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Abstract

:

Using lightning energy to extinguish the arc is a new lightning protection method. On this basis, the semi-closed multi-compression tube structures (SMTS) combined with the arc extinguishing structure studied in this paper can suppress the power frequency arc at the initial stage of arc establishment by using the coupling effect of current and gas. Firstly, through the simulation comparison method, the promotion effect of the semi-closed tube on the arc discharge was found. Furthermore, the two-dimensional impulse power frequency current coupling discharge model was established to obtain changes in physical quantities, such as temperature and conductivity. The conductivity decreased to the initial value in about 1 ms. Finally, the impulse power frequency combined arc extinguishing test was carried out. The test results show that the arc extinguishing structure can effectively extinguish power frequency freewheeling within 1 ms. It proves the effectiveness of the arc extinguishing structure.
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1. Introduction


Lightning overvoltage severely threatens the safe operation of power grid lines. In some areas with high occurrences of lightning accidents, most overhead lines are easily damaged by lightning strikes [1,2,3,4], and they cause about 70% of tripping accidents. When a lightning strike occurs, the power frequency arc generated at the insulator is the leading cause of short-circuit fault and line tripping. Therefore, how to quickly discharge the lightning energy, cut off the short-circuit path, and restore the dielectric insulation has become a hot and challenging research topic for scholars in recent years [5,6]. The gas arc extinguishing and lightning protection method is a new lightning protection method developed in recent years. Protecting lightning strike conditions, such as counterattacks in the soil resistivity area, can eliminate the constraints of uncontrollable factors, such as ground grid resistance, lightning strike intensity, and shielding [7,8,9].



Gas arc-extinguishing lightning protection methods are divided into active arc extinguishing and self-energy arc extinguishing [10,11,12,13,14,15]. Active arc extinguishing mainly uses gas blowing to extinguish the arc. When the arc passes through the chamber of the arc-extinguishing device, the lightning pulse generated by the lightning strike triggers the gas-generating material, releases high-temperature and high-pressure gas, and accelerates the deionization process of the arc. However, the continuous arc-extinguishing ability is limited due to the limited number of arc extinguishers. The self-energy arc-extinguishing method used in this paper can generate arc-extinguishing gas by utilizing the coupling effect between the arc’s energy and the air’s energy. This method can divide the long-gap arc into short arcs and confine them in multiple semi-sealed chambers, which has a long-lasting arc-extinguishing ability.



This paper proposes a combined arc-extinguishing structure using semi-closed multi-compression tubes suitable for 10–35 kV distribution lines. When the arc enters the multi-compression tube from outer space, it uses its energy conversion and contacts the cold wall of the tube to form a high-speed airflow. Based on the principle of high-speed airflow, a two-dimensional arc-extinguishing model of SMTS was built through the Comsol Multiphysics simulation software. The function of SMTS during arc extinguishing is analyzed, and the reliability of SMTS is proved by the impact power frequency combined arc extinguishing test and the actual operation effect.




2. Components and Arc-Extinguishing Principle of SMTS


2.1. Components


Figure 1a shows the appearance of semi-closed multi-compression tube structures (SMTS), which consist of semi-closed tubes, multiple arc-extinguishing tubes, metal electrodes, skirts, insulating surfaces, and ground electrodes. The arc-extinguishing tubes are arranged in a zigzag shape to form multiple arc-extinguishing tubes. Each arc-extinguishing tube includes an arc-extinguishing tube wall, an arc-extinguishing channel, and a metal electrode.



The semi-closed structure uses the expansion of the arc channel to generate shock waves to squeeze the air layer to form reflected waves, which weakens the development process of the arc; the multi-pipe structure can constrain the arc path. With the effect of compression and current transient heat conduction, the arc temperature rises rapidly, and the gas is heated to cause the pressure to increase, forming a high-speed airflow that is removed along the fracture, blocking the continuity of the arc energy.




2.2. Arc-Extinguishing Principle


The arc entry into the semi-closed compression tube is the arc discharge process in a narrow and long space, thus assuming that the entire arc is at the same temperature at the same instant [16]. According to the heat balance relationship, the decrease in the internal energy of the arc is equal to the increase in the ambient heat. Furthermore, because the heat transfer process is a process in which the arc gradually cools down, the arc temperature is greater than the ambient temperature [17]. The heat balance equation is as follows:


  ρ c V   d T   d t   = − h A  ( T −  T ∞  )   



(1)







 ρ , c, v, respectively, are arc density, specific heat, and volume; h is the heat transfer coefficient, and A is the arc heat transfer surface area. The excess temperature is   θ = T −  T ∞   , and the initial conditions of the differential equation are obtained:


  θ  ( 0 )  =  T 0  −  T ∞  =  θ 0   



(2)







Separatethe variables for Formula (1), and solve to obtain:


   θ  θ 0   =   T  T ∞     T 0  −  T ∞    = e x p  ( −   h A   ρ c V   t )   



(3)







The time constant   τ = ρ c V / h A   reflecting the heat transfer characteristics is the reciprocal of the exponential part. The characteristic length    l c  = V / A   of the heat source object represents the equivalent heat conduction distance inside the arc. The conduction thermal resistance of the arc plasma is    R λ  =  l c  /  ( λ · A )   , and the convective thermal resistance is    R h  = 1 /  ( h · A )   .  λ  is the thermal conductivity. Biot number indicates the ratio of   R λ   to   R h  :


   B i  =   R λ   R h   =   h  l c   λ   



(4)







Assumingthat the arc is a cylindrical heat source with a radius of 5 mm and a height of 3 cm, thermal conductivity   λ = 50   W/(m·K), heat transfer coefficient   h = 18.6   W/(m    2  ·  K), and specific heat capacity   c = 1.3   kJ/(kg·K), the characteristic length of the arc   l c   is calculated, and Biot number   B i   is obtained:


   B i  =   h  l c   λ  = 0.00225 < < 0.1  



(5)







The results prove that it is feasible to analyze the heat transfer effect in the arc-extinguishing pipe by using the Lumped method, and the time constant of the arc heat transfer system is calculated as follows:


  τ =   ρ c V   h A   =   ρ c  l c   h  =   0.14    kg / m  3   × 1.3   kJ / ( kg  · K ) × 0.0025  m    16.8    W / ( m  2   · K )    = 27.1  μ s  



(6)







Assuming that the initial temperature in the tube is    T 0  = 300   K, the arc with a critical temperature value of    T ∞  = 3000   K enters the tube at this time. When air is heated from the initial temperature to   T = 1500   K during a period, it is substituted into the Formula (3):


   θ  θ 0   =   T −  T ∞     T 0  −  T ∞    =   1500 − 3000   300 − 3000   = e x p  ( −  t τ  )   



(7)







According to this formula, the transient heat transfer process lasts about 15.9  μ s, indicating that the air is heated to a high temperature within a time less than the half-peak value of 8/20  μ s impulse lightning current. The arc in the tube can quickly conduct a heat transfer process with the air medium, and the tube air expands when heated. However, due to the structural constraints of the tube, colossal pressure is generated to form a high-temperature airflow. The ideal gas equation can be used to estimate the pressure of a gas heated to 1500 K:


   P 1  =   T 1   T 0    P 0   



(8)







After the gas in the arc-extinguishing pipe is heated and expanded, the pressure is A, and the air pressure rises to five times the original. In the SMTS, the arc heats the air to a high temperature within 27.1  μ s, and high-speed airflow is generated in the fractures of each pipe to drive the arc to spray out at the multi-pipe fractures. While accelerating the cooling of the arc, an arc energy breakpoint is formed, which plays the role of blocking the arc. The energy in the arc is reduced, the degree of ionization is reduced until it is extinguished, and the key to arc extinguishing is that the high-speed airflow suppresses the energy of the power frequency arc.





3. Multiphysics Simulation of the Arc-Quenching Process


This paper uses a magnetohydrodynamic (MHD) model for SMTS. In order to describe the arc plasma discharge process, the following assumptions are made [18,19]:




	
Assume that the plasma satisfies local thermodynamic equilibrium. Its physical parameters (conductivity, viscosity coefficient, density, specific heat) are functions of temperature;



	
The arc plasma is set to be compressible laminar flow;



	
The influence of Lorentz force on the fluid is considered.








Arc discharge is a process of multi-physics coupling [20], which leads to the interaction between different physical field parameters, as shown in Figure 2.



The process satisfies the Navier-Stokes equation and the Maxwell equation group, and the continuity equation is as follows:


    ∂ ρ   ∂ t   + ∇ ·  ( ρ v )  = 0  



(9)




where  ρ  is the fluid density; v is the velocity vector; and t is the time.



Energy conservation equation:


  ρ  C P    ∂ T   ∂ t   + ρ  C P  v · ∇ T − ∇ ·  ( k ∇ T )  =  ∂  ∂ T    (   5  k B  T   2 q   )   ( ∇ T · J )  + E · J +  Q r   



(10)




  C P   is the heat capacity at constant pressure; T is temperature; k is thermal conductivity; Q is the plasma heat source;   k b   is the Boltzmann constant; q is the charge per unit electron; E is electric field strength; J is current density;   Q r   is radiation heat dissipation quantity.



Momentum conservation equation:


  ρ  (   ∂ v   ∂ t   + v · ∇ v )  = ∇ ·  [ − p I + μ  ( ∇ v +   ( ∇ v )  T  −  2 3  μ  ( ∇ · v )  I )  ]  + F  



(11)




where p is the pressure; I is the identity matrix;  μ  is the dynamic viscosity; B is the magnetic flux density;   F = J × B   is the Lorentz force.



Magnetic Field Equations and Current Conservation Equations:


       ∇ × H = J       B = ∇ × A       E = −   ∂ A   ∂ t        ,      ∇ · J =  Q  j · V         J = σ E +   ∂ D   ∂ t   +  J e        E = − ∇ V       



(12)







H is the magnetic field strength, A is the magnetic vector potential,   Q  j · V    is the charge change per unit volume rate, D is the electric displacement, and V is the electric potential.



3.1. Simulation Analysis on the Effect of Semi-Closed Tube


The SMTS is improved from the original multi-compression structure, as shown in Figure 3a,b. The impact of adding a semi-closed structure on lightning discharge is analyzed by comparing the discharge time before and after the improvement. Figure 4a,b show the 2D axisymmetric model with and without the semi-closed tube. In Figure 4a,b, 1 is air, 2 is a metal electrode, and 3 is an insulating material. The simulation model sets five observation points, from coordinates 0.1 cm to 0.9 cm, simulates the potential change of each point, and compares the two structures’ discharge times.



The lightning current impulse waveform is 8/20  μ s waveform, the amplitude is 20 kA, and the simulation results are shown in Figure 5a,b.



Figure 5a is the potential change diagram of each observation point in the SMTS. The results show that the air gap breaks down at 0.15  μ s. Figure 5b is the potential change diagram of each observation point in the original multi-compression structure, indicating that the breakdown process is similar to the lightning discharge process, and the lightning discharge begins near the negative electrode until the air gap breaks down at 3.5  μ s. The results show that the air gap can be broken down in advance after adding the semi-closed tube, and the initial breakdown time under the impact current can be shortened.




3.2. Simulation Analysis of SMTS Arc-Extinguishing Performance


Since the arc path is constrained in multiple tubes during the arc development process, and the arc develops along the axial direction of the compressed pipe, a 2D model can be used for simulation analysis. Figure 6 shows the Comsol 2D model. Added materials include external air medium, metal electrodes, and insulating materials. Numbers 1–6 in the figure are the upper electrode, air, semi-closed tube, copper electrode, shed, and ground electrode, respectively. The air medium is set as compressible laminar flow, the initial temperature is 298 K, and the initial pressure is   1.01 ×  10 5    Pa; a 20 kA 8/20  μ s impulse current is applied to the upper electrode, and a power frequency current with an amplitude of 1.5 kA is coupled. Set the lower electrode as the ground electrode, and select the simulation time step to be 1  μ s and the simulation time to be 2 ms. A to E are the five observation points close to the nozzle set by the simulation model to measure the change in temperature and conductivity with time.



The simulation focuses on developing high-temperature airflow in the multi-channel structure. It simulates the lightning impulse waveform to cause the air discharge in the structure to form an arc channel. According to the energy balance theory, the convective heat transfer between the air medium in the tube and the arc is a balanced process. The lightning pulse is measured in instantaneous Joule. The heat source input is much greater than the energy dissipation at this time, the temperature in the SMTS rises sharply, and thermal breakdown is formed along the arc channel formed by the electrodes.



Figure 7 is a temperature distribution diagram of the SMTS. At 10  μ s, the temperature around the upper electrode and the ground electrode gap increased first. Then the temperature of all inner gaps and the air gap between electrodes increased, but no high-temperature channel gap was formed without breakdown. At 50  μ s, the high-temperature arc channel was formed due to the breakdown discharge in the inter-structure gap due to the lightning impulse. At 200  μ s, the maximum temperature inside the SMTS is about 11,000 K. After 200  μ s, the arc is affected by the high-temperature gas flow ejected from the axial semi-closed tube and the multi-compression tubes, and the temperature begins to drop. At 1000  μ s, the temperature in the entire channel drops below 3000 K, which is 3000 K lower than the critical temperature of the arc, and it can be considered that the arc has lost its conductivity.



Conductivity is a physical quantity that reflects the conductivity of the medium. It can determine whether the arc-extinguishing channel is in a medium state. The dissociation of the air medium increases as temperature increases, and air changes from an insulator to a conductor.



Figure 8 is a cloud diagram of the SMTS conductivity distribution. At 10  μ s, the model starts to arc and has not yet developed into a complete breakdown channel. At 50  μ s, a conductive channel through the electrode appears, and conductivity reaches a maximum of 296 S/m, similar to the temperature change. At 200  μ s, the long arc is affected by the high-speed airflow and is divided into several short arcs. After the arc is cut off, the source of lightning energy is lost, the temperature begins to drop, the conductivity drops sharply, and the high conductivity area gradually presents a truncated distribution. At 1000  μ s, the conductivity of most areas drops to zero, and the arc-extinguishing channel completely recovers its insulation.



Figure 9a is the temperature change curve of each observation point. The temperature change has the characteristics of a rapid rise and slow fall. It rises rapidly in the early stage of arc development and reaches a peak of 11,000 K at 200  μ s. After that, the temperature begins to fall and returns to a lower value after about 2 ms.



Figure 9b is the conductivity change curve of each observation point. The conductivity at the observation point has the characteristics of uneven distribution; at the observation point of the multi-tubes it reaches a peak value at 500  μ s, and 900  μ s at the observation point of the semi-closed tube. At 1 ms, the multi-tubes are basically restored to the initial value, and it can be considered that the arc has been extinguished.





4. Analysis of Test Results


4.1. Test Preparation


This paper used a shock and power frequency joint arc-extinguishing test platform to verify the simulation analysis results. The test circuit is shown in Figure 10, mainly including the impulse voltage trigger circuit and the power frequency freewheeling trigger circuit. T is a power frequency test generator; R is an overcurrent protector; C1, C2, C3, and C4 are capacitors; MOA1 and MOA2 are metal oxide arresters; L is an inductor; S1 and S are the breakdown ball gap; S2 is the protection ball gap; TO is the semi-closed multi-compression tube arc-extinguishing structure test sample; TA is the Rogowski coil; Rf is the wave head resistance; Rt is the wave tail resistance; C5 is the capacitor; DIVMS is a digital oscilloscope; and IG is a lightning impulse voltage generator.



The test process is as follows:




	
Before applying the impulse voltage, start the power frequency power supply and maintain it for a while;



	
First, without installing the SMTS, start the impulse voltage generator, break down the air gap, and measure the impulse current waveform;



	
Build the test circuit, check the test product and install the test product in the circuit, ground the circuit effectively, adjust the shooting angle of the high-speed camera, install and debug DIVMS, and record the test waveform and arc-extinguishing process;



	
Start the impulse voltage generator. After charging is completed, control the trigger circuit to discharge the test product and measure the impulse current waveform and power frequency current waveform of the arc-extinguishing structure installed.









4.2. Analysis of Test Results


A high-speed camera is used to photograph the power frequency freewheeling interruption process of the SMTS. The arc-extinguishing process is shown in Figure 11: Figure 11a shows that the SMTS is instantaneously broken down, and after the arc enters the channel, it is coupled with the air in the arc-extinguishing structure. Figure 11b illustrates that the airflow in the pipeline expands and heats up rapidly under the action of arc heating in the pipeline, forming a high-temperature and high-speed airflow. Under high-speed airflow, the arc is ejected along the axial semi-closed tube and the nozzle of the axial multi-compression tube. Figure 11c shows no residual arc between the fractures, indicating that the arc has been further weakened at this time, and the arc channel is closed, preventing the power frequency energy from continuously entering the SMTS. Figure 11d shows that the arc cannot maintain its combustion, and the high-speed airflow accelerates the process of cooling and deionization. Figure 11e,f show that the arc has been substantially extinguished, and no reignition has occurred.



Figure 12 is the power frequency current arc-extinguishing waveform, CH1 represents the voltage waveform channel, and CH2 represents the current waveform channel. The SMTS is broken down under the action of impulse voltage. Due to the arc extinguishing effect of the SMTS, the voltage waveform fluctuated slightly but quickly recovered to the rated value within one cycle, and the frequency was maintained at 50 Hz. At this time, the peak value of the power frequency current was measured to be 0.673 kA, and due to the suppression of the high-speed airflow, the current value dropped rapidly. After the current impulse discharge is over, due to the weakening of the airflow, the suppression effect of the airflow on the power frequency arc is also weakened, the descending speed of the arc current slows down, and the inflection point of the arc current decline appears at the end of the lightning. The measured current dropped to 0 in 1 ms, indicating that the power frequency freewheeling was successfully blocked and the reignition was suppressed.





5. Conclusions


This paper describes the arc-extinguishing simulation and experiment of the semi-closed multi-compression tube structure.



	(1)

	
The results of the simulation comparison experiment with or without a semi-closed tube show that the improved SMTS adds a semi-closed tube, which can shorten the breakdown time of the impulse voltage;




	(2)

	
The simulation and test have mutually confirmed the suppression effect of the SMTS on the arc. The lightning energy accumulates in the SMTS to form a high-speed airflow, which accelerates the dissipation of the arc energy. In addition, it is also determined that the arc-extinguishing time of the SMTS is about 1 ms. According to the test, the SMTS can interrupt the power frequency freewheeling arc with a peak value of 0.673 kA.
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Figure 1. Structural schematic diagram of semi-closed multi-compression tube structures (SMTS): (a) The appearance of SMTS. (b) The internal structure of the multi-compression tubes. 
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Figure 2. Arc discharge multi-physics field coupling relationship. 
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Figure 3. Structural comparison diagram of SMTS and the original multi-compression structure: (a) The appearance of SMTS. (b) Structure diagram of the original multi-compression structure. 
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Figure 4. Geometric modeling of SMTS and the original multi-compression structure: (a) Model diagram of SMTS. (b) Model diagram of the original multi-compression structure. 
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Figure 5. Electric potential change curve with time of each observation point: (a) Electric potential change curve in SMTS. (b) Electric potential change curve in the original multi-compression structure. 
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Figure 6. Simulation model diagram. 
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Figure 7. Arc temperature change diagram in the simulation area at different moments: (a) t = 10  μ s; (b) t = 50  μ s; (c) t = 200  μ s; (d) t = 1000  μ s. 
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Figure 8. Arc conductivity change diagram in the simulation area at different moments: (a) t = 10  μ s; (b) t = 50  μ s; (c) t = 200  μ s; (d) t = 1000  μ s. 
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Figure 9. Observation point temperature and conductivity change curve: (a) Observation point temperature change curve. (b) Observation point temperature change curve. 
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Figure 10. Combined test circuit diagram of high impulse current and power frequency freewheeling. 
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Figure 11. Arc-extinguishing process captured by high-speed camera. 
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Figure 12. Combined test of high impulse current and power frequency freewheeling test voltage waveform (CH1) and current waveform (CH2). 
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