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Abstract

:

In this paper, we present an electric field analysis for the optimal structural design of lightning rods for high performance with a charge transfer system (CTS). In the case of a conventional rod that is produced with an empirical design and structure without quantitative data because the design is structurally very simple, only the materials and radius of curvature of the lightning rod to concentrate the electric field at the tip part of the rod are considered. Recently, the development of new types of lightning rods, such as early streamer emission (ESE) and charge transfer system (CTS), has been introduced through simulation analysis and experiments, but detailed specifications and information about the optimal design and structure have not been fully reported. In this paper, we performed an electric field analysis of the structures and materials for the optimal structural design of lightning rods with a function of CTS through computer software analysis with consideration for the radius of curvature, the size of corona ring, and optimal position (X-axis and Y-axis) of the floating electrode. For optimal structural design of lightning rods based on electric field analysis, we used a source of lightning voltage with 1.2/50 µs based on a double exponential equation. The results revealed that the electric field on the relaxation part decreases as the radius of curvature and corona ring increases. For the radius of curvature, the electric field first decreases and then increases with increasing radius of curvature and reaches a minimum at 7 mm and a maximum above 8 mm. For the case of the corona ring, the electric field decreases with increasing corona ring, and the optimal size of the corona ring was selected as 4 mm; the size of the 4 mm corona ring uniformly formed the electric field both at the tip part of the ground current collector and the corona ring. For the electric field concentration part, we found that the optimal X-axis position of the floating electrode and the Y-axis position between the ionizer conductor and floating electrode are 7 mm and 0.1 mm, respectively. These simulation results in this paper are expected to provide useful information for the design of optimized CTS-type lightning rods.
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1. Introduction


Direct or indirect lightning strikes cause power outages, forest fires, and other damages to various electronic systems as well as infrastructure, with associated costs of billions of euros each year [1,2]. Despite technological advances, lightning protection rods still rely on the nearly 300-year-old basic concept of the lightning rod as invented by Benjamin Franklin [3].



The purpose of a lightning rod is to induce lightning strikes at a particular point with a very sharp tip and low-impedance paths for concentrating the local electric field from direct or indirect lightning strikes. In the case of conventional Franklin lightning rods, the structure and design are very simple; in other words, only the materials, radius of curvature, installation position, height and quantity needed to induce a high local electric field at the tip part of the Franklin rod after lightning strikes need to be considered. However, recently the structure and design of lightning rods have been advanced and diversified, and various types of lightning rods have been developed and introduced, such as early streamer emission (ESE) and charge transfer system (CTS), to effectively protect facilities from indirect or direct lightning strikes [4,5,6]. In other words, to ensure optimal performance, quantitative analysis of the structures and materials of various types of lightning rods is required. However, studies do not report detailed specifications and information on the structures and materials utilized.



For this reason, a lot of work has recently been devoted to improving lightning rods based on the results of simulation analysis and experimentation methods that quantitatively optimize the performance of lightning rods. Dong-Jin Kim et al. [7] suggested the HEC (Hybrid ESE Conductor) method, which mixes a horizontal conductor and an ESE lightning rod. Their results revealed that the starting point of a corona discharge current is low, and HEC is efficient for lightning protection compared with other methods based on experiment and simulation analysis. Vernon Cooray and Marley Becerra et al. [8,9] investigated the early streamer emission-enhanced ionizing air terminal and multi-points discharge system and conceptual future methods of lightning protection; the ESE lightning rod proposed in NF C 17-102 was compared to the conventional Franklin rods proposed in IEC 62305 using simulation analysis under laboratory conditions. Myung-Ki Baek et al. [10] presented a numerical analysis method and experimental results for the discharge characteristic associated with the presence of a floating conductor with consideration of space charge on the surface of the floating electrode. The results revealed that the floating conductor can generate more electrons than other discharge systems without the floating electrode and that the corona discharge can be controlled using a floating conductor. Bok-hee Lee et al. [11,12] have introduced simulation analysis and experimentation for the validation of the CTS-type lightning rods. They introduced a new type of CTS lightning rod consisting of a floating electrode, 250 brushes, and a cylindrical conducting body. Their results obtained by experiment and simulation analysis showed the CTS-type lightning rods significantly decreased electric field intensification, which reduced the probability of direct lightning strikes. Thomas Produit et al. [13] suggested a new approach for diverting lightning strikes: the laser lightning rod. For experiment and validation of the laser’s ability to initiate upward discharge from the tip of a lightning rod, the laser experiment at Säntis Tower was conducted. The results revealed that lasers would allow the protection of industrial sites, including chemical and nuclear power plants, and that creating protected corridors along runways would reduce breaks in airport operations during thunderstorms. However, in the aforementioned studies, a lot of them have only focused on the technology as well as the modification of the structure and shape. In other words, the detailed specifications and information about the optimal design and structure of lightning rods for high performance were not fully reported quantitatively.



From this perspective, the scientific aim of our research work is to investigate the electric potential and electric field distribution for the optimal design of lightning rods that have a charge transfer system (CTS) using a finite element method (FEM). In CTS-type lightning rods, the most important factors for optimal design are divided into two parts: the electric field concentration part and the electric field relaxation part. The optimal design of CTS-type lightning rods in two parts could be to create a non-uniform electric field with a large electric field enhancement, which can delay the upward streamer by generating a corona discharge in the air insulation system [14,15].



In this paper, there are two important parts needed to obtain an optimal design of CTS-type lightning rods. For the electric field relaxation part, we considered the variables of radius of curvature and corona ring size. To maximize the electric field concentration between the ionizer conductor and floating electrode, the positions of the X-axis and Y-axis were varied.



In this paper, Section 1 describes the introduction of the research work, Section 2 presents a model for electric field analysis and a detailed description of the analysis approach, Section 3 describes the results and discussion, and Section 4 presents the final conclusions and future directions of the research in this field. These simulation results are expected to offer useful information for optimizing the design of CTS-type lightning rods as well as lightning rods of other types.




2. Modeling for Electric Field Analysis


The optimized design for CTS-type lightning rods has focused on electric field distribution under lightning impulse voltage using an FEA software package. The basic equations used to calculate the electric field are Maxwell’s equations [16], as follows:


  d i v   D =   ρ   c h a r g e   d e n s i t y    



(1)






  D = ε E  



(2)






  E = ∇ V  



(3)







The general expression of Poisson’s equation for electric field analysis from the above three Equations (1)–(3) is as follows [17]:


  d i v     ε   r   ·   − ∇ E   =   ρ   s p a c e   c h a r g e    



(4)




where     ε   r     is the relative permittivity of each material and E is the electric field. In this paper, space charge   ρ   is negligible such that   ρ = 0  , i.e.,



Calculation of current density depending on time variation can be expressed as a current continuity equation, and the relationship between current density and bulk charge density satisfies the current continuity equation, as follows:


  ∇ · J =   δ   ρ   c h a r g e   d e n s i t y     δ t    



(5)




by substituting Formula (4) into Equation (5), the relationship between current density and field strength can be established.


  ∇ ·   J + ε   δ E   δ t     = 0 ,  



(6)




if the current density conforms to Ohm’s Law:


  J = σ E  



(7)




where J is the current density, and it can be calculated following Equation (6) from Equations (5)–(7) using Ohm’s law as follows:


  ∇ ·   σ E   = ∇ · J = 0  



(8)




where   σ   is the electrical conductivity of each material, and the electric field is determined by the conductivity from Equation (8).



By substituting Equation (8) into Equation (5), the current continuity equation can be expressed as Equations (9) and (10) as follows:


  ∇ ·   σ E   +   δ ρ   δ t   = 0  



(9)






  ∇ ·   σ E +   δ E   δ t     = 0  



(10)







Since the electric field is the result of the spatial differentiation of the electric potential, it can be expressed as follows:


  ∇ · ( − σ ∇ V ) = 0  



(11)







Table 1 describes the significance of various abbreviations and acronyms used throughout the paper.



Figure 1 shows computer-aided numerical model geometry in COMSOL Multiphysics. In order to perform the electric field analysis of the CTS-type lightning rod under lightning impulse voltage, it is necessary to understand the structure of the model and the type of materials. The CTS-type lightning rod consists of not only copper and aluminum conductors but also ionizer conductors and insulating support structures such as epoxy resin, as shown in Figure 1. Equations (5), (8) and (11) are applied to all areas of the simulation model as shown in Figure 1. In addition, the zero charge node adds the condition that there is zero charge on the boundary   n · D = 0  . This is the default boundary condition for exterior boundaries. At interior boundaries, it means that no displacement field can penetrate the boundary and that the electric potential is discontinuous across the boundary. The boundary condition for V in Figure 1 is applied to the ground and CTS-type lightning rod as   V = 0  , while the electric potential considers that the potential voltage is 300 kV (standard lightning impulse voltage is applied until 1.2   μ s  . The air space between the tip part of the ground current collector and the opposite conductor is 300 mm.



The following Table 2 describes the name and function of the main components used throughout the paper [18,19].



Figure 2 shows the main two parts of this simulation: one part is electric field relaxation, and another part is electric field concentration. The main concept of the CTS lightning rod is to form a non-uniform electric field with a large electric field enhancement at the point of the electric field concentration part to delay the upward streamer. However, the tip part of the ground current collector suppresses the upward streamer through electric field relaxation.




3. Results and Discussion


3.1. Electric Field Relaxation Part


Figure 3 shows the results of the electric field distribution (contour) and electric potential (solid line) depending on the radius of curvature of the tip part of the grounding current collector in air insulation under 300 kV impulse voltage. The     E   1     is a maximum electric field at the tip part of the grounding current collector,     r a t e   d e c .     is the decrease rate (%) of the electric field compared with the reference model (2 mm). To reduce the electric field on the relaxation part, the radius of curvature was changed from 2 mm to 8 mm. The electric field decreases with increasing radius of curvature and reaches a minimum at 7 mm (    E   1    : 4.88 kV/mm,     r a t e   d e c .    : −23%), and then the electric field shows an increasing trend at 8 mm (5.21 kV/mm,     r a t e   d e c .    : −17%), as shown in Figure 4. The electric potential also widens the contour gap with increasing radius of curvature; the electric potential distribution at 8 mm curvature radius is formed in the vicinity of the tip part of the ground current collector as dense contour lines.



The reason for the increased electric field at 8 mm radius of curvature is that the tip part of the grounding current collector formed a complete spherical shape at 8 mm radius of curvature, and the electric field was concentrated in the vicinity of the sphere tip part. From the above results, we selected the optimal curvature radius as 7 mm in this simulation model.



Figure 5 shows the electric field and electric potential distribution depending on the size of the corona ring. To reduce the electric field concentration, the size of the corona ring was changed from 2 mm to 15 mm. Electric field and electric potential were measured at three points (    E   1    ,     E   2     and     E   3    ) to select the optimal design criteria. The     E   1     r a t e   d e c .     And     E   3     r a t e   d e c .     In Figure 5 are the electric field decrease rates at points     E   1     and     E   3    , respectively, compared to the model without the corona ring.



The results revealed that the electric field at both the tip part of the ground current collector and the corona ring part decreases with increasing the size of the corona ring. In other words, it is found that the corona ring with a large radius of curvature has a definite effect on the electric field relaxation of the tip part compared with the model without a corona ring. However, in order to design a CTS-type lightning rod, the following two points should be considered.



(1) There should be uniform electric field formation in both the corona ring (    E   2    ) and the tip part of the grounding current collector (    E   1    ).



(2) There should be no reduction in the electric field of the ionizer conductor (    E   3    ) due to the increase in the corona ring size.



As shown in Figure 6, the electric field of the     E   1     part is relaxed, and the electric field of the     E   3     part is also relaxed at the same time as the size of the corona ring increases.



Firstly, the difference between     E   1     and     E   2     was calculated and compared according to the corona ring size to select the corona ring size where the electric field difference between the corona ring part and the tip part of the grounding current collector was the minimum. The minimum difference between     E   1     and     E   2     depending on corona ring size was 4 mm, as shown in Figure 6. On the other hand, as the corona ring size increases, it might be possible that the electric field concentration occurs at the corona ring part, and it could be the starting point of early corona discharge inception under a high electric field.



Secondly, the electric field of     E   3     is higher than that of others at the 3 mm corona ring, compared to the 3 mm corona ring, the size with the lowest     E   3     r a t e   d e c .     were 2 mm and 4 mm. From the above results, we selected an optimal design that satisfies two conditions; the most reasonable design was the 4 mm corona ring.




3.2. Local Electric Field Concentration Part


Figure 7 shows the locations of the variable Y-axis and X-axis for simulation. In this Section 3.2, we have focused on electric field concentration, which is different from the results of Section 3.1’s electric field relaxation. The reference X-axis and Y-axis are 3 mm and 6 mm, respectively. In the case of the Y-axis, the simulation analysis was conducted by changing from 0.05 mm to 5 mm based on the reference model. The X-axis was also changed from 4 mm to 9 mm. The results revealed that the electric field increases with a decreasing air space by adjusting the Y-axis position of the floating electrode, as shown in Figure 8. The electric field strength at 0.1 mm of air space was higher than that of the other results for air space (mm). In other words, when the air space is above 1 mm, the electric field decreases by 30% compared to the 0.1 mm air space. The discussion on electric field distribution according to variable air space has been discussed by introducing the electron mean free path (MFP) theory in our previous research work [19]. If the air space is too far, the generated free electron could not excite another free electron for the electron avalanche between the ionizer conductor and grounding current collector. In other words, the first free electron cannot play a role as the seed of the secondary and tertiary electron avalanches [20]. In contrast, if the floating electrode is located near the ionizer conductor, the positive and negative charges are equally induced on the ionizer conductor and the floating electrode, and then the local electric field strength near them increases. This electric field concentration can cause the ionization process of the surrounding air insulation, and the corona discharge could have a different starting point at the electric field concentration part than at other parts [21].



For the results of the variable X-axis as shown in Figure 9, element design was performed to increase the maximum electric field value by adjusting the X-axis position of the floating electrode. As a result, it is found that the high electric field distribution is formed at positions where the ionizer conductor and the floating electrode tip part coincide with each other. In addition, the distance of the electric potential line was densely formed at 7 mm on the X-axis model. In the case of a 7 mm X-axis, the maximum electric field value was 4.72 kV/mm, and the electric field value gradually decreased when moved away by   ±  1 mm from the 7 mm X-axis. In our work, it is possible to reduce the electric field strength of the tip part of the grounding current collector by introducing the optimum design of curvature radius and corona ring. By introducing the optimal distance of X-axis and Y-axis, a high local electric field can be formed between the ionizer conductor and the floating electrode.



From the above results, if the maximum electric field distribution is formed at the electric field concentration part rather than the tip part of the ground current collector, the concentration part could be causing the very first ionization and the starting point of early corona discharge inception under a high electric field as a possibility.



However, further experimental research is needed for validation of the above simulation research on the optimal design of CTS-type lightning rods in terms of electric potential and electric field distribution. Also, consideration of the temperature parameter is needed. The characteristics of conductivity materials are dependent on temperature variation by concentrated local electric field distribution.





4. Conclusions


Some researchers have focused more on the performance improvement of lightning rods according to modifications of the structure and shape than the optimal design and performance improvement based on quantitative data. For the aforementioned reason, it is not possible to obtain a detailed rationale for the location and size of each component. This research work has focused on the optimal design of CTS-type lightning rods for high performance. To investigate the optimal structure design, the following four factors are considered:




	(1)

	
Radius of curvature (electric field relaxation)




	(2)

	
Corona ring size (electric field relaxation)




	(3)

	
The position of the floating electrode in the direction of the X-axis (electric field concentration)




	(4)

	
The position of the floating electrode in the direction of the Y-axis (electric field concentration)









The results for electric field relaxation revealed that the electric field decreases with increasing radius of curvature and reaches a minimum at 7 mm, with an increasing trend above 8 mm. In addition, electric potential distribution also widens the contour gap with increasing radius of curvature at 7 mm. From the above results, we selected an optimized radius of curvature of 7 mm.



For the optimized size of the corona ring, the electric field of both parts (the tip part of the ground current collector and the corona ring part) decreases with increasing the size of the corona ring. We found that the optimized size of the corona ring was 4 mm due to the following two factors:




	(1)

	
Uniform electric field formation, both at the corona ring and tip part of the grounding current collector.




	(2)

	
The reduction in the electric field of the ionizer conductor due to the increase in corona ring size.









The optimized position of the floating electrode in the direction of the X-axis and Y-axis was 7 mm and 0.1 mm, respectively. If it is possible to locate the floating electrode near the ionizer conductor, the positive and negative charges are equally induced on the ionizer conductor and a floating electrode, and then the local electric field strength near them increases. In addition, this electric field concentration can cause the ionization of the surrounding air insulation, and the corona discharge could have a different starting point at the electric field concentration part than other parts.



For further work, experiments on the optimized design of a CTS-type lightning rod under standard lightning impulse voltage should be performed while considering neighboring grounded objects. Besides, a comparison with experimental and simulation results should be performed. For further computational work, some parameters such as electron mobility, positive and negative ion mobility under high electric field distribution, temperature, and melting of the electrode as a result of a local heat source from a lightning strike should be considered. A comparison between a conventional lighting rod and a CTS-type lightning rod should be performed to verify the performance of the CTS-type lightning rod.
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Figure 1. Computer-aided design representation of the numerical model geometry. 
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Figure 2. Main measuring points (E1, E2: part for electric field relaxation; E3, E4: part for electric field concentration) 
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Figure 3. Electric field (contour) and electric potential distribution (solid line) based on the radius of curvature [mm] under lightning impulse voltage. 
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Figure 4. Electric field level based on the radius of curvature. 
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Figure 5. Electric field (contour) and electric potential distribution (solid line) depending on the size of the corona ring [mm] under lightning impulse voltage. 
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Figure 6. Electric field level depending on the size of the corona ring compared with that without a corona ring. 
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Figure 7. Locations of X-axis and Y-axis for simulation analysis. 
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Figure 8. Electric field results according to different Y-axis distances. 
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Figure 9. Electric field results according to different X-axis distances. 






Figure 9. Electric field results according to different X-axis distances.



[image: Mathematics 11 01668 g009]







[image: Table] 





Table 1. Abbreviations and acronyms used in this paper.






Table 1. Abbreviations and acronyms used in this paper.





	Symbol
	Meaning





	D
	Electric flux density



	V
	Electric potential



	εr
	Relative permittivity



	ρ
	Charge density



	J
	Current density



	σ
	Electric conductivity
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Table 2. Name and function of the main components of a CTS-type lightning rod.






Table 2. Name and function of the main components of a CTS-type lightning rod.













	
	Name
	Material
	Functions of the Main Component
	Relative Permittivity (εr)
	Conductivity (S/m)





	1
	Tip part of the ground current collector
	Copper
	Electric field relaxation part
	1
	1.6 × 107



	2
	Insulation support
	Epoxy resin
	Insulation support for fixing a floating electrode
	4.2
	3.8 × 1015



	3
	Floating electrode
	Aluminum
	Electric field concentration between the ionizer conductor and floating electrode
	1
	3.5 × 107



	4
	Ionizer conductor
	Copper
	Electric field concentration between the ionizer conductor and floating electrode
	1
	1.6 × 107



	5
	Air insulation
	Air
	-
	1
	2.6 × 10−17
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