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Abstract

:

The advancement of material technology has contributed to the variation of high-performance composites with good electrical insulation and mechanical properties. Their usage in electrical applications has grown since then. In Malaysia, the composite made of Glass Fiber Reinforced Polymer (GFRP) has been adopted for crossarm manufacturing and has successfully served 275 kV lines for a few decades. However, the combination of extreme conditions such as lightning transient and tropical climate can impose threats to the material. These issues have become major topics of discussion among the utilities in the Southeast Asian (SEA) region, and also in previous research. In Malaysia, more than 50% of total interruptions were caused by lightning. Limited studies can be found on the composite crossarm, especially on the square tube GFRP filled crossarm used in Malaysia. Therefore, this paper proposes to study the behavior of the particular GFRP crossarm, by means of its insulation characteristics. Experimental and simulation approaches are used. Throughout the study, the GFRP specimen is known to have an average breakdown strength at 7.2 kV/mm. In addition, the CFO voltages of the crossarm at different lengths are presented, whereby the behavior under dry and wet conditions is comparably discussed. At the same time, the polarity effect on the CFO voltages is highlighted. The maximum E-fields at the immediate moment before breakdown are analyzed by adopting the finite element method (FEM). Non-uniform distribution of E-fields is witnessed at different parts of the crossarm structure. Simultaneously, the maximum field localized on the crossarm immediately before the breakdown is also presented.
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1. Introduction


The trend of using composite material in electrical applications is increasing since the last decades. Fiber-reinforced plastic (FRP) composites have been utilized for manufacturing pylons, wind turbine blades, insulators, crossarms, etc. [1,2,3,4]. In general, glass fibers have been widely used as reinforcement where the E-glass fibers are more dominant compared to other types of glass fiber e.g., ECR-glass, R-glass, T-glass and S-glass due to their large production rate, relatively low cost, and good electrical as well as mechanical strength [5,6]. The concept of using composite material is not only due to the mechanical strength, but also the good insulation properties [7]. The combination of these two characteristics is a significant advantage for designing a compact and reliable transmission system where Right-of-Way (ROW) has been an issue [5].



History shows that composites were first used to manufacture insulators in the 1960s in Europe and the USA before they are gradually gained acceptance for a large range of voltage levels worldwide [5,8,9,10,11]. Meanwhile, the Japanese have introduced composite crossarms for a 66 kV transmission tower in which a simple structure of bare FRP bars has been used. However, the design is vulnerable to surface discharges, especially when contaminated [12]. Nowadays, glass fiber reinforced polymer (GFRP) composite has specifically been used as the core structure for an insulating crossarm used on compact transmission lines [13,14].



Meanwhile, in Malaysia, most of the 275 kV transmission towers are equipped with the GFRP crossarm. It appears to be the best alternative to the wooden crossarm, which is now being replaced due to a limited source of high-quality timber [15,16]. The GFRP crossarm constitutes a hollow square tube of bare GFRP filled with closed-cell foam. Malaysia experiences high lightning activities throughout the year. It has been reported that lightning overvoltages have contributed to more than 50% of the total outages, since higher cases have been reported in 275 kV lines [17,18]. The combination of the harsh tropical environment and high lightning activities could progressively affect the insulating material of the composite crossarm.



In the literature, many studies have been carried out to investigate the insulation performance of GFRP material. A previous study presents the breakdown voltage of GFRP sheets, referred to as G10 at different thicknesses, in which the breakdown strength varies from 21 kV/mm to 45 kV/mm [19].



The influence of thickness on the electrical strength and rigidity of the composite has been highlighted in [3], where the GFRP composite with more lamination was found to have a lower breakdown voltage. According to [2], the occurrence of micro-voids which normally exist within the laminations of the pultruded product might promote partial discharges under sufficient electrical stress. Eventually, the insulation strength would be affected. Such agreements were also reported in the earlier study, where the breakdown strength of GFRP composite sandwiched between parallel planes decreased with the thickness [19].



Some researchers have dedicated their work to investigating the damage modes of GFRP, concerning the electrical stresses caused by the electrical breakdown. In [2], a failed GFRP composite due to the electrical arc has been inspected, whereby the micro-fractures within the layers of the composite are correlated to the visible burnt area. Another study suggested that the degradation of GFRP rods caused by electrical stress under AC voltage and wet conditions can be divided into four stages, namely the inception stage, hydrolysis stage, carbonization stage and breakdown stage [20]. The investigation reveals that the epoxy resin matrix of the composites has oxidized and carbonized when subjected to sufficient electrical stress. In this case, an increase of leakage current was expected as the resistance of the degraded GFRP gradually decreased until the breakdown stage occurred [20]. To some extent, finding the cause of electrical failure on the GFRP can be challenging, as the extreme heat and flame produced by the electrical arc will typically eradicate any sign of the failure mode [2]. Thus, numerical approaches have been utilized to locate the potential threats through field prediction at different parts of the crossarm [21,22,23,24].



In the acceptance or type test, the performance of the GFRP crossarm is evaluated through some sets of tests, which mainly cover the structural and mechanical aspects [25,26,27,28]. Meanwhile, for electrical aspects, an inclined plane test is normally adopted to evaluate the tracking and erosion resistance of the material due to electrical stress where the methods suggested by standard ASTM D2303 and IEC 60587 are the most preferred [29,30,31]. Meanwhile, IEC 60060-1 and IEC 60383-2 have been adopted for the voltage withstand test concerning lightning impulse voltage and power frequency (AC) voltage [32,33]. From a research perspective, critical flashover (CFO) and AC flashover voltages have been widely used to describe the insulation strength of insulating equipment against lightning impulse and AC voltage, respectively. According to the series of investigations conducted in the earlier studies, the expected CFO and AC flashover voltages of solid cylindrical GFRP crossarms at various lengths and conditions have been determined [34,35,36]. Figure 1 illustrates the CFO voltage of the crossarm in dry and wet conditions for which the CFO gradient has been determined at 0.700 kV/mm and 0.605 kV/mm respectively.



To date, there are challenges in designing good composite crossarms. One of the challenges is to select the most suitable GFRP material for the application. With limited studies available, particularly on the square tube GFRP crossarm, this work intends to understand the behavior of GFRP under different conditions. In this case, the performance of the square tube GFRP crossarm was investigated by determining the insulation characteristic for both internal and external insulation, considering the lightning impulse voltage (LIV) stress.




2. Methodology


The methodology of this study is divided into experimental and simulation works. The experimental works focused on determining the insulation strength of the crossarm, whereas the simulation works focused on analyzing the stress distribution on different parts of the crossarm.



2.1. Methodology for Experimental Works


A few samples were collected from the main member of a newly pultruded 275 kV crossarm. In this work, samples, as illustrated in Figure 2, were prepared at different lengths i.e., 50, 100, 150, 200 and 250 mm. A few samples of GFRP sheets were also obtained from the same production batch (see Figure 3).



Experimental work was carried out to evaluate the CFO voltage by conducting a lightning impulse test. The up-and-down method was adopted as suggested in IEC60060-1, in which at least 20 impulses were applied to each of the samples to satisfy the statistical validity [32,37]. An impulse voltage generating system of 400 kV/30kJ, equipped with a 150 Ω current shunt, was used to generate the standard LIV waveform, where the front time: T1 equal to 1.2 µs, and the time to half value: T2 equal to 50 µs. The generation circuit and the output waveform are shown in Figure 4 and Figure 5, respectively. Considerations have been made on both positive and negative impulse voltage.



In the lightning impulse test, the samples were sandwiched between two parallel plate electrodes made of stainless steel (refer to Figure 6). The upper electrode was connected to the output circuit of the impulse generator, while another electrode was grounded. A digital camera was used to capture the flashover path on the crossarm surfaces. To compensate for the speed of the flashover arc, an appropriate camera setting, as indicated in Table 1, was required. The test was conducted in both dry and wet conditions. The wetting was applied using a nonstandard spraying method, which is applied uniformly across the crossarm surface in every two subsequent flashovers.



Moreover, a lightning breakdown test on the GFRP sheets was carried out to investigate the breakdown strength of the internal insulation of the material. A test cell, as shown in Figure 7, was fabricated to hold the electrodes, allowing the test samples to be slotted in between. The configuration of the test cell and lightning impulse voltage application was adopted with the guide of the previous study and IEC 60243 standard [38,39,40]. The upper and lower hemispherical electrodes are both high voltage and low voltage respectively, and are made of brass. Negative impulse polarity was used in this study to avoid the breakdown across the external insulation. An initial voltage was set at approximately 40 kV, and the voltage was raised at a constant increment of 2 kV until a breakdown occurred, which was indicated by the puncture of the sample. The effect of polarity in this test can be ignored, since it is negligible.




2.2. Methodology for Simulation Works


Complementarily, a simulation work using the finite element method was carried out to extend the experimental analyses. The experimental setup was replicated in ANSYS Maxwell by utilizing the transient solver for time-domain analyses. The three-dimensional (3D) geometrical model of the samples at different lengths was drawn accordingly (refer to Figure 8). Each of the samples was subjected to the LIV equivalent to the respective CFO voltages obtained from the experiment. Negative impulse polarity was selected for the LIV injection, since it was agreed that the higher CFO voltage would provide higher stress.



In the simulation, the meshes were preliminarily conducted in the electrostatic solver, where it can support the execution of adaptive meshing. Adaptive meshing starts with the initial mesh and is refined until the required accuracy is met or the maximum number of passes is reached. In this study, the energy error was set to 1%, while the maximum number of passes was set to 10. Simultaneously, length-based and surface approximation mesh operations were applied to the model, as it can limit the mesh size in the model and be helpful to resolve curved surfaces with good quality mesh. The flow of adaptive meshing can be best illustrated in Figure 9. Figure 10 shows the optimal mesh of the 100 mm sample obtained in this study, where it consisted of 696471 fine tetrahedral elements. Notably, as the model increased in length, the total number of mesh elements increased correspondingly, as indicated in Table 2.





3. Results and Discussion


Based on the experimental work, the breakdown voltage of GFRP sheets was determined. Besides, the variation of CFO voltage of the crossarm samples under dry and wet conditions was presented considering both polarities of lightning impulse. Complementarily, the electric field (E-Field) stress on the GFRP material immediately before breakdown was successfully evaluated.



3.1. Breakdown Voltage of GFRP Specimens


Based on the conducted breakdown test on the 7 mm GFRP sheets, the breakdown voltage, Ub is evidently varied from 44 kV to 58 kV. As summarized in Table 3, the ten subsequent shots indicate an average of 50.6 kV, with a standard deviation of 4.12 kV.



Based on the data, the average lightning breakdown strength of the GFRP sheets is obtained at 7.2 kV/mm, with a standard deviation of 0.54 kV/mm. The breakdown strength is significantly lesser than those presented in previous studies, in which the breakdown strength was normally indicated by a value above the breakdown strength in AC overvoltage condition. Figure 11 indicates the plotted Weibull distribution which provides the cumulative failure probability for the breakdown. The failure probability can be calculated using Equation (1) as follows:


  F  ( t )  = 1 −  e  −    (   t η   )   β     



(1)




where F(t) is the failure probability, t is the value of breakdown voltage, β is the shape of distribution and η is the scale. In this case, β is equal to 13.62 and η is equal to 52.44. It should be noted that the blue and red lines represent the median and confidence interval based on 95% of confidence level, respectively.



The inspection of the specimens after the test reveals that the material suffers local burns, which can be characterized by the charred region and delamination on the outermost laminae (see Figure 12). Meanwhile, the bottom surface suffers burn damage that is indicated by a black spot. It is believed that damages associated with LIV are more greatly dictated by the impact effect, possibly due to the shockwave and electromagnetic force due to the strike [41]. During the process, it is believed that pyrolysis gas is produced and entrapped in the inter-laminar areas due to Joule heating; eventually, the high temperature and highly pressurized area triggered an internal explosion, causing internal delamination and fiber bulging, as shown in Figure 12 [42]. At least 9 out of 10 samples experienced such damages, where it can be suggested that its rigidity would also be compromised.




3.2. Variation of CFO Voltage with Length


The obtained CFO voltages of the crossarm samples associated with positive and negative impulse polarity are indicated in Table 4. As can be seen in the table, the CFO voltages consistently increase with length. However, CFO voltages under the negative polarity exhibit a greater value than those under positive polarity. In some ways, this behavior is very common and predictable.



In the dry condition, the influence of impulse polarity is highly significant, where the difference of CFO between the polarities indicates 6.5% to 18.2% of the difference. To estimate the trend of CFO voltages against length, the data was plotted and linearly fitted, as illustrated in Figure 13.



Based on the trend lines, the mean gradient of CFO voltages is estimated. The CFO gradient for positive and negative impulses are separately determined at 0.706 kV/mm and 0.794 kV/mm. This trend can be further extrapolated linearly, by using the equation for a straight line. Compared to the previous study, the obtained CFO gradient of the square tube crossarm is much higher compared to that of the solid rod crossarm, at 0.700 kV/mm (negative polarity) [35]. Therefore, it means the insulation strength of the crossarm considered in this study is greater. However, a solid conclusion shall not be made, as the surface flashover is not only dependent on the shapes but the surface topologies and materials as well.



In the current study, the CFO gradient is expected to be constant across the defined length [35]. This behavior certainly differs from the behavior of the CFO gradient of an air gap, which is reported to be constantly changing at a definite length [43,44]. It is also reported that the CFO gradient of air gaps ranges from 0.575 to 0.625 kV/mm and 0.600 to 0.625 kV/mm under positive and negative polarity, respectively.




3.3. Wetting Influence on CFO


The conducted wet lightning test has shown that the CFO voltage is considerably reduced due to the wetting (see Table 5). As compared to the dry condition, the reduction indicated a range of 9.6% to 22.7%, and 15.5% to 30.5% for the positive and negative CFO voltages, respectively. This is consistent with the findings presented in [45], where the wet conditions decrease the CFO greater for negative compared to positive polarity. The curve of CFO voltages versus length is presented in Figure 14. It was found that the polarity effect on the CFO voltages is insignificant during the wet condition, where only a slight difference of up to 6.4% was observed between both polarities.



Some of the captured flashovers of dry and uniformly wetted samples are indicated in Table 6. Overall, there are three recognized flashover paths found in this study, which are at the crossarm surface, air gaps, and a combination of these two which is consistent with the previous studies [34,35]. However, these paths are influenced by the surface condition. For the dry condition, flashover seems to occur across the crossarm surface in the air, where two significant patterns are recorded. As can be seen in Table 6, the arcs can travel at a proximity to the surface, and some can travel roughly 1 cm from the surface. Meanwhile, for the wet condition, the flashovers seem to bridge the water droplets across the dry-band (air). In non-uniform topologies in the air, it is common to expect a higher breakdown voltage for a negatively energized electrode as compared to positively charged electrodes [46]. However, since the flashover occurs through the combination of water and air mediums, the polarity effect is less likely.



CFO voltage per unit length of FRP crossarm is presented in Figure 15. As expected, when the length increases, the CFO voltages per unit length were decreased, and a similar trend was also reported in previous research [34,35]. The highest CFO voltage per unit length recorded was at 1.1 kV/mm at negative and dry conditions. Meanwhile, the lowest was recorded at 0.6 kV/mm under positive and wet conditions. The relationship between the CFO per unit length and the sample length can be presented by y = axb, where the constant a and b are indicated in Table 7.




3.4. E-Field Distribution


Figure 16 presents the E-field distribution on the 100 mm crossarm model immediately before the flashover. The E-field was generated during the peak of applied impulse voltage. It can be seen that the field stress was abnormally distributed around the structure, which is anticipated to be evenly distributed based on the theory of parallel plate distribution. Higher stress can be seen at the edge corner of the sample nearer to the plates. The non-homogenous E-field distribution on the surfaces indicates a maximum strength of approximately 2.60 × 106 V/m. The areas with maximum E-field were identified as triple junctions, in which more than two materials are placed closed to each other (refer to Figure 17).



The E-field stress distribution at the internal surface of the crossarm is equally important. Therefore, the E-field distribution on both outer and inner surfaces of the sample is analyzed and presented in Figure 17. As can be seen, the E-field profiles of the outer surface having a U-shape distribution, where the triple that junctions occur between air, steel and GFRP have caused a rise in the field. It should be noted that the maximum E-field at the middle and corner of the sample is significantly different, which marks 64.5% of the difference. Whereas, the E-field profiles on the inner surfaces are slightly curved, with a pair of bumps at both ends of the sample at which the triple junction between the polyester, PU and GFRP existed. Another triple junction can be found between the steel, polyester and GFRP. The comparison of the maximum E-field at the middle and the corner shows only 7.89%, with a higher field found at the corner.



Based on Figure 17, most of the E-field exceeds the streamer threshold at which the streamer could have initiated [47,48]. It is assumed that at the field greater than 0.50 × 106 V/m, propagation and sustenance of the streamer have taken place. Despite the fact the maximum E-field has not reached the air breakdown threshold, flashover possibly happens at a lower field.



The simulations on different crossarm lengths have shown that the crossarm suffers at approximately the same maximum E-field, although the CFO voltages injected are different in magnitude. The maximum E-field presented in Table 8 resulted in an average field of 2.45 × 106 V/m, with a standard deviation of 0.079 × 106 V/m. It is estimated that the longer or full-scale crossarm will have the approximate value of field presented in this study.



Overall, the non-uniform distribution field could be minimized by adopting a cylindrical shape; it is noted that the maximum E-field at the curved corner indicated the lowest. As far as this study is concerned, the changes in shape are not recommended for the replacement purpose, as it may require a new design of fittings and modification of the existing towers, thus adding potential issues of clearance and some extra cost into the listing. More studies shall be made to further investigate the insulation characteristics of the GFRP crossarm, especially on the contaminated conditions which have been issues to any outdoor insulation. In this case, a few types of coating applications can be examined for performance improvement. Meanwhile, for future line application, an investigation shall be made to explore the field performance of various shapes of pultruded crossarms, while the impact of the shape on the mechanical strength should be considered as well.





4. Conclusions


In this paper, the behavior of typical 275 kV crossarm samples used in Malaysia was investigated. The insulation performance under the LIV condition was considered, where the breakdown strength and CFO voltages were evaluated.



The study revealed that the breakdown of the GFRP material is approximately 7.2 kV/mm. The breakdown strength under the LIV condition was much lower than that obtained under the AC voltage presented in previous studies.



In addition, the CFO voltage was highly influenced by the length of the crossarm, where the increasing trends have been witnessed. Based on the trends, CFO gradients were determined, and thus the CFO of any crossarm length can be estimated.



A significant effect of polarity was found in dry conditions compared to wet conditions. Simultaneously, it was realized that the CFO voltages for negative impulses are greater than that for positive impulses, marking a difference up to 18.2% and 6.4% for dry and wet conditions, respectively.



The surface conditions have distinctly influenced the flashover paths during the lightning test. The dry condition governs the flashover path across the air gaps on the surface, whereas during the wet conditions, flashover took place across the dry-band while bridging the water droplets.



The use of a FEM-based simulation was proven to particularly locate the stresses along the crossarm surfaces under LIV. The 3D simulation sufficiently predicted and located the maximum E-field localization immediately before the breakdown. It was found that the different length of crossarm samples suffers approximate similar field stress, with an average field at 2.45 × 106 V/m. A similar field magnitude was also predicted for a longer crossarm.
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Figure 1. The CFO voltages of a solid cylindrical GFRP crossarm [35]. 
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Figure 2. Some of the crossarm samples at different lengths. 
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Figure 3. GFRP sheets specimens. 
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Figure 4. Simplified circuit for lightning impulse voltage generation. 
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Figure 5. Characteristic of generated lightning impulse voltage according to IEC60060-1 [32]. 
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Figure 6. Test setup for lightning impulse test. 
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Figure 7. Test setup for lightning impulse test. 
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Figure 8. Simulation model of GFRP. 
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Figure 9. Adaptive meshing workflow in Ansys Maxwell. 
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Figure 10. Isometrics view of mesh plot of 100 mm sample model. 
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Figure 11. Weibull distribution for breakdown voltage of GFRP sheet. 
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Figure 12. Post-breakdown damages on GFRP surfaces. 
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Figure 13. CFO voltage at different lengths under dry conditions. 
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Figure 14. CFO voltage at different lengths under wet conditions. 
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Figure 15. CFO voltage per unit length under different conditions. 
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Figure 16. E-field distribution on the outer surface of GFRP crossarm sample (100 mm length) with A, B, C and D refer to measurement line across outer middle, inner middle, outer corner and inner corner surfaces, respectively. 
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Figure 17. E-field profiles across A, B, C, D of 100 mm sample. 
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Table 1. Camera settings for capturing flashover discharges.
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	Parameter
	Description





	Camera mode
	Manual



	Shutter speed
	6”



	ISO
	200



	Aperture
	F29



	White Balance
	Auto



	Lens type
	Telephoto zoom
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Table 2. Simulation cases with corresponding total mesh elements.
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	Length (mm)
	Voltage Injection (kV)
	Total Mesh Elements





	50
	−54.6
	237,364



	100
	−94.5
	696,471



	150
	−128.6
	975,808



	200
	−175.5
	1,293,394



	250
	−215.3
	1,674,961
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Table 3. Breakdown voltage of GFRP sheet.
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	Specimen
	Breakdown Voltage, Ub (kV)
	Breakdown Strength (kV/mm)





	1
	54.0
	7.7



	2
	48.0
	6.9



	3
	58.0
	8.3



	4
	48.0
	6.9



	5
	48.0
	6.9



	6
	44.0
	6.3



	7
	52.0
	7.4



	8
	48.0
	6.9



	9
	54.0
	7.7



	10
	52.0
	7.4



	Average
	50.6
	7.2



	Std. Dev
	4.12
	0.54
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Table 4. Evaluated CFO voltage under dry conditions.
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Specimen

	
CFO Voltage (kV)

	
Differences (%)




	
Positive

	
Negative






	
50

	
46.2

	
−54.6

	
18.2




	
100

	
85.2

	
−94.5

	
10.9




	
150

	
120.8

	
−128.6

	
6.5




	
200

	
153.8

	
−175.5

	
14.1




	
250

	
186.9

	
−215.3

	
15.2
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Table 5. Evaluated CFO voltage under wet condition.
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Length (mm)

	
CFO Voltage (kV)




	
Positive

	
Negative






	
50

	
35.7

	
−38.0




	
100

	
64.6

	
−65.7




	
150

	
109.2

	
−108.7




	
200

	
133.3

	
−134.7




	
250

	
151.1

	
−154.0
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Table 6. Flashover path comparison.
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Length (mm)

	
Flashover Path




	
Dry

	
Wet






	
100

	
 [image: Energies 14 04386 i001]
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250
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Table 7. Maximum E-field on the crossarm surface.
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	Condition
	a
	b





	Positive Dry
	1.51734
	−0.12692



	Negative Dry
	0.91208
	−0.06286



	Positive Wet
	1.97658
	−0.15611



	Negative Wet
	1.09749
	−0.09681
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Table 8. Maximum E-field on the crossarm surface.
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	Length (mm)
	Maximum E-Field on Surface (V/m)





	50
	2.37 × 106



	100
	2.60 × 106



	150
	2.42 × 106



	200
	2.41 × 106



	250
	2.47 × 106
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