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Abstract

:

Based on experiments and numerical analysis techniques, this paper aims to investigate the influence of the four different coating damage profiles on the performance of coated 33 kV porcelain insulator strings under polluted and clean surface conditions. The performance of the insulators coated with room temperature vulcanizing (RTV) under partial coating damage and undamaged coating was evaluated. The influence of humidity on pollution flashover was taken into consideration. The ring-shaped, fan-shaped, and random-shaped coating was applied following coating damage. The results showed that the flashover characteristic of the RTV-coated insulators had a significant difference as compared to the normal insulators. Electrical characteristics such as the flashover voltage, critical current, and surface resistance were significantly affected by coating damage distribution and humidity level on the insulators’ surface. The electric field and potential difference were analyzed as well using the finite element method (FEM). The initiation of the arc was observed to appear at the area of insulators where the electric field was the highest. It was also observed that different coating distributions of pollution and humidity levels resulted in a change in the surface pollution layer resistance and an uneven distribution of the electric field. This indicates that the coated insulators’ parameters are directly related to the coating damage distribution on the insulator surface, particularly in the presence of humidity.
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1. Introduction


Porcelain insulators have been employed in transmission lines’ insulation for more than a century. To date, it has been widely recognized that porcelain insulators suffer from contamination flashover under severe contamination. As a result, room temperature vulcanizing (RTV) coatings have been applied on porcelain insulators as an enhanced approach to avoid flashover on polluted insulator surfaces [1,2,3,4,5]. Figure 1 illustrates the application of RTV-coated porcelain insulators on a transmission line to enhance insulation performance and resist pollution flashover. Although RTV coating can enhance insulation performance of the porcelain insulators, the surrounding factors of the porcelain insulators can result in the damage of RTV coatings [6,7,8,9,10] hence reducing the insulators’ resistance, thereby causing a flashover [11,12,13,14].



According to [9], porcelain insulators coated with RTV commonly retain high hydrophobicity and high anti-contamination flashover ability, indicating that they can work for a long period of time in a climate similar to a subtropical climate. Authors in [10] provided the experimental findings of using two distinct silicone coatings (RTV and high temperature vulcanizing (HTV)) on silicon rubber insulator. Both coatings exhibited considerable symptoms of hydrophobicity loss and oxidation of the surface. During the outside investigation, however, both coatings retained low leakage currents and outstanding performance. In addition, the anti-contamination flashover effect of field-aged RTV coatings was investigated in extremely polluted locations [12]. The outcomes of the research revealed that RTV coatings offered long-term resistance against contamination flashover, even in extremely polluted environments.



RTV coating characteristics have been examined in a variety of studies [1,2,3,4,5,6,7,8,9,10,11,12,13,14,15]. However, research data on RTV coating distribution effect on insulators have been scarcely reported. The insulator’s friction and environmental variables like rain, sun, and wind can cause RTV coating on certain portion of insulators to damage. The damage may consequently result in a change in the insulator distribution coating. With increased usage of RTV-coated insulators, it is critical to investigate the effect of RTV coating distribution across insulator surfaces with pollution flashover properties.



In this paper, the experimental investigation and numerical analysis have been carried out to evaluate the effect of RTV coating damage profiles on the flashover performance of a 33 kV contaminated insulator string. For this propose, the profile of the RTV coating damage was formed into four damage types, with the undamaged insulator serving as a reference. A series of laboratory tests was conducted on the cap-and-pin type of porcelain insulator string samples under AC voltage. Four criteria were employed to measure the coating distribution effect on the pollution flashover performance of the insulator: flashover voltage, leakage current, coating dimension, and pollution layer resistance. In defining these criteria, various degrees of pollution and humidity values were taken into consideration. In addition, the finite element method (FEM) was used to evaluate the electrical characteristics of the coated insulators compared to the uncoated insulator.




2. Room Temperature Vulcanizing (RTV) Coating Characteristics


RTV coating has high hydrophobicity and hydrophobicity transfer, which may significantly enhance the resistance of porcelain insulators against flashover. RTV is a vulcanization process through atmospheric humidity. In this process, small alcohol-based molecules are eliminated and a cross-linking reaction happened. The chemical formula for the vulcanization process is depicted in Figure 2 [16].



The free surface energy of an insulator surface determines its hydrophobicity. The static contact angle between the surface and the water droplet is frequently used to determine the free surface energy. A surface is hydrophilic if the contact angle is less than 90° and hydrophobic if the angle is more than 90° [17]. The Sweden Transmission Research Institute (STRI) categorized the hydrophobicity of insulators into seven categories from HC1 to HC7, with HC1 being the most hydrophobic and HC7 being the least hydrophobic. The fundamental equation for measuring the solid surface tension using contact angle can be described using the Young’s equation [17,18].


   γ  s v   −  γ  s l   =  γ  l v   cos  θ c   



(1)




where γsv, γsl, γlv are the interfacial tensions between the surface and air, surface and liquid and liquid and air respectively, while θc indicates the angle at which the liquid makes contact with the insulator surface (Figure 3).




3. Laboratory Work


3.1. Test Samples


The experimental investigation was conducted in a high-voltage laboratory to examine the pollutant flashover characteristics of porcelain insulators under AC voltage. The flashover performance of insulators with and without RTV coating was investigated using porcelain insulators type XP-70. With these insulators, four coating profiles were applied, defined as profile 1, profile 2, profile 3, and profile 4, respectively, as demonstrated in Figure 4. Table 1 and Figure 2 illustrates the technical characteristics of the insulators, as well as the coating profiles simulation on the samples, where H, D, and L represent the height, diameter, and leakage distance of the specimen, respectively.




3.2. Experimental Setup


The pollution flashover tests were carried out in an artificial climate chamber with polycarbonate sheet walls, having dimensions of: height 125 cm, length 50 cm, and width 50 cm. The test samples were powered by the 0.230/100-kV, 5-kVA, 50-Hz single-phase transformer. This power supply satisfies the requirement for pollution tests. A 2-stage AC voltage test setup in a cascaded fashion was used to deliver the needed supply voltage in clean and dry tests or tests that requires voltage greater than 100 kV. The circuit of the flashover test and test pictorial view is illustrated in Figure 5. In the Figure 5, “S” represents the insulator specimen, “T” is a 0.230 kV/100 kV AC transformer, “CF” is a capacitive divider (10,000:1), “CR” is a resistive divider, “G” is a fog generator, and “R” represents the test chamber.




3.3. Sample Preparation


The test was carried out on the RTV coated porcelain insulators according to IEC 60507 [19]. NaCl was used to represent soluble salts in pollutants with equivalent salt deposit density (SDD), whereas kaolin was used to represent insoluble compounds with non-soluble deposit density (NSDD).



The steps of preparing the sample to test are:



Step 1.   The insulators were first cleaned with an alcohol solution and were left to dry naturally for 24 h.



Step 2.   RTV coating was applied to the insulator in accordance with the required configuration. The area of coating damage to the entire coated insulator surface (r) was set at 10%, 20%, and 30% for each configuration to simulate different damage levels. Table 2 lists the details of RTV coating characteristics.



Step 3.   Pollutants were applied on the insulator surface using the solid layer technique [20,21,22,23,24], with SDD levels set at 0.05, 0.1, 0.15, and 0.2 mg/cm2, and NSDD set to be six times SDD for all experiments.



Finally.   After polluting the samples, they were allowed to dry naturally for about a day before being hanged vertically in the test chamber as shown in Figure 5.



Experimental tests were conducted in the ambient humidity for the dry fog condition respectively. A fog-maker machine was used to generate the required humidity for the wet condition. It was realized that the ambient humidity at the test location was 66% at the time of the test. The climate chamber was equipped with a humidity sensor that measures the internal temperature and humidity of the chamber. The fog rate created by a fog generator was maintained at a constant of 2.5 L/h throughout the experiments, while relative humidity and temperature were changed. The humidity was adjusted at three different levels: 75%, 85%, and 95%. The temperature ranged from 30 to 35 °C, and the air pressure was 93.5 kPa.



The equivalent salt deposit density (SDD) is determined by [25]:


  S D D = ( 5.7 ×   (  σ  20   )   1.03   × V ) / S  



(2)




where σ20 is conductivity of layer pollution at 20 °C, S is the area of polluted surface, and V is the solution volume in cm3. The r that is mentioned above is expressed as:


  r =  S d  /  S t   



(3)




where Sd is the coating damage area and St is the whole area of coated surface of insulator.




3.4. Test Procedure


During the test, the flashover voltage gradient was controlled based on the up-and-down technique. The step voltage was adjusted to be approximately 6% of the predicted flashover voltage UF (representing 50% withstand voltage U50). The flashover test was performed on each specified condition and repeated three times at 5-min intervals to avoid the impact of the current flashover on the succeeding measurement. The following equations were used to determine the average flashover voltage (kV) and its relative standard deviation error σ (%) of three experiments for each condition [23]:


   U F  =    ∑  (  U i   n i  )    N   



(4)






  σ % =      (    ∑  i = 1  N     (  U i  −  U F  )  2     )  / ( N − 1 )      U F    × 100  



(5)






   E F  =    U F   L   



(6)




where Ui is the applied voltage, ni is the test number which were carried out at the applied voltage Ui, N is the total test number, EF is the flashover voltage gradient, and L is the total leakage distance of the insulator.





4. Experimental Results


4.1. Flashover Test Result of Clean Insulator under RTV Coating


A clean insulator string was evaluated in this study under various damage coating profiles and operating voltages of 33 kV. The flashover voltage gradient of the clean insulator under the proposed damage coating profiles is shown in Figure 6. It is clear from the figure that the flashover voltage gradient EF appeared to be at its highest value for insulators with a full coating at 1.54 kV/cm (undamaged insulator). On the other hand, the lowest EF value at 1.15 kV/cm was obtained for the uncoated insulator. This indicates that the RTV coating has an impact on insulator performance improvement, where the EF was enhanced by 34% in the coated insulator string compared to the uncoated one. Coating damage also has a detrimental impact on the performance of the coated insulator string. The drop in EF caused by coating damage variation mainly depends on the profile of the coating damage and its location on the insulator surface. The coating damage profile 3 (fan profile) is a serious profile, followed by profile 4, profile 2, and profile 1, respectively, as shown in Figure 6.




4.2. Flashover Test Result of Polluted Insulator under RTV Coating


To investigate the RTV coating performance on high voltage insulators, the pollution flashover voltage gradient of insulators with and without coating was examined. The experimental test of pollution flashover voltage gradient EF for both cases, with and without coating, is shown in Figure 7. When comparing Figure 7a,b, it is clear that the RTV coating has a significant effect on the EF of a contaminated insulator string. It can be seen from Figure 7 that the EF value of the coated insulator string rises by 72.4% as compared to the uncoated one under pollution of 0.05 mg/cm2. For SDD of 0.1 mg/cm2, 0.15 mg/cm2, and 0.2 mg/cm2, and by applying the RTV coating, the EF increases by 69.5%, 68.9%, and 65.2%, respectively. This means that when SDD increases, this will simultaneously increase the EF percentage under the RTV coating effect. This demonstrates that the effect of the RTV coating has enhanced insulator performance in the presence of severe accumulated pollution. Figure 7 also shows the relationship between EF and pollution severity SSD for coated and uncoated insulator strings. The results in Figure 7 indicates that that the EF value and SDD have a negative correlation, and the fitting model is expressed as,


   E F  = a × S D  D  − b    



(7)




where a is a constant determined by factors such as the insulator’s shape, air pressure, and materials while b is the insulator’s characteristic contamination index. The details of the fitting model were inserted within Figure 7.




4.3. Flashover Test Result under Different RTV Damage Profiles


The procedure described above was used to test the contamination flashover characteristics of insulators with various RTV coating damage profiles, and the results are shown in Table 3. Based on the experimental results, the following observations are made:




	
The highest relative standard deviation (σ) among all test results is 4.7%. The flashover voltage gradient has a low dispersion rate, indicating that the approach used in the testing is satisfactory.



	
Under the same r and damage profile, the AC flashover voltage gradient EF of a porcelain insulator string subsides sharply as SDD rises.








For instance, when SDD increases from 0.05 to 0.1, 0.15, and 0.2 mg/cm2, the flashover voltage gradient of coated insulator under 10% damage coating profile 1 changes from 1.11 kV/cm to 0.923 kV/cm, 0.767 kV/cm, and 0.681 kV/cm, respectively. The flashover voltage of 0.10 mg/cm2, 0.15 mg/cm2, and 0.2 mg/cm2 reduces by 16.9%, 30.9%, and 38.7%, respectively, when compared to the flashover voltage of 0.05 mg/cm2.



	3.

	
The flashover voltage gradient of coated insulators is related to the rate of area damage on the insulator surface r. The rate of damaged area r has a dramatic influence on the flash-over voltage gradient. With an increase in r, the EF gradually decreases. For example, when the coating damage profile is profile 1 and the SDD is 0.15 mg/cm2, the EF reduces from 0.916 kV/cm to 0.845 kV/cm, to 0.767 kV/cm as r increases from 10% to 20%, and subsequently to 30%. The outcomes demonstrate that there is a reduction of 7.7% and 16.3% on the EF when the r increases from 10% to 20% and from 10% to 30%, respectively. The type of coating damage profile of the porcelain insulator string also affects the flashover voltage gradient EF. There is a significant change in the flashover voltage gradient when the coating damage profile changes. For example, when r is 20%, SDD is 0.1 mg/cm2, and the coating damage profile is 1, 2, 3, and 4, the EF is 1.017 kV/cm, 0.889 kV/cm, 0.761 kV/cm, 0.807 kV/cm correspondingly, which indicates that the EF of profile 2, profile 3 and profile 4 changes by 12.5%, 25.2%, and 20.6%, respectively if compared to the flashover voltage gradient of profile 1.







The pollution flashover voltage gradient under certain SDD can be calculated using the aforementioned Equation (6) with the fitted values of a and b. Figure 8 depicts the fitting curves of various coating damage profiles.



The fitting results of SDD and EF obtained with the test results are shown in Table 3. According to value of constant “a” in Equation (6), the pollution properties indicator “b” and the correlation coefficient R2 of four various kinds of coating damage profiles on the porcelain insulator string with varying values of r were determined and are presented in Table 4.



The following results are summarized from Figure 8 and Table 3:




	
The correlation R2 values for all fitting lines are greater than 0.95, indicating that the EF and SDD for coated insulators under various levels of pollution match the power function efficiently. The value of “a” is affected not only by the air pressure and insulator material but also by the ratio of coating damage area r and coating damage profile. For illustration, when r is 20% and the profile of coating damage is profile 1, profile 2, profile 3, and profile 4, the corresponding values of a are 0.444, 0.431, 0.344, and 0.315, indicating that the value of a changes by 2.93%, 29.1% and 22.5% as the profile of coating damage changes from profile 1 to profile 2, profile 3, and profile 4, respectively.



	
The difference in the coating damage profile of coated insulator and r have no significant effects on the pollution characteristic index n.









4.4. Flashover Test Result of Coated Insulators under Different Humidity Levels


Humidity varies according to geographic region, seasonality, and climate conditions. Outdoor insulators must be able to withstand these changes for power transmission systems to operate reliably. Coating is regarded as one of the solutions to overcome excess humidity. In this section, the coating enhancement of flashover voltage gradient EF performance of polluted insulators under various humidity conditions has been investigated. Accordingly, three humidity levels have been chosen to examine this effect: 75% (low), 85% (moderate), and 95% (high). Figure 9 depicts the relationship between the flashover voltage gradient EF and humidity of coated and uncoated insulators at various values of SDD. In general, the findings revealed that increased in humidity has a negative influence on the flashover voltage gradient, diminishing its value. In comparison to the coated insulator string, the humidity effect on EF of porcelain insulators without coating is substantial, as seen in Figure 9. According to Figure 9, under SDD equal to 0.1 mg/cm2, the EF of the coated insulators decreases by 9.9% and 15.2% when the humidity increases from 75% to 85% and from 75% to 95%, respectively, and the slope of the fitting line is 0.0095. In the case of insulators without the coating, EF decreased by 14.7% and 31.3%, respectively, and the fitting line slope was 0.0123 at the identical test circumstances. This indicates that the RTV coating leads to the insulator’s surface being more hydrophobic (HC3 or less), which results in an increase in surface resistance with an increase of the surface resistance, the EF will be increased [26].





5. Numerical Modeling


To further understand the variations in the aforementioned flashover gradient process, it is important to look at the electric potential and electric field distribution on the insulator surfaces under various RTV coating damage profiles. It is worth noting that a two-dimensional axisymmetric model was used to simulate the damage profiles. The development of the FEM model is shown as follows.



5.1. Finite Element Method (FEM) Technique


In this work, the FEM technique has been employed to model the electrical characteristics of the coated insulators under pollution. These electrical characteristics considered the potential, electric field, and current density as study elements. The COMSOL Multiphysics 5.5 software was specifically used for analytical purposes. The FEM modeling is depicted in Figure 10. The computation of potential and electric field is quasistatic and can be performed by the electrostatic module. The electrostatic solver from the AC/DC formulation of physics was utilized [27]. For simplicity, the insulator simulation was created with a 2D design for the recommended coating profile models. A 33 kV AC voltage was applied to the pin of the first unit of the insulator string, while the top cap of the last unit of the insulator string was set as the ground. Table 5 lists the conductivity and permittivity values of the materials utilized in the model. The RTV layer had a thickness of 1 mm, whereas the pollution layer had a thickness of 3 mm.




5.2. Electric Fields and Potential Calculation


The gradient of potential (V) is a direct parameter for defining the distribution of the electric field (E) [28],


  E = − ∇ V  



(8)







From Maxwell’s expression,


  ∇ E = ρ / ε  



(9)




where ε and ρ are the electric permittivity and resistivity, respectively. By substituting the electric field in (1) into (2), Poisson expression has been obtained as,


   − ∇ ⋅ ( ε ∇ V ) = ρ     ⇒    ∇ 2  V = − ρ / ε   



(10)




when ρ = 0,


   ∇ 2  V = 0  











The electric potential (V) will be found as:


  ∇ ⋅ ( σ ∇ V ) +  ∂  ∂ t   ∇ ⋅ ( ε ∇ V ) = 0  



(11)







σ presents electric conductivity.



Figure 11 depicts the insulator meshing for the investigated RTV coating damage profiles. During the meshing process, the normal element size was decided. The characteristics of the mesh and the number of degrees of freedom (DOF) solved for all configurations under normal size of elements are tabulated in Table 6.




5.3. Numerical Simulation Results and Analysis


In this section, the results of electric potential and electric field using FEM are demonstrated and discussed. The main aim of this simulation was to show the voltage gradiant for each profile and the electric field stress location under the proposed coating damage profiles. The distribution of electric potential and electric field under the proposed coating damage profiles are illustrated in Figure 12 and Figure 13, respectively. According to Figure 12, the electric potential reduces gradually from the HV terminal to the ground terminal. Because the conductivity values for each profile varies, the electric potential for each profile has varying distributions. Because of the capacitive impact of the coated surface, the potential distribution on the insulator surface appeared to be non-linear.



The electric potential distribution gradient will change slightly according to different RTV coating damage profiles, as shown in Figure 12’s fan profile (profile 3). It is worth noting that the contour color pattern in Figure 12 reveals the insulator’s various electric potential values for each coating damage profile.



Because of the contaminated charge in the poles, the greatest values of electrical field strength were detected inside the insulator material (glass) that is in between the pin and cup and the adjacent region of the insulator HV electrodes, and then around the ground pole. Moreover, the surface color density indicates the intensity of the field inside and around the insulator’s high voltage pole. The smallest electric field was observed at the shed’s far end, where electrical charges are practically non-existent. As can be seen from Figure 13, the electric field turns weak at the coated regions as compared to the regions without coating. Variation in conductivity causes interfacial polarization and stimulates charge buildup at the coating boundary, resulting in the development of an electric field with a high value on both sides of the damaged area, as seen in Figure 13.



Figure 14 depicts the electric potential and electric field distribution throughout the creepage distance of the insulator string. For illustration of the coating effect on the insulator performance, only the electric potential and electric field for the fully coated and uncoated insulators were taken into consideration. Figure 14 shows how the electrical potential along the insulator discs with the coating appeared to be at its lowest value as compared to the insulator without coating. The density of the electric field increases as the conductivity of the contamination layer rises and the E-field is observed to be higher on the uncoated insulator than the coated insulator (Figure 14b).



Figure 15 shows the electrical field distribution along the porcelain insulator string for the four different RTV coating damage profile scenarios. The electric field density increases towards the electrodes, the coating cross-section with the insulator, and the damaged area sides, as previously stated. For example, due to the existence of multiple coating damage areas on the insulator string surface, profile 4 has significant distortion in the electric field signal. Notably, the initiation of the flashover arc often occurs in the area of the insulator where the electric field value is the highest.



Figure 16 depicts the maximum values of the electric field under the proposed coating damage profiles on the porcelain insulator string. According to Figure 16, the insulator without coating has the highest electric field value, followed by the insulator with coating damage profile 3, profile 4, profile 2, profile 1, and full coating profile without damage. When insulators without coating damage are compared to those with coating damage, it is visualized that coating damage in the coating layer causes electric field intensification, as in the case of insulators with coating damage profile 4. With the expansion of the coating degradation zone, the electric field increases as well.





6. Conclusions


Experimental observation and numerical analysis methods have been conducted in this paper to study the effects of RTV coating damage profiles on the pollution flashover properties of the porcelain insulator string. The SDD, the RTV coating damage profiles, and the coating damage appeared to have a significant influence on the flashover voltage gradient. The relationship between the SDD and the flashover voltage gradient resulted in a negative power function when the RTV coating damage was increased. The experimental work indicates that the flashover voltage gradient for the coated insulator was about 1.3 kV/cm, which was substantially better than the flashover voltage gradient for the uncoated insulator, which roughly resulted as 0.84 kV/cm. Profile 3 exhibited the lowest flashover voltage gradient of 1.19 kV/cm among the four coating damage profiles, followed by profile 4 at 1.24 kV/cm, profile 2 at 1.36 kV/cm, and profile 1 at 1.38 kV/cm. Meanwhile, increasing the coating damage area r to 15% reduced the flashover voltage gradient for all profiles in the range 22.5–26.8%. A two-dimensional FEM model of RTV coating damage insulators under various damage profiles was developed to calculate the electric potential and the electric field distribution on the damaged surfaces of the insulators. According to the experimental observation and numerical analysis, it is supposed that the initiation of the spark appears generally at the point where the greatest electric field strength is available. The varied coating damage profiles cause a change in the surface contamination layer conductance which leads to a dramatic decrease in the flashover voltage gradient as well as an uneven distribution of the electric potential and electric field. Therefore, the contamination flashover characteristics can be directly associated with the coating damage profiles.







Author Contributions


Conceptualization, A.A.S., K.Y.L. and S.A.A.-G.; methodology, A.A.S.; K.Y.L., W.R. and Z.A.-M.; software, A.A.S., R.A.R., S.M.A.-A. and U.U.S. validation, A.A.S., W.R. and Z.A.-M.; formal analysis, A.A.S., K.Y.L. and S.A.A.-G.; investigation, A.A.S., K.Y.L., S.M.A.-A. and W.R.; resources, A.A.S., K.Y.L. and R.A.R.; data curation, A.A.S. and U.U.S.; writing—original draft preparation, A.A.S. and K.Y.L.; writing—review and editing, A.A.S., S.A.A.-G., K.Y.L., W.R., S.M.A.-A. and Z.A.-M.; visualization, A.A.S. and K.Y.L.; supervision, A.A.S., K.Y.L., W.R. and Z.A.-M.; project administration, A.A.S. and K.Y.L.; funding acquisition, K.Y.L., W.R. and Z.A.-M. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Acknowledgments


This work was supported by the Collaborative in Engineering, Science and Technology (CREST) under the Grant 304/PELECT/6050423/C121 from Universiti Sains Malaysia (USM) and the Post-Doctoral Fellowship Scheme under the Professional Development Research University Grant (05E68) from Universiti Teknologi Malaysia (UTM).




Conflicts of Interest


The authors declare no conflict of interest.




Nomenclature and Abbreviations




	RTV
	Room Temperature Vulcanizing



	HTV
	High Temperature Vulcanizing



	FEM
	Finite Element Method



	STRI
	Sweden Transmission Research Institute



	HC
	Hydrophobic



	AC
	Alternating Current



	NaCl
	Sodium chloride salt



	SDD
	Salt Deposit Density



	NSDD
	Non-Soluble Deposit Density



	DOF
	Degrees Of Freedom



	H
	High insulator



	D
	Diameter insulator



	L
	Length insulator



	    γ  s v     
	Interfacial tensions between the surface and air



	    γ  s l     
	Interfacial tensions between surface and liquid



	    γ  l v     
	Interfacial tensions between liquid and air



	    θ c    
	Angle at which the liquid makes contact with the insulator surface



	    σ  20     
	Conductivity of layer pollution at 20 °C



	  V  
	Solution volume



	  S  
	Area of polluted surface



	  r  
	Ratio of coating damage area to whole insulator surface area



	    S d    
	Coating damage area



	    S t    
	Whole area of coated surface of insulator



	    U F    
	Flashover voltage



	    U i    
	Applied voltage



	    n i    
	Number which was carried out at the applied voltage Ui



	  N  
	Total test number



	   σ %   
	Standard deviation



	EF
	Flashover voltage gradient



	a
	Constant determined by factors such as the insulator’s shape, air pressure



	b
	Insulator’s characteristic contamination index



	  ε  
	Electrical permittivity



	  ρ  
	Electrical resistivity



	    ε r    
	Relative permittivity
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Figure 1. Coated porcelain insulators used on transmission line. 
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Figure 2. Chemical reaction in room temperature vulcanization (RTV) [16]. 
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Figure 3. Interfacial surface tensions and the contact angle [17]. 
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Figure 4. RTV coating damage profiles of coated insulators. 
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Figure 5. (a) Experiment setup schematic diagram. (b) Pictorial view of the test setup. 
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Figure 6. Flashover voltage gradient of clean insulator under different profile coating. 
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Figure 7. Flashover voltage gradient of polluted insulator: (a) without RTV coating; (b) with RTV coating. 
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Figure 8. The flashover voltage gradient EF versus SDD for various profiles of coating damage. 
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Figure 9. Flashover voltage gradient EF of polluted porcelain insulator string under different humidity levels: (a) with RTV coating; (b) without RTV coating. 
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Figure 10. Finite element method (FEM) modeling in COMSOL Multiphysics. 
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Figure 11. FEM mesh for all profiles. 
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Figure 12. Electric potential distribution of insulators with different RTV coating damage profiles. 
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Figure 13. Electric field distribution of insulators with different profiles of damage. 
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Figure 14. Simulation results of coated and uncoated insulators: (a) electric potential; (b) electric field. 
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Figure 15. Electric field distribution on insulators under different RTV coating damage profiles. 
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Figure 16. Maximum electric field value at each coating damage profile in the porcelain insulator string. 
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Table 1. Insulators’ technical characteristics.
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	Insulator Type
	H (mm)
	D (mm)
	L (mm)
	Schematic





	Porcelain

XP-70
	146
	255
	305
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Table 2. RTV coating material technical specifications.
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	Surface Dry Time (min)
	Cure Time (min)
	Solid Content (%)
	Dielectric Strength (kV/mm)
	Tensile Strength (MPa)
	Shear Strength (Pa)
	Tear Strength (N/m)
	Durable Years (Outdoors)





	27
	300
	55.1
	24.7–25.3
	3.951
	0.003574
	15,200
	15
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Table 3. Experiment results of coated insulator under different coating damage profile.
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r

	
Salt Deposit Density SDD

(mg/cm2)

	
Profile




	
1

	
2

	
3

	
4




	
EF (kV/cm)

	
Σ (%)

	
EF (kV/cm)

	
Σ (%)

	
EF (kV/cm)

	
Σ (%)

	
EF (kV/cm)

	
Σ (%)






	
10%

	
0.05

	
1.327

	
3.1

	
1.138

	
4.1

	
1.053

	
3.3

	
1.088

	
4.7




	
0.1

	
1.102

	
4.3

	
0.964

	
2.2

	
0.825

	
3.6

	
0.875

	
3.6




	
0.15

	
0.916

	
2.9

	
0.825

	
2.8

	
0.683

	
2.6

	
0.720

	
4.2




	
0.2

	
0.814

	
2.6

	
0.742

	
3.1

	
0.629

	
3.7

	
0.666

	
3.6




	
20%

	
0.05

	
1.224

	
4.6

	
1.049

	
2.3

	
0.971

	
3.4

	
1.003

	
2.8




	
0.1

	
1.017

	
3.6

	
0.889

	
4.7

	
0.761

	
4.1

	
0.807

	
3.6




	
0.15

	
0.845

	
2.2

	
0.761

	
2.6

	
0.630

	
2.8

	
0.664

	
4.3




	
0.2

	
0.750

	
3.6

	
0.685

	
3.4

	
0.580

	
2.8

	
0.614

	
2.6




	
30%

	
0.05

	
1.111

	
2.8

	
0.951

	
3.3

	
0.88

	
2.5

	
0.91

	
3.6




	
0.1

	
0.923

	
2.6

	
0.805

	
4.2

	
0.69

	
2.2

	
0.732

	
4.3




	
0.15

	
0.767

	
4.3

	
0.689

	
3.9

	
0.571

	
3.6

	
0.602

	
3.3




	
0.2

	
0.681

	
3.2

	
0.62

	
2.6

	
0.526

	
2.8

	
0.557

	
4.3
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Table 4. Fitting result of coated insulator under four different coating damage profile and r.
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r

	
Fitting Values

	
Profile 1

	
Profile 2

	
Profile 3

	
Profile 4






	
10%

	
a

	
0.484

	
0.465

	
0.341

	
0.375




	
b

	
0.34

	
0.302

	
0.367

	
0.348




	
R2

	
0.972

	
0.976

	
0.994

	
0.989




	
20%

	
a

	
0.444

	
0.431

	
0.315

	
0.344




	
b

	
0.342

	
0.298

	
0.371

	
0.351




	
R2

	
0.978

	
0.98

	
0.995

	
0.99




	
30%

	
a

	
0.403

	
0.391

	
0.285

	
0.311




	
b

	
0.342

	
0.304

	
0.369

	
0.35




	
R2

	
0.973

	
0.976

	
0.992

	
0.985
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Table 5. Material properties.






Table 5. Material properties.





	Types of Material
	Relative Permittivity, εr
	Conductivity, σ (S/m)





	Air
	1
	0



	Cement
	15
	     10   − 4     



	Pollution layer
	7.1
	   6 ×   10   − 7     



	Water
	80
	5.5 ×     10   − 6    



	Insulator
	4.2
	0



	Insulator cap
	1000
	   5.9 ×   10  7    



	Insulator pin
	1000
	   5.9 ×   10  7    



	RTV
	2.9
	1 ×     10   − 12    
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Table 6. Element’s properties.






Table 6. Element’s properties.





	
Profile Name

	
Type of Element

	
Degrees of Freedom DOF




	
Domain

	
Boundary

	
Vertex






	
Uncoated

	
59,778

	
3645

	
320

	
119,641




	
Undamaged

	
150,130

	
10,941

	
702

	
300,343




	
Profile 1

	
121,925

	
8453

	
598

	
244,127




	
Profile 2

	
124,886

	
8615

	
550

	
249,877




	
Profile 3

	
149,960

	
10,856

	
690

	
206,943




	
Profile 4

	
142,435

	
9157

	
602

	
284,954
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