F8/CF3I/N2 mixture is simulated using COMSOL Multiphysics with the aim of revealing the streamer development characteristics of surface discharge in the gas mixture. The model is composed of a needle-plane electrode and an insulator made of epoxy resin. The effective ionization coefficients of the gas are verified in comparison with the results in the reference. The physical mechanism of the surface discharge is revealed by the electric field and particle concentration at the head of the streamer during the development of the streamer. And based on this model. The insulating properties of the gas are explored in comparison with the model of positive surface discharge under the gas as SF6/N2 and artificial air.




2. Model Description


2.1. Physical Model


The model in this paper is a two-dimensional axisymmetric structure, consisting of a flat dielectric inserted between the needle-plane electrodes, as shown in Figure 1. The simulated area is the part enclosed by the red dotted line in the figure, whose size is 5 mm × 8 mm. The length of the needle electrode is taken as 4 mm, and a positive DC voltage is added to it, as shown in the part enclosed by the black dotted line in Figure 1. The plane electrode is grounded, which is the gray rectangle at the bottom in Figure 1, and the gap between the needle-plane electrode is 4 mm. In Figure 1, the white area part is the gas, and the blue part is the insulator, which is a cylinder with a height of 4 mm, a radius of 2 mm and its material is epoxy resin, which has been widely used in high voltage apparatus as insulation [19]. The mesh of the model is shown in Figure 2b. The streamer mainly develops along the insulator surface, so the mesh delineation is finer for the insulator surface and the vicinity of the needle.



The ionization coefficient and the attachment coefficient will be varied by the change of electric field. When the ionization coefficient minus the attachment coefficient is zero, the corresponding electric field at that time is called critical electric field. In general, as the electric field increases, the ionization coefficient increases, the ionization reaction is stronger and more electrons are generated, the attachment coefficient decreases, the attachment reaction weakens, and the electron production is hindered, so the critical electric field of the gas can be evaluated theoretically to assess the insulation strength of the gas. According to the Ref. [6], the critical electric field of CF3I/c-C4F8/70%N2 is higher than that of the same concentration ratio of CF3I/c-C4F8/70%CO2, so N2 is selected as the buffer gas in this article. At the same time, in this reference, it can be seen that when the k (k denotes the percentage of CF3I in CF3I/c-C4F8/70%N2) in the gas mixture is 10%, 15% and 20% are basically the same, but considering that c-C4F8 is also a greenhouse gas, it is used as little as possible, thus the gas chosen here is 20%CF3I/10%c-C4F8/70%N2.




2.2. Numerical Simulation Model


The processes of generation, loss and movement of charge particles, such as electrons, positive ions, negative ions, etc., can be considered as a fluid model. Based on the well-known drift-diffusion equation, the whole process of particles satisfies the following equation:


    ∂  n e    ∂ t   + ∇ ⋅ ( −  μ e   n e  E -  D e  ∇  n e  ) =  S  p h   + α  n e   |   μ e  E  |  − η  n e   |   μ e  E  |   



(1)






    ∂  n p    ∂ t   + ∇ ⋅ ( −  μ p   n p  E −  D p  ∇  n p  ) =  S  p h   + α  n e   |   μ e  E  |   



(2)






    ∂  n n    ∂ t   + ∇ ⋅ ( −  μ n   n n  E −  D n  ∇  n n  ) = η  n e   |   μ e  E  |   



(3)







These three equations are the drift-diffusion equations for electrons, positive ions and negative ions, respectively. In this set of equations, the combination reactions of positive ions with negative ions and electrons are not considered in this article. Where the subscripts e, n and p represent electrons, negative ions and positive ions, respectively. E denotes the electric field vector; n, μ, α, and η denote the number density, mobility, ionization coefficient, and diffusion coefficient of the gas, respectively. And Sph denotes the photoionization term. According to Refs. [20,21], the photoionization term can be simplified to a uniform background ionization, i.e., the source term Sph can be set to a constant, assuming the existence of a uniform ionization reaction in gas space that is not affected by the applied electric field, and replacing photoionization with that ionization reaction, and the validity of this method has been verified. And the ion can be considered as stationary in a few nanoseconds, because the charge-to-mass ratio of the ion is much smaller than that of the electron [22].



The set of drift-diffusion equations needs to be solved by coupling Poisson’s equation, as shown in Equation (4). However, the space charge dynamics inside the solid is different from that in gas, and the time required for the particles to move inside the insulator is much larger than the time required for the streamer propagation [17]. Therefore, the insulator interior can be considered as satisfying the condition of no space charge, as shown in Equation (5):


   ∇ 2  V =   − e (  n p  −  n e  −  n n  )    ε 0     



(4)






   ∇ 2  V = 0  



(5)




where ε0 is the vacuum dielectric constant, V is the space electric potential, and e is the elementary charge.




2.3. Boundary and Initial Conditions


The pressure and the temperature of the 10%c-C4F8/20%CF3I/70%CO2 mixture gas is 0.1 Mpa and 300 K, respectively. The voltage applied on the needle electrode is 25 kV.



These three drift-diffusion equations coupled with Poisson’s equation are solved using commercial finite element package COMSOL, and the time step is chosen to be 0.01 ns. The initial density distribution of electrons and positive ions satisfies the Gaussian distribution [23]:


   n  e , p   =  n  max   × exp ( −     ( r −  r 0  )  2    2  s 0 2    −     ( z −  z 0  )  2    2  s 0 2    )  



(6)




where    n  m a x   =   10   20    (  1 /  m 3   )   , and (r0, z0) is the coordinates of needle tip.    s 0  = 25    μ m    represents the radius of the initial distribution of particles. The initial density distribution of negative ions is set to zero. The initial maximum value of the electric field is at the junction of the needle tip, insulator and gas, so a large number of particles will gather here.



The serial number of each boundary is marked in Figure 2a. The boundary conditions of B1–B5 are taken from the Ref. [24]. The most important boundary conditions in this model are the insulator surface (i.e., B6 and B7). The insulator surface allows electrons and negative ions to penetrate, but it is generally assumed that no positive ions will enter the gas from the insulator [24], so the boundary conditions for B6 and B7 satisfy the following equation in the drift-diffusion equation for positive ions:


  n ⋅ ( −  μ p   n p  E −  D p  ∇  n p  ) = 0  



(7)




where n is the normal direction of gas-insulator interface. And in the drift-diffusion equation for negative ions, the boundaries B6 and B7 satisfy the convective flux condition as follows:


  n ⋅  D p  ∇  n p  = 0  



(8)







In the drift-diffusion equation for electrons, there is a secondary emission of electrons due to electron impact on the insulator surface, satisfying the following [25]:


   Γ e  ⋅ n =   1 −  γ e    1 +  γ e    [  μ e   |  E ⋅ n  |   n e  +  1 2   v  e , t h    n e  ]  



(9)




where Γe represents electron flux, and γe is the classical secondary emission coefficient. νe,th is the thermal velocity of electron:


   v  e , t h   =     8  k B  T   π  m e       



(10)




where kB is the Boltzmann constant, me is the electron mass, T is the particle temperature.



And in Poisson’s equation, there is an accumulation of charge on the insulator surface satisfying the following boundary conditions:


    ∂  ρ s    ∂ t   = n ⋅  ∑ J   



(11)




where ρs represents the surface charge density, and    ∑  J   are the total current density of electrons and ions, but due to the low mobility of ions, the current density generated by the ions can be neglected here [18].




2.4. Reactions in Gas Mixture


According to Ref. [26], under high electric field, the charge on the insulator surface mainly originates from the gas discharge. Gases involved in this paper are 10%c-C4F8/20%CF3I/70%N2 gas mixture, SF6/N2 gas mixture and artificial air. Electron collision reactions (elastic collision reactions, attachment reactions, ionization reactions and excitation reactions) of five gas molecules, SF6, c-C4F8, CF3I, N2, O2, are considered. The electron collision reactions involved in the four molecules are shown in Table 1, and for convenience, we have abbreviated the excitation reactions of each type of gas into one equation. Among them, the collisional cross section data for O2, N2 and SF6 are from the database LXcat database. The ionization, elastic and excitation cross section of CF3I are also from LXcat database, and the attachment cross section of CF3I is from Ref. [27]. The attachment cross section of c-C4F8 is from Ref. [28], the ionization cross section of c-C4F8 is from Ref. [29], and the elastic cross section and excitation cross-section are from Ref. [8]. Finally, the effective ionization coefficients of the gas mixture were obtained by solving with the BOLSIG+ software, which is in general agreement with the results in the Ref. [6], as shown in Figure 3.





3. Results and Discussion


3.1. Streamer Development Process


In the initial stage of the model, most of the positive ions and electrons are distributed near the needle electrode because they satisfy the Gaussian distribution. At this time, there is a voltage on the needle electrode, and the initial electrons will move away from the needle electrode, i.e., toward the high potential, and during the movement they will collide and react with the neutral molecules N2, CF3I and c-C4F8 in the environment, producing new electrons, positive and negative ions. If the voltage at the tip of the needle is sufficiently large to make the ionization intensity near the needle tip greater than that of the gas, then an electron avalanche will occur at this time, producing a large number of positive ions and electrons. Because the charge-to-mass ratio of positive ions is several orders of magnitude smaller compared to that of electrons, resulting in the movement of positive ions is much smaller than that of electrons. The electrons keep moving toward the needle electrode and are absorbed after contact, while the positive ions are left almost in place without movement. As the positive ions continue to accumulate, the space charge effect will be more significant, the electric field in the region will also continue to increase, if a critical value is reached, a new electron avalanche will be generated, prompting the streamer to continue to develop along the upper surface of the insulator.



After the streamer starts to develop, it will first develop along the upper surface of the insulator, as shown in Figure 4a–c, and this stage consumes about 0.36 ns. At this stage, as the streamer moves gradually away from the needle electrode along the upper surface of the insulator, the background electric field of the streamer head gradually becomes smaller, resulting in an increase in the attachment coefficient of the gas mixture and a decrease in the ionization coefficient, which inhibits the generation of electrons and leads to a slowdown in the development of the streamer and a gradual decrease in the electric field at the head of the streamer, and Figure 5 gives a graph of the electric field change throughout the streamer development process. It can also be seen that a strong electric field occurs inside the insulator in Figure 4b, which is consistent with the results in Ref. [18].



After that, the streamer enters the transition stage, from the upper surface of the insulator to the right surface. This stage has the slowest development speed. And the electric field at the streamer head is also the smallest, because the distance from the needle electrode and the plane electrode is very far, resulting in a small background electric field. At this stage, because the streamer has a positive velocity along the r-axis and according to Figure 6, the potential of the streamer head is greater than the surrounding potential, and the potential gap is especially obvious in the 90° range from the negative direction of the z-axis to the positive direction of the r-axis, which led to the streamer branches. This phenomenon is similar to the result in Ref. [30].



Then, the main streamer develops along the right surface of the insulator, and the speed of streamer gradually increases, and the electric field of the streamer head gradually becomes large, too. When it develops near the plane electrode, the electric field of the streamer will have a sudden change, and finally contact with the plane electrode. From Figure 4d–i, we can see this stage takes a total of 1.91 ns, which occupies most of the time of the whole process. According to the Figure 4e,f, we can see that the streamer channel of the main streamer and streamer branches gradually become inconspicuous. This is caused by the strong electronegativity of the gas. The gap molecules absorb a large number of electrons, so they cannot form enough reverse field strength to counteract the field strength of the needle-plane electrode, resulting in a less obvious channel. At the same time, it can be seen that the electric field at the head of the streamer branch is gradually decreasing, this is because the streamer branch is developing away from the insulator, which is also further away from the needle electrode, where the background electric field is very small, if the electric field is less than a critical value, the streamer will stop developing.



Finally, the streamer contacts the plane electrode. At the moment of contact, the discharge intensity around the plane electrode increases significantly, after which the discharge intensity on the insulator surface also gradually increases. The variation of electron concentration with time for the four points in Figure 2a is given in Figure 7. The streamer contacts with the plane electrode at 2.49 ns, and the electron concentration at point P4 show a significant increase at the moment of contact, indicating that the discharge intensity increases significantly at this time. P3 shows a sudden increase in electron concentration around 2.60 ns, and P1 and P2 start to become larger around 2.80 ns, indicating that the discharge on the insulator surface both start to increase. This result is in general agreement with the experimental results in the Ref. [31].




3.2. Comparison with SF6/N2 and Artificial Air


In order to further investigate the discharge characteristics of 10%c-C4F8/20%CF3I/70%N2 gas mixture, based on Section 3.1, we compare this model with the model of artificial air (20% O2, 80% N2) and the model of 30%SF6/70%N2 to investigate the 10%c-C4F8/20%CF3I/70%N2 gas mixture from a microscopic perspective. We refer to the model with 10%c-C4F8/20%CF3I/70%N2 gas mixture as model A, the model with 30%SF6/70%N2 gas mixture as model B, and the one with artificial air as model C.



3.2.1. Comparison of Particle Properties


The distribution of various types of particles in these three models when the streamer develops to the midpoint of the right surface of the insulator is given in Figure 8. Figure 8a–c show the electron concentration distribution of 10%c-C4F8/20%CF3I/70%N2, 30%SF6/70%N2 and artificial air, respectively. And the maximum values of electron concentration are   4.77 ×   10   21    (  1 /  m 3   )   ,   1.63 ×   10   21    (  1 /  m 3   )    and   4.29 ×   10   22    (  1 /  m 3   )   , respectively. It can be seen that the electron concentration in model A is higher than that in model B, but the difference is not obvious, while comparing to model C, it can be found that the value of electron concentration in model C is one order of magnitude larger than the first two models. Figure 8d–f are the distribution of negative ions in model A, B and C, respectively. The maximum values of negative ion concentration on the insulator surface are   9.36 ×   10   22    (  1 /  m 3   )   ,   3.75 ×   10   22    (  1 /  m 3   )    and   1.43 ×   10   21    (  1 /  m 3   )   . The negative ions in the model C is much smaller than the other two models, and the difference between the negative ion concentrations in the model A and B is not large.



At the same time, according to Figure 8c, we can see that in the model C, there is a very obvious layer of electrons on the insulator surface, while in the model A and B, the electron concentration can only be seen clearly in the streamer head, and the electrons are more uniformly distributed, which is because the gas molecules in 10%c-C4F8/20%CF3I/70%N2 gas mixture and 30%SF6/70%N2 have strong adsorption of electrons, and when the streamer passes through, the electric field strength at streamer channel is very small, and the smaller the electric field strength is, the larger the attachment reaction coefficient of the gas is, and the smaller the ionization coefficient is. Ionization reactions produce electrons and attachment reactions consume electrons. Therefore, the neutral molecules in the gas will absorb a large number of electrons, which leads to the adsorption of all the electrons in the streamer channel to generate negative ions, so there is a phenomenon that the density of negative ions in the model A, B is much larger than in the model C, but the concentration of electrons is much lower than in the model C.




3.2.2. Comparison of Streamer Characteristics


The process of streamer development in these three models is roughly the same. The whole process is described in Section 3.1, but there are still some differences.



First of all, there is a difference in the electric field at the head of the streamer. The electric field at the head of all three models A, B, C is decreasing as it develops on the upper surface of insulator. At the early stage of development, the difference in the electric field values between the three models is not large, and the difference in the development velocity is also not large. The timepoints corresponding to the development of streamer to the right end of the upper surface of the insulator in the three models are 0.36 ns, 0.42 ns and 0.30 ns, respectively, as shown in Figure 9a–c. However, according to the results in Section 3.1, we can see that this stage only accounts for about a quarter of the whole process time, and because all other conditions in the three models are the same except for the gas conditions, the difference in the starting speed of streamer propagation is not large, so although the strong adsorption of the gas has an inhibitory effect on the streamer propagation, the difference in the starting speed is not large and the development distance is not far, so no significant difference can be seen. And when the streamer propagates on the right surface of the insulator, according to the Figure 9d–i, the time corresponding to the three models at this stage are 1.90 ns, 2.60 ns, 0.83 ns, and model A, B are obviously much slower than the development speed of model C. The electric field strength of the head of the streamer in model A and B is obviously smaller than that in model C. It can be seen that when the streamer develops near the plane electrode, the electric field of the head of the streamer in model C is even an order of magnitude large than the other two. This is because the electron concentration in model C is significantly larger than that in model A, B according to Section 3.2.1, resulting in a lower frequency of ionization reactions occurring within the gas in model A, B, and a clear difference due to the fact that electric field in model C is larger than that in models A, B at the initial moment of the development of the streamer on the right surface.



Secondly, there is a difference in the streamer channel. As can be seen from the Figure 9g–i, the streamer channel in model C is more obvious compared to the other two. In models A and B, the streamer channel is almost only visible at the head of the streamer, while in model C, the channel from the needle electrode all the way to head of the streamer can be clearly seen. We know that the reason for the formation of the streamer channel is that the electrons move toward the anode and the electric field generated by the electrons and the positive ions is opposite to the electric field generated by the needle-plane electrode itself, so the electric field inside the channel will be small, while in the model C, the concentration of electrons is higher than the other two, and the electric field formed between them and the positive ions will be large, so the electric field inside the streamer channel is obviously smaller than the electric field outside the channel. And because the electron concentration in model A and B is much smaller than that in model C according to the results in Section 3.2.1, the streamer channel in these two models will be less obvious.




3.2.3. Comparison of Streamer Branch Characteristics


Firstly, the streamer branch is similar to the main streamer in model A and B, the streamer channel is not obvious, only the head of the streamer is obvious, while in model C, the channel of the streamer branch can be clearly seen, the reason for this result is also consistent with that described in Section 3.2.2.



Secondly, according to the Figure 7g–i, it can be seen that the streamer branches generated in the transition stage in all three models will develop away from the right surface of the insulator toward the direction close to the plane electrode, and the phenomenon is basically similar, but according to the red dashed part in Figure 9i, in model C, the streamer will also generate streamer branches when it develops on the right surface, and these branches will stop developing soon, while this phenomenon is not seen in model A, B. This is a consequence of the potential distribution generated. Figure 10 gives the potential distribution in the three models when the streamer develops on the right surface at a distance of 20 mm from the plane electrode. The dashed part is the location of the streamer head. It can be seen that at this time in model C, the electric field at the head of the streamer is almost close to the needle electrode potential, while in model A and B, it is about half of the needle tip potential, which is also the result of the low electron concentration in the streamer channel, because the electron concentration in the streamer channel is low and the electric field generated by the needle-plane electrode offset less, the electric field strength in the channel is significantly greater than that in model C, so there is a significant potential gradient in the channel. Thus, its potential gradient along the r-axis positive direction is much smaller than that in model C, resulting in an electric field in this direction that is not large enough to produce branches.






4. Conclusions


In this paper, the process of positive surface discharge under 10%c-C4F8/20%CF3I/70%N2 is studied and compared with the model in 30%SF6/70%N2 and artificial air in the three aspects of particle properties, streamer properties and streamer branches. The conclusions are as follows:



	(1)

	
The development process of streamer is as follows: First, the streamer starts from generation and keeps developing along the upper surface of the insulator; then transitions form the upper surface of the insulator to the right surface, and at the meanwhile, the streamer branch appears; later, the streamer along the surface keeps accelerating towards the plane electrode, while the streamer branches become weaker and weaker. Finally, the moment of contact between the streamer and the plane electrode, the discharge in the area near the plane electrode is intensified, and after that the discharge on the insulator surface is also intensified.




	(2)

	
In terms of particle properties, the differences in model A and B are not very different, while in model C, the electron concentration is much larger and more dispersed than the first two models, and its negative ion concentration is much smaller than that of the first two.




	(3)

	
For the streamer properties, the streamer in model A develops faster than in model B, but the streamer development speed of both is much slower than that of model C. This is due to the SF6, CF3I and c-C4F8 molecules in model A and B have strong attachment, adsorbing a large number of electrons, and high electron density is also an important reason for the accelerated development of streamers. In addition, the streamer channels in models A and B are less obvious than those in model C, and the streamer channels in models A and B can almost only be seen near the streamer head.




	(4)

	
Finally, in terms of streamer branches, model C is more prone to streamer branches, because many short streamer branches occur when the main streamer develops on the right surface of the insulator, whereas this phenomenon is not observed in models A and B.







Therefore, just from these three aspects, although the insulation capacity of 10%c-C4F8/20%CF3I/70%N2 is worse than that of 30%SF6/70%N2, the difference is not so great that it can be used as a potential substitute gas for SF6. However, simulations or experiments are still needed for this gas to fully analyze whether it can indeed become a substitute for SF6, such as its properties under other defects.
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Figure 1. The geometry of the model (HV: high voltage; GND: grounded). 
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Figure 2. Simulation geometry (a) and mesh (b) of the discharge model. 
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Figure 3. Reduced effective ionization coefficients of 10%c-C4F8/20%CF3I/70%N2. 
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Figure 4. The distribution of the electric field (V/m), from 0.02 ns (a) to 2.47 ns (i); the scale unit is millimeters (mm). (a–c) development of streamer on upper surface of insulator; (c,d) streamer transitions from the top surface of the insulator to the right surface; (d–i) development of streamer on the right surface of insulator. 
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Figure 5. Electric field changes during streamer development. 
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Figure 6. The potential (V) distribution at 0.57 ns (The longer the arrow, the larger the potential gradient). 
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Figure 7. Variation of electron concentration at 4 points: (a) P1; (b) P2; (c) P3; (d) P4. 
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Figure 8. Particle distribution: (a–c) electron distribution (m−3) of 10%c-C4F8/20%CF3I/70%N2, 30%SF6/70%N2 and artificial air; (d–f) positive ions (m−3) distribution of 10%c-C4F8/20%CF3I/70%N2, 30%SF6/70%N2 and artificial air; (g–i) negative ions (m−3) distribution of 10%c-C4F8/20%CF3I/70%N2, 30%SF6/70%N2 and artificial air; the scale unit is millimeters (mm). 
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Figure 9. Electric field (V/m) distribution in three models: (a–c) streamer head at the end of the upper surface of the insulator in model A, B and C; (d–f) streamer head at the top of the right surface of the insular in model A, B and C; (g–i) streamer head at the bottom of the right surface of the insular in model A, B and C; the scale unit is millimeters (mm). 
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Figure 10. The potential (V) distribution of streamer development to 20 mm from the plane electrode: (a) model A; (b) model B; (c) model C; (The red dotted lines are the location of the streamer head); the scale unit is millimeters (mm). 
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Table 1. Reactions included in this article (* indicates the excited states of molecules).
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	Seq
	Reactions
	Type





	R1
	   e +  C 4   F 8  = >  C 4   F 7 −  + F   
	Attachment



	R2
	   e +  C 4   F 8  = >  F −    
	Attachment



	R3
	   e +  C 4   F 8  = > C  F 3 −    
	Attachment



	R4
	   e +  C 4   F 8  = >  C 3   F 5 −    
	Attachment



	R5
	   e +  C 4   F 8  = >  C 2   F 3 −    
	Attachment



	R6
	   e +  C 4   F 8  = > e +  C 4   F 8    
	Elastic



	R7
	   e +  C 4   F 8  = > C  F +    
	Ionization



	R8
	   e +  C 4   F 8  = > C  F 2 +    
	Ionization



	R9
	   e +  C 4   F 8  = > C  F 3 +    
	Ionization



	R10
	   e +  C 4   F 8  = >  C 2   F 3 +    
	Ionization



	R11
	   e +  C 4   F 8  = >  C 2   F 4 +    
	Ionization



	R12
	   e +  C 4   F 8  = >  C 3   F 5 +    
	Ionization



	R13
	   e + C  F 3  I = > C  F 3  +  I −    
	Attachment



	R14
	   e + C  F 3  I = > C  F 2  I +  F −    
	Attachment



	R15
	   e + C  F 3  I = > C  F 3 −  + I   
	Attachment



	R16
	   e + C  F 3  I = > e + C  F 3  I   
	Elastic



	R17
	   e + C  F 3  I = > C  F 3   I +    
	Ionization



	R18
	   e + C  F 3  I = > C  F 3 +    
	Ionization



	R19
	   e + C  F 3  I = > C  F 2   I +    
	Ionization



	R20
	   e + C  F 3  I = >  I +    
	Ionization



	R21
	   e +  N 2  = > e +  N 2    
	Elastic



	R22
	   e +  N 2  = > e + e +  N 2 +    
	Ionization



	R23
	   e + S  F 6  = >  F −    
	Attachment



	R24
	   e + S  F 6  = >  F 2 −    
	Attachment



	R25
	   e + S  F 6  = > S  F 2 −    
	Attachment



	R26
	   e + S  F 6  = > S  F 3 −    
	Attachment



	R27
	   e + S  F 6  = > S  F 4 −    
	Attachment



	R28
	   e + S  F 6  = > S  F 5 −    
	Attachment



	R29
	   e + S  F 6  = > S  F 6 −    
	Attachment



	R30
	   e + S  F 6  = > e + S  F 6    
	Elastic



	R31
	   e + S  F 6  = > e + e + S  F 6 +    
	Ionization



	R32
	   e +  O 2  = >  O 2 −    
	Attachment



	R33
	   e +  O 2  = >  O −  + O   
	Attachment



	R34
	   e +  O 2  = > e +  O 2    
	Elastic



	R35
	   e +  O 2  = > e + e +  O 2 +    
	Ionization



	R36-37
	    C 4   F 8  = >  C 4   F 8 *    
	Excitation



	R38-43
	   C  F 3  I = > C  F 3   I *    
	Excitation



	R44-66
	    N 2  = >  N 2 *    
	Excitation



	R67-70
	   S  F 6  = > S  F 6 *    
	Excitation



	R71-83
	    O 2  = >  O 2 *    
	Excitation
















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2021 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
lstron demity 0%

e T
) o (b)
(@

lstron desity (10%)

e teEE eI
= Time ()

(@
©





media/file4.png
AVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVA
SVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVA
ST AVAVAVAVAVAVAVaVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAYAVAVAVAVAVAYAY: YAVAVAVA !

»

K]
H
|4
K]
5
K]
|
<]
|
K]
>
K]
»
K]
|
K]
1>
K]
%
Kl
»
K
|
K]
|t
K]
|1
K]
»
K
K]
|>

\VAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVA

TAY
%A

TAY
A

v4»4)4><><><><><><><><><>4»4»4»4»4»4»4»4»1.331#4574><><><>1=::v:ﬂuhnv
YAV A AV A AV AV AV AV AV AV AY A AV AN A e s R AT
— A XXAKE
R0 X

VAV
Vs

"AVAVAVAVAVAVAVAVAVAVAVAVAVAVAN

\

AVAVAVAVAVAVAVAVAVAT: ¥
5
A

7
225

A

7a
TAVAVAVAVAY)
TAVAVS: 3
5

Y

Vi

\VAVAVAVAVAVAVAY,
V4

A\
XEKL

AVAVAVAVAVAVAVAVAVAVAVAVAVAVAY
VNN ININININININININININI

A
Ava
AVAY,

Q
IS

OO
Q200

DA/
KIA
o

0.004

0.002
(2)

—x10T
80 ™






media/file18.png
Insulator

Insulator






media/file3.jpg
o]0

ooz oot
()






media/file19.jpg
HEER





media/file7.jpg





media/file10.png
Distance away from needle tip (mm)

|
O - Ko} o
N <~

(s/w,01) d





media/file14.png
electron desity (10%°m™)

2.4 2.5 2.6 2.7 2.8
Time (ns)

(a)

2.9

electron density (10*’m?)

2.4 2.5 2.6 2.7 2.8
Time (n8)

(c)

2.9

N w -
I | I

electron density (10%'m3)

-
I

2.5 26 2.7 2.8 2.9 3.0
Time (ns)

(b)

electron density (102m3)

0 1
240 241

242 243 244 245 246 247 248 249 250
Time (ns)

(d)





media/file11.jpg
x10° B
x10°

a6
a4

a2ff b 4 25

268 v SN i
ERY- e

32

05

28






media/file6.png
(@- ?)/N (102°m?)

2.0

1.5

-1.0

Result in Ref. [6]

Result in this work

200 400

E/N (Td)

600

800






media/file15.jpg





nav.xhtml


  energies-14-08299


  
    		
      energies-14-08299
    


  




  





media/file16.png
&

o HF N W A U O N @Y






media/file2.png
Needle(HV)

Plane(GND)






media/file20.png
x10?
4






media/file5.jpg
20

15

(a- ?)IN (10°m?)
o a
S B

°
°

— Result in this work|
—— Result in Ref. [6]

200 400 600 800
E/N (Td)






media/file1.jpg
Needle(HV) |

Plane(GND)

Gas






media/file12.png
%1073 C T T T T T
N . A x10*

—
asp - 4 Ms3s
4.6 S B . - . R o . - AN .
anl ! B R . . a . " £

4'2_. " D . L. ,.A..4_..2_5

1 1.5 2 2.5 3x107m





media/file9.jpg
E (107m/s)






media/file0.png





media/file8.png
(.02ns

0.98ns






media/file17.jpg





