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Abstract:



Anti-pollution flashover of insulator is important for power systems. In recent years, haze-fog weather occurs frequently, which makes discharge occurs easily on the insulator surface and accelerates insulation aging of insulator. In order to study the influence of haze-fog on the surface discharge of room temperature vulcanized silicone rubber, an artificial haze-fog lab was established. Based on four consecutive years of insulator contamination accumulation and atmospheric sampling in haze-fog environment, the contamination configuration appropriate for RTV-coated surface discharge test under simulation environment of haze-fog was put forward. ANSYS Maxwell was used to analyze the influence of room temperature vulcanized silicone rubber surface attachments on electric field distribution. The changes of droplet on the polluted room temperature vulcanized silicone rubber surface and the corresponding surface flashover voltage under alternating current (AC), direct current (DC) positive polar (+), and DC negative polar (−) power source were recorded by a high speed camera. The results are as follows: The main ion components from haze-fog atmospheric particles are NO3−, SO42−, NH4+, and Ca2+. In haze-fog environment, both the equivalent salt deposit density (ESDD) and non-soluble deposit density (NSDD) of insulators are higher than that under general environment. The amount of large particles on the AC transmission line is greater than that of the DC transmission line. The influence of DC polarity power source on the distribution of contamination particle size is not significant. After the deposition of haze-fog, the local conductivity of the room temperature vulcanized silicone rubber surface increased, which caused the flashover voltage reduce. Discharge is liable to occur at the triple junction point of droplet, air, and room temperature vulcanized silicone rubber surface. After the deformation or movement of droplets, a new triple junction point would be formed, which would seriously reduce the dielectric strength of room temperature vulcanized silicone rubber.
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1. Introduction


Insulator flashover accident is one of the important influencing factors to the safety and stability of power grid. Since 2013, haze-fog appears in a large area of China, India, Malaysia, and other developing countries. Haze-fog increases the equivalent salt deposit density (ESDD) and non-soluble deposit density (NSDD) on the surface of insulator, which would reduce the pollution flashover voltage and pose a threat to the power system [1,2].



The haze-fog is a mixture of haze and fog, but the difference between haze and fog is great. Haze is composed of dust, sulfuric acid, nitric acid, organic hydrocarbons, and other particles in the air. Fog is an aerosol system consisting of a large number of tiny droplets or ice crystals suspended in near-surface air [3]. The occurrence of flashover under haze-fog environment is related with insulator pollution degree, haze component, haze particle size, fog-water conductivity, and so on. It is even more complicated than other pollution flashover [4,5,6,7,8]. Guo et al. proposed that the fog-water conductivity is the key parameter to characterize the effect of the haze-fog on the outdoor insulation performance. With the fog-water conductivity increasing from 25.3 to 3000 μS/cm, the flashover voltage may decrease up to 27.5% [2]. Arshad et al. proved that Arc inception and flashover voltages decreased by 50% and 52%, respectively, as the value of ESDD was changed from 0.035 to 0.4 mg/cm2 [9]. Studies found that silicone rubber surface attached with the droplets will lead to electric field distortion. Consequently, the initial discharge voltage of the corona is decreased and the life of insulating materials is shortened. Joneidi et al. simulated the electric field of 20 kV composite insulators with Comsol. With the influence of droplets, the electric field intensity is basically maintained at 0.1 kV/mm. The electric field intensity floats in the range of 0.01–0.24 kV/mm without the influence of droplets [10]. Souza studied the effect of droplet conductivity on corona initial voltage. With the increase of conductivity, the initial discharge voltage is reduced by an average of 30%. Besides, it is believed that for composite insulators, corona discharge is easier to occur in humid and polluted environments [11]. Xie et al. proposed that the initial discharge voltage and the temperature variations for two salt droplets closely correlated with the ionization degree of the salt, as well as the interfacial electrochemical reactions near the electrodes [12]. Li et al. proved that when applying a tangential electric field, water droplet on super hydrophobic surface tended to a self-propelled motion while it tended to elongate and break up on Room Temperature Vulcanized (RTV) silicone rubber surface [13]. However, the characteristics of the deposition on the RTV surface of transmission lines in the haze-fog environment are still unknown. The flashover performance of silicone rubber surface under haze-fog environment also needs to be studied in further.



In this paper, the conditions of contamination and atmosphere for the insulators coated with RTV in transmission lines were sampled in the spring of year 2014–2017. ESDD, NSDD, contaminant particle size and fog contained inorganic ions were obtained from the field sampling data. Ansys Maxwell was used to analyze the influence of the droplets on the electrical filed strength of coated surface. Finally, by a high speed camera, the changes of the droplet attached on the surface of contaminated silicone rubber and the corresponding flashover voltage were recorded in AC field and positive (negative) polarity DC field, respectively. The research results may provide a reference for the study of the surface discharge characteristics of silicone rubber in haze-fog environment.




2. Onsite Measurements and Experimental Setup


2.1. Atmospheric Sample Collection


PM2.5 and PM10 are the main parameters of haze-fog. PM2.5 and PM10 refers to the particles with a kinetic diameter less than or equal to 2.5 μm and 10 μm, respectively [14]. The atmospheric particle flow sampler TH-150 was used to sample PM2.5 and PM10. The horizontal sampling distance from the tower is no more than 100 m, and the average sampling rate is 100 L/min.




2.2. Natural Contamination Test


In the spring of year 2014–2017, natural pollution test was carried out on the RTV-coated suspension insulators in the HVDC and HVAC transmission lines of Shandong province where annual average ground-level PM2.5 at 60–90 μg/m3 [15,16].



The parameters of the suspension insulators are shown in Table 1. As the contamination degree of the insulators is not uniform [17], each insulator string is numbered from 1 to n according to its potential. The sampling diagram of suspension insulators is shown in Figure 1.


Figure 1. Insulator sampling diagram of suspension insulators.
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Table 1. The parameters of the suspension insulators.







	
Insulator Type

	
Voltage Level (kV)

	
Leakage Distance (mm)

	
Upper Surface Areas (cm2)

	
Lower Surface Areas (cm2)






	
XWP2–160

	
500

	
450 (a piece)

	
1551

	
1208




	
FC160P

	
500

	
550 (a piece)

	
1198

	
2541




	
FC160P/C170DC

	
±660

	
550 (a piece)

	
1800

	
2700










In order to reduce the measurement error, the insulators were removed to the ground, using non–woven (with a small amount of ethanol solution) to wipe all of the contamination [18]. The method introduced in [19] was used to measure the ESDD, NSDD of each insulator. Using the remaining dry samples after NSDD test, the anions and cations in the sample were analyzed by ion chromatography [20].




2.3. Experiment Facilities and Procedure


A test chamber was set up for simulating the haze-fog artificially. When considering the relative humidity, fog conductivity, and the surface-attached particle size, the realistic haze-fog environment was simulated. Then, the influence of various factors on the surface discharge characteristics of the RTV coating was analyzed.



The test circuit of surface discharge is shown in Figure 2. The rated capacity, rated current, and output voltage of AC high voltage source is 200 kVA, 1 A and 0–150 kV, respectively. The rated capacity, rated current, and output voltage of DC high voltage source is 1.2 kVA, 10 mA, and 0–120 kV, respectively. The divider ratio of capacitance-resistance divider is 1000:1. The leakage current is recorded by a microamp ammeter. A 20 MΩ protection resistor is connected to the sample externally. The salt solution of different components was added to the fog generator to simulate the salt fog of the different salt components. Since the particle sizes of kieselguhr are not uniform [2] and the particles are irregular in shape, in order to better simulate the contamination characteristics in haze-fog environment, SiO2 is proposed to replace kieselguhr for simulating the NSDD with different particle size. By switching-on and off different source circuit-breakers, the surface discharge test could be performed under AC power source or positive (negative) polarity DC power source.


Figure 2. Test circuit of surface discharge.
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The discharge model of RTV-coated surface is shown in Figure 3. The high voltage electrode is made of copper and cylinder-shape, which is fully in touch with the test RTV-coated plate. This model uses coaxial cylinders, which is consistent with the actual electric field distribution of insulator. The fog is ejected from the center of the plate, which could solve the problem of uneven moisture distribution on the RTV-coated surface. The discharge model is totally set in a hermetic chamber, which is made of high transparency plexiglass, to ensure that the discharge process could be recorded clearly. The thickness of RTV coating is d = 2 mm. The creepage distance are r = 1, 2, 5 cm on the plate, respectively. The applied voltage was increased uniformly with a speed of 1 kV/s [21,22].


Figure 3. The discharge model of Room Temperature Vulcanized (RTV)-coated surface.
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3. Natural Contamination Results


3.1. Inorganic Ion Data


The analysis of water-soluble inorganic ions from haze-fog atmospheric particles includes five kinds of cations: Na+, NH4+, K+, Mg2+, Ca2+, and three kinds of anions: NO3−, SO42−, Cl−. The concentrations of water-soluble inorganic ions from atmospheric particles are counted as shown in Table 2.



Table 2. The concentrations of water-soluble inorganic ions from atmospheric particles (μg·m−3).







	
Ions

	
PM2.5

	
PM10




	
Maximum

	
Minimum

	
Average

	
Maximum

	
Minimum

	
Average






	
NH4+

	
39.47

	
2.78

	
19.64

	
67.35

	
3.10

	
10.84




	
Na+

	
2.35

	
0.37

	
1.59

	
3.40

	
0.35

	
1.95




	
K+

	
5.24

	
0.24

	
1.92

	
4.98

	
0.36

	
2.59




	
Ca2+

	
16.94

	
0.63

	
5.90

	
21.23

	
1.57

	
10.32




	
Mg+

	
0.81

	
0.15

	
0.38

	
1.10

	
0.38

	
0.65




	
NO3−

	
48.26

	
2.16

	
18.98

	
80.88

	
6.08

	
33.05




	
SO42−

	
59.1

	
5.61

	
15.62

	
92.86

	
5.66

	
31.67




	
Cl−

	
20

	
0.82

	
3.32

	
18.40

	
1.10

	
6.07










It can be seen from Table 2 that the concentration of water-soluble ions from PM2.5 can be arranged from large to small as NH4+ > NO3− > SO42− > Ca2+ > Cl− > K+ > Na+ > Mg+. The secondary ions (NH4+, NO3−, and SO42−) account for 29.16%, 28.18%, and 23.19% of the total water-soluble ions, respectively, together account for 80.53% of the total water-soluble ions. Primary ions account for 19.47% of the total water-soluble ions. The concentration of water-soluble ions from PM10 can be arranged from large to small as NO3− > SO42− > NH4+ > Ca2+ > Cl− > K+ > Na+ > Mg2+. The secondary ions (NO3−, SO42−, and NH4+) account for 33.98%, 32.57%, 11.15% of the total water-soluble ions, respectively, together account for 77.70% of the total water-soluble ions. Primary ions account for 22.3% of the total water-soluble ions. From the proportion of NO3−, SO42, NH4+, and Ca2+ from PM10 and PM2.5, it can be seen that they could together account for over 70% of the total water-soluble ions, which illustrates that these three kinds of ions are the main water-soluble ions from the sampled atmospheric particles.




3.2. Particle Size of Contamination


The particle size of the contamination are shown in Table 3, where D50 refers to the particle size corresponding to the 50% cumulative probability distribution, P<3 refers to the cumulative probability of the particle size smaller than 3 μm.



Table 3. Particle size of the contamination.







	
Voltage Type

	
D10 (μm)

	
D50 (μm)

	
D90 (μm)

	
P<3 (%)

	
P<20 (%)

	
P<40 (%)






	
DC(+)

	
5.66

	
14.63

	
34.41

	
2.56

	
66.32

	
93.90




	
DC(−)

	
5.27

	
13.59

	
33.37

	
2.88

	
70.09

	
94.25




	
AC

	
6.11

	
34.32

	
57.88

	
2.25

	
42.44

	
84.35










It can be seen from Table 3 that in haze-fog environment, the average D90 of contamination particles in DC(+), DC(−), and AC are 34.41 μm, 33.37 μm, and 57.88 μm, respectively. In HVDC transmission lines, regardless of the polarity, most of the contamination particle sizes on insulators are less than 35 μm, however, the contamination particle sizes on insulators in HVAC transmission lines are 65% larger than that in HVDC transmission lines. According to the D50 shown in Table 3, the average particle size of contamination on DC transmission line is about 13 μm, and 34 μm on AC transmission lines, the average contamination particle sizes of AC are generally larger than that of DC transmission lines.



In the range of 0–3 μm, the P<3 of DC(+), DC(−) and AC are 2.56%, 2.88% and 2.25% respectively. The amount of particles whose size is less than 3 μm in DC(−) transmission lines is more than that in DC(+) transmission lines and AC transmission lines. It is easier for negative polar DC transmission lines to accumulate the contamination with small particles. As to the cumulative probability of the particle size less than 40 μm, the average P < 40 of the contamination in DC(+), DC(−) and AC are 93.90%, 94.25% and 84.35%, respectively. The amount of the large particles whose size is in the range of 20–40 μm in AC transmission lines is more than that in DC transmission lines. The polarity of DC transmission lines has no significant influence on the distribution of contamination particle size.




3.3. ESDD and NSDD


A sampling point was set in each city (district) crossed by the transmission lines, and the sampling distribution is shown in Figure 4. The site sampling is shown in Figure 5, A are insulator strings, B are disassemble crews, and C are site sampling crews. The whole sampling process includes: 1. Determine the position of the insulator, 2. Remove the insulators to the ground, 3. Sample the contamination on the insulator surface on site.


Figure 4. Diagram of Shandong transmission line. (a) 500 kV. (b) ±660 kV.
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Figure 5. Sampling scene.
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The contamination accumulation results of 2014 and 2015 are averaged, the mean value of each sampling point is divided by the maximum value of all sampling points, and the percentage distribution diagram of contamination can be drawn as shown in Figure 6. It can be seen from Figure 6a that Zibo, Weifang, and Zichuan are three serious pollution areas. It can also be seen from Figure 6b that Dezhou, Jinan, and Zibo, which are crossed by DC transmission lines, are three serious pollution areas. Thus, the above six sites are selected as the research areas to do the sampling in 2016 and 2017.


Figure 6. Sampling results in 2015 and 2016. (a) 500 kV. (b) ±660 kV.
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The contamination accumulation results in four years are investigated. The total amount of sampling towers is 53 and the total amount of valid samples is 379. At Jinan, Zibo, and Zichuan, 149 samples are obtained from 21 towers on AC transmission lines. At Dezhou, Jinan and Zibo, 230 samples are obtained from 32 towers on DC transmission lines.



The ESDD and NSDD of the insulators in the positive polar of DC transmission line are shown in Figure 7a,b.


Figure 7. The contamination of HVDC(+). (a) The results of equivalent salt deposit density (ESDD). (b) The results of non-soluble deposit density (NSDD).
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It can be seen from the figures that there is obvious difference in the contamination accumulation between the upper and lower surfaces of the insulators. The average ESDD and NSDD of the upper surface are 0.035 mg/cm2 and 0.361 mg/cm2, respectively; the average ESDD and NSDD of the lower surface are 0.211 mg/cm2 and 2.052 mg/cm2, respectively. Thus, the contamination accumulation condition of the lower surface of insulator is more serious than that of the upper surface in haze-fog environment. When considering the unevenness of contamination accumulation, the standard deviation of ESDD and NSDD of the upper surface are 0.007 mg/cm2 and 0.138 mg/cm2, respectively, the standard deviation of ESDD and NSDD of the lower surface are 0.038 mg/cm2 and 0.426 mg/cm2, respectively. Thus, the unevenness degree of NSDD is much greater than that of ESDD in haze-fog environment.



The ESDD and NSDD of the insulators in the negative polar of DC transmission line are shown in Figure 8a,b. The average ESDD and NSDD of the upper surface are 0.047 mg/cm2 and 0.491 mg/cm2 respectively, the average ESDD and NSDD of the lower surface are 0.191 mg/cm2 and 1.932 mg/cm2, respectively. The standard deviation of ESDD and NSDD of the upper surface are 0.012 and 0.153, respectively, the standard deviation of ESDD and NSDD of the lower surface are 0.028 and 0.248, respectively. By comparing the results from positive and negative polarity of DC transmission line, it can be seen that in haze-fog environment, although the polarity has no significant influence on the contamination accumulation of insulators, the contamination accumulation on the insulator of negative polarity of DC transmission line is more uniform.


Figure 8. The contamination of HVDC(−). (a) The results of ESDD. (b) The results of NSDD.
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It can be seen from Figure 9a that the contamination accumulation characteristics of the insulator on AC transmission lines are similar to that on DC transmission lines. The average ESDD and NSDD of the upper surface are 0.056 mg/cm2 and 0.149 mg/cm2, respectively; the average ESDD and NSDD of the lower surface are 0.814 mg/cm2 and 1.339 mg/cm2, respectively. The standard deviation of ESDD and NSDD of the upper surface are 0.012 and 0.159, respectively, the standard deviation of ESDD and NSDD of the lower surface are 0.034 and 0.342, respectively. It is obvious that it is easier for the lower surface to accumulate contamination, and the NSDD of the lower surface is more dispersive.


Figure 9. The contamination of High Voltage Altanating Current (HVAC) insulators. (a) The results of ESDD. (b) The results of NSDD.
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The average ESDD and NSDD and the standard deviation of the upper surface and lower surfaces of the insulators are calculated, as shown in Table 4. Previous studies have shown that, in the general environment, the ESDD of insulators coated with RTV range from 0.006 to 0.014 mg/cm2, and the NSDD are range from 0.059 to 0.323 mg/cm2 [23,24]. When comparing Figure 7, Figure 8 and Figure 9 and Table 4, the conclusions of insulator contamination accumulation in haze-fog environment can be drawn: Firstly, ESDD and NSDD under haze-fog are higher than that in general environment, the [image: ] of DC(+), DC(−) and AC are 0.141 mg/cm2, 0.133 mg/cm2 and 0.111 mg/cm2, respectively, the [image: ] of DC(+), DC(−) and AC are 1.376 mg/cm2, 1.356 mg/cm2 and 1.124 mg/cm2, respectively. Secondly, it is easier for DC transmission lines to accumulate contamination than the AC transmission lines, which is quite obvious in the contamination accumulation characteristics of lower surface. Finally, the average NSDD of the lower surface of the insulators on AC transmission lines is approximately two times larger than that of DC transmission lines, but the ESDD of them are basically the same.



Table 4. The ESDD and NSDD of insulators.







	
Voltage Type

	
Mean (mg/cm2)

	
Standard Deviation

	
Max (mg/cm2)




	
Upper Surface

	
Lower Surface

	
ESDD

	
NSDD

	
Upper Surface

	
Lower Surface

	
ESDD

	
NSDD




	
ESDD

	
NSDD

	
ESDD

	
NSDD

	
ESDD

	
NSDD

	
ESDD

	
NSDD






	
DC(+)

	
0.035

	
0.361

	
0.211

	
2.052

	
0.141

	
1.376

	
0.007

	
0.138

	
0.038

	
0.426

	
0.306

	
3.244




	
DC(−)

	
0.047

	
0.491

	
0.191

	
1.932

	
0.133

	
1.356

	
0.012

	
0.153

	
0.028

	
0.248

	
0.279

	
2.439




	
AC

	
0.056

	
0.814

	
0.149

	
1.339

	
0.111

	
1.124

	
0.013

	
0.159

	
0.045

	
0.466

	
0.249

	
2.002











3.4. The Simulation of Haze-Fog


The composition of contamination under haze-fog environment is different from the general environment through the above statistical analysis. In order to better simulate the haze-fog environment, the soluble substances are prepared, according to Formula (1)–(4) [19], by NH4NO3, and CaSO4. The names and units of the variables in the formulas are conductivity [image: ] (μS/cm), solution temperature θ (°C), volume V (cm3), and surface area A (cm2).




[image: ]



(1)






[image: ]



(2)
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(3)
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(4)





SiO2 is used to simulate the insoluble substance with different particle sizes. Through calculation, the contamination parameters of surface pollution flashover test are shown in Table 5.



Table 5. The contamination parameters.







	
Voltage Type

	
[image: ] (μS/cm)

	
ESDD (mg/cm2)

	
NSDD (mg/cm2)






	
DC(+)

	
1380

	
0.141

	
1.376




	
DC(−)

	
1250

	
0.133

	
1.356




	
AC

	
950

	
0.111

	
1.124












4. Surface Flashover Analysis


In this chapter, the experimental results in 3.4 are compared with conventional NaCl and kieselguhr simulated contamination [19]. ANSYS-MAXWELL was used to analyze the electric field distribution of the discharge model as shown in Figures 12 and 13. The influence of gravels and droplets on the electric field distortion of RTV coating was studied. The droplets were added on the surface of RTV coating, and the dynamic characteristics of the droplets under different kinds of power source were observed.



4.1. Comparison with Conventional Pollution Flashover Test


When fogging up, the voltage of 1.2 kV was applied on the tested sample and the trend of leakage current was recorded in different relative humidity. Two preconditions should be met before performing the flashover test: (1) The pollution layer of all the samples (different relative humidity) should be fully wet; and, (2) The suspended particles in haze-fog environment affecting all of the pollution layers should be the same. It can be seen from Figure 10 that when the wetting time is longer than 40 min, the above two preconditions could be fully met. Therefore, the wetting time is assumed with 40 min for the flashover test in this paper. The HiSpec 5 high speed camera is used for shooting. The temperature during the test is constant at about 25 °C.


Figure 10. The leakage current with different relative humidity.
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Referring to Table 5, the DC(+) surface flashover test of RTV coating was performed with ESDD = 0.141 mg/cm2 (corresponding [image: ] = 1380 μS/cm) and NSDD = 1.376 mg/cm2 (creepage distance = 5 cm, insoluble contents = 108.1 mg). The DC(−) surface flashover test of RTV coating was performed with ESDD = 0.133 mg/cm2 (corresponding [image: ] = 1250 μS/cm) and NSDD = 1.356 mg/cm2 (creepage distance = 5 cm, insoluble contents = 106.4 mg). The AC surface flashover test of RTV coating was performed with ESDD = 0.111 mg/cm2 (corresponding [image: ] = 950 μS/cm) and NSDD = 1.124 mg/cm2 (creepage distance = 5 cm, insoluble contents = 88.2 mg). NH4NO3 and CaSO4 were used to prepare the solution of 2 mL each with the above three different conductivities, a certain amount of SiO2 was smeared on the RTV coating as the test group. NaCl was used to prepare the solution of 2 mL with the same conductivity, and the kieselguhr, which has the same quality as SiO2, was smeared on the RTV coating as the control group. The simulating contamination was smeared uniformly on the RTV coating to conduct the flashover test. The ambient humidity is 80% and the temperature is 25 °C, the test results are shown in Figure 11a. It can be seen from Figure 11a that although the preparation of NH4NO3 and CaSO4 are not the same, the flashover voltages are the same when the conductivities of them are the same. When the ratio of NH4NO3 and CaSO4 is larger than 1:1, the flashover voltage of insulator surface are slightly lower than that with conventional contamination. Owing to CaSO4 is slightly soluble and NH4NO3 is lyotrope, when the ratio of NH4NO3 and CaSO4 becomes larger, the content of CaSO4 increases, and the conductivity increases slowly. When the surface of RTV coating is fully wet, the actual conductivity is a little higher than the conductivity of the original solution, which leads to the slight decrease of flashover voltage. The proposed method with two soluble matters to simulate haze-fog could better reflect the influence of different sault composition on the surface flashover characteristic of RTV coating, which could overcome the disadvantage of using NaCl as the single soluble matter in the conventional pollution flashover test.


Figure 11. Surface flashover comparative test with traditional simulation contamination (a) change the soluble ingredients (b) change the insoluble ingredients
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Keeping [image: ] and NSDD constant, the comparisons of surface flashover voltage between conventional NaCl and the proposed kieselguhr methods with different particle sizes of SiO2 are shown in Figure 11b. It can be seen from Figure 11b that there was a positive correlation between the particle size and the surface flashover voltage. The larger the particle size is, the higher the flashover voltage is. When NSDD is constant at a certain value, the smaller the insoluble particle size is, the more the number of particle is. With the increase of the particle number, the moisture absorption ability of contamination becomes stronger and the electrolyte dissolves more fully, which could improve local conductivity. As compared to the conventional pollution flashover method [19], the proposed method could better simulate the surface discharge characteristics of the RTV coating in haze-fog environment. Conclusions can be drawn from the test that the sault type of the contamination on insulator surface in haze-fog environment would influence the surface conductivity. The increase of the particle size of contamination would lead to the increase of surface flashover voltage.




4.2. Electric Field Distribution and Distortion


As shown in Figure 12, the droplets and gravels were used to simulate the sediments under haze-fog environment, and ANSYS Maxwell was used to analyse the electric field distribution of the RTV coating. The droplets and gravels were attached to the RTV coating surface around the high voltage electrode uniformly. The volume conductance of droplet and gravel are 4 μS/cm and 0 μS/cm, respectively.


Figure 12. The distribution of electric field after applying droplets (gravels).
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Assuming that the droplets and gravels are sphere and tangent to the RTV coating surface, the distribution of electric field by simulation is shown in Figure 12. It can be seen from Figure 12 that there was severe distortion of electric field intensity at the juncture of high electrode and RTV coating. In addition, at the juncture of droplets and RTV coating, there was distortion of electric field intensity, which was most obvious at the triple junction point of droplet, air, and RTV coating. The presence of droplets would result in the distortion of electric field intensity at the triple junction point of droplet, air, and RTV coating and lead to the decrease of dielectric strength on insulator surface.



The electric field distribution along the Y-axis, which passes through the symmetry axis of the high voltage electrode, is shown in Figure 13. The green curve shows the electric field distribution of clean RTV coating surface and the red curve shows the electric field distribution of RTV coating surface with droplets and gravels (water droplets are on the right, while the gravels are on the left).


Figure 13. The distribution of electric field.
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It can be seen from the Figure 13 that obvious distortion occurred at the junction of the RTV coating and droplets on the Y-axis when the droplets and gravels were attached to the RTV coating, and on both sides of the high voltage electrode, the maximum electric field intensity increased obviously. The electric field intensity reached a maximum when the second droplet was added. After adding the second droplet, the maximum electric field intensity decreased in turn with the increase of distance, indicating that the influence of the added droplets on electric field intensity was related with the distance from the high voltage electrode. As the corona discharge occurred around the first droplet, making the electric field intensity become uniform, the electric field intensity around the first droplet was weaker than that around the second droplet.



Distortion also occurred at the left side of the added gravel, the maximum of electric field intensity increased obviously. But the increment of electric field intensity on insulator surface with the added gravel was smaller than that with the added droplet.




4.3. Dynamic Behavior of Droplets


The entire test chamber will be filled with continuous salt spray, leading to very poor visibility, which makes it difficult to shoot dynamic droplet behaviour. Thus, only after the deposition of salt spray, the dynamic behavior of droplets could be shot, and the droplet was 1 μL deionized water. HiSpec 5 high speed camera was used for shooting, its framing rate is 1000 fps. The environment temperature was 25 °C and the relative humidity was 80%. The kinds of applied voltage source include AC, DC positive polar, and DC negative polar power source. The simulating haze-fog includes salt spray, which is composed of NH4NO3 and CaSO4 in the ratio of 1:1, as well as SiO2 whose particle size is 25 μm and NSDD is 2.052 mg/cm2.



4.3.1. Positive DC Source


When the applied voltage reached 17 kV, there was an obvious deformation of the droplet under the DC positive polar power source. The droplet spread out and changed from the original sphere to a flat shape. At the same time, the upper part of the droplet began to tilt to the high voltage electrode, as shown in Figure 14b–f. When the applied voltage reached 21 kV, obvious discharge spot appeared at the triple junction point of droplet, air, and RTV coating, as shown in Figure 14c. The deformation of droplet reached its maximum when the applied voltage reached 22.4 kV, as shown in Figure 14f, but the bottom of the droplet did not move. With the continuous increasing of applied voltage, the deformation of the droplet top tilting to the high voltage electrode began to recover, as shown in Figure 14g,h. When the applied voltage reached 23.2 kV, the droplet began to move away from the high voltage electrode, as shown in Figure 15.


Figure 14. The deformation characteristic of droplet under DC positive polar power source.
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Figure 15. The movement characteristics of droplet under DC positive polar power source. (a) droplet without applied voltage (b) droplet begin to add voltage (c) droplet with voltage of 10 kV.
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4.3.2. Negative DC Source


Under DC negative polar power source, the droplet deformation was not as obvious as that under positive polar case. The top of the droplets shakes left and right, as shown in Figure 16a–g. When the applied voltage reached 20 kV, the droplet spread out, as shown in Figure 16h,i. With the continuous increasing of applied voltage, the droplet began to move away from the high voltage electrode, which is consistent with that under positive polar case, as shown in Figure 17.


Figure 16. The deformation characteristic of droplet under DC negative polar power source.
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Figure 17. The movement characteristic of droplet under DC negative polar power source. (a) Droplet without applied voltage (b) droplet begin to add voltage (c) droplet with voltage of 10 kV.



[image: Energies 10 01580 g017]







4.3.3. AC Source


The morphological characteristics of droplet under AC power source are different with that under DC case. When the applied voltage reached 17 kV, there was a small amount of shaking up and down on the upper surface of the droplet, and the shaking frequency was consistent with the power frequency (50 Hz), as shown in Figure 18a–c. When the applied voltage reached 25 kV, the shaking amplitude of the droplet increased significantly, and the trend of moving around appeared on the upper of the droplet, as shown in Figure 18d,e. With the continuous increasing of applied voltage, the shaking amplitude of the droplet increased gradually, accompanied by moving up and down. When the applied voltage reached 29 kV, the droplet was displaced, firstly moved towards the high voltage electrode slightly and then moved away from the high voltage electrode, as shown in Figure 18f–i.


Figure 18. The deformation characteristics of droplet under AC power source.
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In conclusion, the droplet on the RTV-coated surface in haze-fog environment would be deformed or moved due to the electric field. There were white burning marks on the RTV coating after the discharge. The discharge is liable to occur at the triple junction point of droplet, air, and RTV coating, which would damage the RTV coating. After the deformation or movement, a new triple junction point would be formed, which would seriously reduce the life and the dielectric strength of RTV coating.





4.4. Surface Pollution Flashover


4.4.1. The Influence of Conductivity


The influence of the contamination conductivity on flashover voltage is analysed in this section. The average value and standard deviation formulas of the flashover voltage are shown in Formula (5) and (6). When considering the flashover voltage under DC positive polar power source is larger than that of DC negative polar case, only the comparison of pollution flashover under DC negative polar and AC voltage power source is discussed in this chapter.


[image: ]



(5)






[image: ]



(6)




where U is the average flashover voltage, kV; Ui is the applied voltage obtained from the test in the time of i, kV; N is the total times of the valid test, N = 6; RSD is the relative standard deviation of the test result.



It can be seen from Figure 19a that when deionized water (5 μS/cm) was used for fog, the surface flashover voltage decreased gradually with increasing the relative ambient humidity. When the relative humidity exceeded 70%, U was maintained at about 29 kV. With the increase of the conductivity of salt spray, the surface flashover voltage of RTV coating decreased obviously, when the conductivity reached 3000 μS/cm, U reached its minimum 19.4 kV. This is because that, the leakage current in the RTV surface increased with the increase of the conductivity of salt spray, which accelerated the formation of “dry areas” and decreased the flashover voltage. The surface flashover test of RTV coating under AC power source was conducted as shown in Figure 19b. With the increase of the conductivity of salt spray, the surface flashover voltage decreased. When compared to the DC flashover voltage, the influence of humidity on AC flashover voltage was more obvious. Especially, U decreased obviously when the humidity exceeded 80%. Thus, the larger the fog spray conductivity is, the lower the surface flashover voltage is, and the poorer the insulation performance of RTV coating is.


Figure 19. Surface flashover voltage with different conductivity. (a) DC(−). (b) AC.
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4.4.2. Surface Pollution Flashover


In order to study the influence of haze-fog environment on flashover development, a comparison test between two cases is performed. Case (1): The flashover development on the clean RTV coating with 50% environmental humidity is recorded. Case (2): The flashover development on the polluted RTV coating in the simulated haze-fog environment is recorded.



The flashover development on the clean RTV coating with 50% environmental humidity is shown in Figure 20a. There is weak corona discharge in the high voltage electrode, showing as a light blue halo in Figure 20(a1). In Figure 20(a2–a5), there are glow discharge and glide discharge, and the discharge is also very weak. In Figure 20(a6), the discharge spark reached the grounding copper and the surface flashover occurred, the flashover voltage was 34 kV and the leakage current was 100 μA. It can also be seen from Figure 20(a6) that the arc channel is bright and unbranched, from the high-voltage electrode directly to the grounding copper plate.


Figure 20. Flashover development (a) Clean RTV coating, 50% relative humidity. (b) Simulated haze-fog environment, 90% relative humidity.
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The SiO2 with NSDD of 2.5 mg/cm2 and a particle size of 15 μm was smeared on the RTV-coated surface by the solid-layer method. The 3000 S/cm conductivity salt fog was injected into the fog chamber continuously until the relative humidity reached 90%.



The flashover process was recorded 40 min later, which is shown in Figure 20b. There was also light blue halo in the high electrode in Figure 20(b1). As shown in Figure 20(b2), obvious glow discharge appeared when the applied voltage reached 17 kV, and there were visible droplets in the discharge area. From Figure 20(b3–b5), when the applied voltage reached 24 kV, the glow discharge appeared brighter, and the leakage current increased gradually to 193 μA. As shown in Figure 20(b6), surface flashover occurred when the applied voltage reached 28 kV, accompanied by a significant sliding discharge and the leakage current increased to 512 μA.



By comparing the two cases of experimental phenomena, the surface flashover voltage of the RTV coating was reduced and the leakage current was increased by the haze-fog environment, illustrating that the insulating property of the RTV coating was affected by the haze-fog environment.






5. Conclusions


	(1)

	
The main ion components from haze-fog atmospheric particles are NO3−, SO42−, NH4+, and Ca2+. More than 90% of the contamination particle sizes are within 50 μm. The amount of large particles on the AC line is greater than that of the DC line. The influence of DC polarity power source on the distribution of contamination particle size is not significant.




	(2)

	
In haze-fog environment, the maximum ESDD and NSDD under DC positive polar power source are 0.306 mg/cm2 and 3.244 mg/cm2, respectively, the maximum ESDD and NSDD under DC negative polar power source are 0.279 mg/cm2 and 2.439 mg/cm2, respectively, the maximum ESDD and NSDD under AC power source are 0.249 mg/cm2 and 2.002 mg/cm2, respectively. The [image: ] of DC(+), DC(−) and AC are 0.141 mg/cm2, 0.133 mg/cm2 and 0.111 mg/cm2, respectively. The [image: ] of DC(+), DC(−) and AC are 1.376 mg/cm2, 1.356 mg/cm2 and 1.124 mg/cm2, respectively.




	(3)

	
Under Haze-fog environment, the insulators are easily to accumulate droplets, causing a distortion of the electric field. The droplets on the RTV-coated surface would be deformed or moved due to the electric field, motion direction of which is from the strong electrical field to the weak electrical field. After the deformation or movement, a new triple junction point would be formed.




	(4)

	
After the deposition of haze-fog, the local conductivity of the RTV-coated surface increased and reduced the flashover voltage, illustrating that the insulating property of the RTV coating was affected by the haze-fog environment.




	(5)

	
Under haze-fog environment, it is essential to strengthen the line patrol and clean the contamination accumulated on insulator surface timely, especially the lower surface. The surface of insulators should be designed to be convenient for droplets to move from the area with strong electric field intensity to the area with weak electric field intensity, so as to break away from the RTV coating surface. Besides, the RTV coating with stronger hydrophobicity could be designed to flush the contamination on RTV coating surface by the own gravity of droplets.
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