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Abstract

:

Flow ultrasound generators are devices that emit high-frequency sound waves due to the hydrodynamic instability of the supersonic flow. In the electric power industry, such generators are used in arc quenching systems of high-voltage gas blast circuit breakers. The design of the flow ultrasound generator includes a nozzle and a hollow cylindrical resonator. Self-oscillations of the sealing waves occur when a supersonic gas jet collides with a resonator. This article is devoted to the analysis of the arrester operation, which has design features of flow ultrasound generators. The paper includes both experimental investigations of the proposed spark gap arrester design and mathematical modeling of the processes occurring in it. A description of the methods used is presented, and a comparison of the time dependences of currents and voltages obtained as a result of experimental studies and as a result of calculations is performed in the next section. The calculation results include oscillograms of the voltage and current, and the plasma temperature distribution in the arrester chamber at different moments of time. The investigations show that the presence of a nozzle and resonator leads to an intensification of the gas dynamic effect on the electric arc.
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1. Introduction


The development of switching apparatus for high-current circuits leads us to analyze the operation of arc quenching systems in order to increase their breaking capacity. In this paper, new technical solutions for increasing the breaking capacity of arc quenching devices were developed on the basis of the mathematical modeling of arc quenching systems that are used in lightning protection devices.



The spark gap arrester presented in this paper is a closed-type arrester having in its design the functional elements of flow ultrasound generators, namely a nozzle and a resonator. The hypothesis is that the use of these elements leads to the intensification of electric arc cooling during the arrester operation and an increase in the arc quenching capability of the arrester due to the redistribution of pressure in its volume. As part of the investigation, an experimental study of the spark gap arrester design was performed, and a numerical model was developed, which showed a good agreement with the experiment. It was found that the increase in the arc quenching efficiency of the arrester was 75% compared to an arrester of a similar size, but without elements of flow ultrasound generators. Despite this, it was suggested that the open design will have better arc quenching characteristics compared to the closed one since the pressure gradient between the discharge volume and the external environment will be maintained for much longer during the arrester’s operation. The blowing effect in the closed design of the arrester was maintained until the pressure reached its maximum value, after which pressure redistribution was completed, and the process of electric arc burning was stabilized.



Arresters with functional elements of flow ultrasound generators may find applications either as independent devices for impulse overvoltage protection, as part of arresters with a multi-chamber system, or in arc quenching systems of automatic high-current circuit breakers.



The use of such devices in surge protection circuits is a necessary condition for improving the quality and reliability of a power supply as well as for the protection of important energy facilities [1,2,3,4]. For a long time, active research has been carried out to develop new lightning protection devices and to modernize existing ones.



The main method of follow-current arc quenching in spark gap arresters is gas blasting in combination with dividing the electric arc into many series sections. Multi-chamber systems have been developed and are being improved for this purpose [5,6,7,8,9,10,11,12,13,14,15,16,17,18,19,20,21,22,23,24,25,26,27,28,29,30,31,32]. In these systems, electric arc quenching is provided by a large number of series near-electrode voltage drops as well as by a blowing effect, which creates an extension of each individual section of the electric arc, active cooling, and an increase in electrical resistance. These devices were developed to protect overhead power lines, and they cannot be used indoors or inside buildings since hot exhaust can cause fires and damage equipment. In order to use arresters with a blast type of follow-current arc quenching in indoor spaces, it is necessary to develop systems for cooling hot exhaust.



To protect indoor electrical equipment from lightning overvoltage, surge protection devices in a sealed design are used, namely gas-filled multi-gap arresters [1,33]. Their operating principle is also based on dividing the follow-current arc to separate series sections without emitting exhaust into the external environment. Follow-current arc quenching is provided by total near-electrode voltage drops as well as the use of special gas filling, which helps to increase the arc quenching capability of the arrester.



The development of devices for impulse overvoltage protection that magnetically blow the electric arc into the arc extinguishing grid for follow-current arc quenching is also underway [34,35,36,37,38,39,40,41]. The follow-current arc is divided into series sections in the arc extinguishing grid, causing an increase in the electric arc’s voltage due to series near-electrode voltage drops, providing subsequent arc quenching at a zero current. A disadvantage of electric arc quenching using magnetic blowing is the nonlinear dependence of the blowing force on the value of the follow current. In addition, magnetic blowing systems are complex, from a design point of view.



It is necessary to notice that a follow current that also passes through the arrester to the ground has a frequency of 50 Hz. Therefore, a long duration of the arc current (about 10 ms) will lead to a significant erosion of the arrester electrodes, and there is a need of the quenching of the follow current to increase the erosion resistance of the electrodes [19]. The addition of an asymmetrical gas blast to the arrester design analogous to ones used in arc quenching systems with high-voltage gas-blast circuit breakers will improves the conditions for electric arc quenching.



A numerical model of a surge protection device (SPD) is a combination of gas dynamics, electromagnetic, and heat transfer problems, where the corresponding equations are related by thermodynamic and transport properties. Modern software packages allow for the numerical modeling of physical processes in spark gap arresters, reducing the costs and time for designing new types of lightning protection devices. However, despite this, it is impossible to eliminate experimental research due to the need to justify the choice of the arrester design.



An SPD for low-voltage networks that has the design feature of flow ultrasound generators is presented in this paper.



Flow ultrasound generators are devices that emit high-frequency sound waves due to the hydrodynamic instability of the supersonic flow between the nozzle and the cylindrical resonator [42]. Ultrasound generators are used to intensify chemical reactions for the mechanical cleaning of surfaces and to reduce the viscosity of a medium [43,44]. The design of the simplest ultrasound generator is shown in Figure 1.



The design includes a nozzle and a resonator in the shape of a hollow cylinder. Self-oscillations of the sealing waves occur when a supersonic gas jet interacts with a resonator. The frequency of these self-oscillations depends on the gas flow velocity at the nozzle outlet as well as on the pressure, temperature, gas composition, and geometric parameters of the nozzle–resonator system.



The principle of generating an unstable flow is proposed for application in spark gap arresters using the design features of ultrasound generators, namely a cylindrical resonator and a nozzle, which can also act as a pressure volume. The nozzle and cylindrical resonator also act as electrodes similar to ones in switching devices (gas blast circuit breakers) with a two-way asymmetric blast.



The air gap between the nozzle and the resonator acts as a spark gap. The proposed design of the arrester is shown in Figure 2.



In the normal mode, the spark gap arrester has a large ohmic resistance and a current does not flow through it. However, an electrical breakdown of the spark gap arrester occurs at the moment of lightning overvoltage, and the lightning current is diverted into the ground, thereby protecting the insulation of cable lines and electrical equipment.



It is assumed that the features of the ultrasound generator in the spark gap arrester design will increase its arc quenching capability due to the active gas dynamic action onto the heated channel of the electric arc. A supersonic high-pressure gas jet flowing through the nozzle toward the resonator is necessary for the ultrasound generator operation. In the spark gap arrester, this supersonic gas flow is formed at the arrester during lightning overvoltage due to the thermal expansion of the electric arc plasma.



The prototype of the arrester described above was developed as part of this investigation. An experimental study was also carried out for the presented prototype.




2. Methods


This paper includes both experimental investigations of the proposed spark gap arrester design and mathematical modeling of the processes occurring in it. A description of the methods used is presented, and a comparison of the time dependences of currents and voltages obtained as a result of the experimental studies and as a result of calculations is performed in the next section.



2.1. Experimental Investigation of a Spark Gap Arrester with the Design Features of Ultrasound Generator


A spark gap arrester sample with the design features of the ultrasound generator was manufactured and tested. Figure 3 shows an example of a spark gap arrester in disassembled state after testing. The example consists of a fiberglass body and two steel electrodes. The electrodes also serve as end caps.



This example was tested in the laboratory of electrical apparatuses of Peter the Great St. Petersburg Polytechnic University using a pulse current generator (GIT-50). The installation was assembled by employees of Streamer Electric AG in St. Petersburg, Russia



The block diagram and electrical diagram of the high-voltage test bench used for the arrester tests are shown in Figure 4a,b, respectively. The arrester was connected in parallel to a pulse current generator (PCG) and to an oscillatory circuit (OC).



A complex test bench for SPD testing installed in the high-voltage testing laboratory was used for testing the arrester presented in the article. The test bench allows simulating a lightning current pulse with shapes of 8/20 μs, 4/10 μs, and 10/350 μs using a pulse current generator (PCG) as well as a follow current (short-circuit current of the network) with an industrial frequency using an oscillatory circuit (OC).



The electric diagram of the test bench for the arrester study is shown in Figure 4b. The PCG of the test bench produced a pulse current with a maximum value ranging from 2 to 45 kA with an accuracy of ±3% and a shape of 8/20 μs with an accuracy of ±10%. The maximum charging voltage of the PCG was 50 kV. The oscillatory circuit of the test bench is capable of producing the short-circuit current of the network with an amplitude of the first half-wave of up to 2 kA. The maximum charging voltage of the oscillatory circuit was 1.5 kV.



The current through the arrester was measured using an electronic optical current transformer (EOCT-150), with measurement limits ranging from 0 to 150 kA. EOST-150 is produced by «PROFTEK» CJSC, Moscow, Russia. The voltage on the arrester was measured using a voltage divider (HCR-100 kV), with measurement limits ranging from 0.1 to 100 kV. HCR-100 kV is produced by «Energospectechnik» LLC, Vologda, Russia. The voltage and current data were recorded using an ADS-2061M oscilloscope. ADS-2061M is produced by «NPP Elix» CJSC, Moscow, Russia. The oscilloscope error was ±2%.



The gas flow rate and pressure inside the chamber were not measured in this study, since the purpose of the paper is to present a method for electric arc quenching using the design elements of an ultrasonic generator.



The PCG simulated the lightning action, namely, it caused a breakdown of the spark gap of the arrester and the passing of a pulse current of 26 kA, 8/20 μs. The OC simulated the action of an electric network, namely, the passing of a follow current of 50 Hz.



There are three possible scenarios for the arrester operation. The first one is impulse quenching that is characterized by only the pulse current passing through the arrester and by the absence of a follow current [3,13,14]. The second case is zero quenching; both the pulse current and the follow current pass through the arrester, but the quenching of the follow current is carried out at the first zero of the current [15]. The third case is the absence of the quenching of the follow current. This is an emergency. Most arresters are designed for zero quenching, but there are also developments of arresters that are designed for impulse quenching.



The magnitude of the follow current through the test sample as determined by the charging voltage of the OC capacitor of the high-voltage test bench. In the performed tests, the OC charging voltage was 200 V, which corresponded to the follow current through the arrester with a magnitude of 0.5 kA that was followed by zero quenching. A numerical model of the presented spark gap arrester was developed on the basis of the experimental investigation.




2.2. Numerical Modeling of the Spark Gap Arrester


To study thermal, gas dynamic, and electromagnetic processes inside the proposed spark gap arrester, a three-dimensional, unsteady numerical model was developed using the COMSOL Multiphysics 6.2 software package. The numerical modeling of the arc discharge was largely based on the papers [13,16,17,18,19,20,21,22,23,24].



The numerical model was based on the following assumptions: the plasma was in a state of local thermodynamic equilibrium; the erosion of the materials of the arrester chamber was not taken into account, i.e., pure air was considered as a medium inside the spark gap arrester; near-electrode processes were taken into account as an additional resistance factor of the arrester; the plasma flow was laminar; and plasma motion occurred due to thermal expansion only, i.e., electromagnetic forces were not taken into account. To initialize the electric arc, a channel was created between the electrodes with non-zero initial conductivity, i.e., breakdown processes in the spark gap were not considered.



The numerical model was based on a system of magnetohydrodynamics (MHD) equations. Below are the basic equations.



Continuum equation:


     ∂ ρ   ∂ t    + ∇ ·   ρ u   = 0 ;  



(1)







Motion equation:


  ρ    ∂ u   ∂ t    + ρ   u · ∇   u = ∇ ·   − p I + μ   ∇ u +     ∇ u     T   −    2   3    ∇ u I     ;  



(2)







Energy equation:


  ρ   C   p      ∂ T   ∂ t    + ρ   C   p   u · ∇ T + ∇ ·   − k ∇ T   = σ   E   2   − ∇ ·   q   r a d   ;  



(3)







Equation of state:


  ρ =      M   n   ( T , p )   p   A     R T    ;  



(4)







Equations of the Maxwell system:


  ∇ · J = 0 ;       J = σ E +    ∂ D   ∂ t    ;       E = − ∇ V .  



(5)







Equations (1)–(5) include the following physical quantities: T is the plasma temperature; u is the plasma velocity; p is the plasma static pressure;     M   n   ( T , p )   is the plasma molar mass;     C   p   ( T , p )   is the plasma specific heat;   k ( T , p )   is the plasma heat conductivity;   σ ( T , p )   is the plasma electrical conductivity;   μ ( T , p )   is the plasma dynamic viscosity;     q   r a d     is the heat flux due to radiative transfer;   J   is the electric current density;   E   is the electric field intensity;   D   is the electric displacement vector; and   V   is the scalar electric potential.



The main thermophysical properties of air plasma as functions of pressure and temperature were taken from the papers [45,46,47].



Since the operation of the arrester is an extremely fast process [25,26,27,28,29], the predominant mechanism of heat transfer is radiation. To address this, the radiation transfer equation (RTE) for the spectral intensity of radiation is introduced to the system of MHD Equations (1)–(5):


  s · ∇   I   ν     r , s   =   k   ν       I   ν   b     T   −   I   ν     r , s     ,  



(6)




where   ∇   I   ν     r , s     is the radiation intensity in the   s   direction from the point,   r  , with a frequency,   ν  ;     k   ν     is the absorption coefficient of the medium, m−1; and     I   ν   b     T     is the Plank function:


    I   ν   b     T   =    2 h     c   2           ν   3       exp  ⁡      h ν   k T       − 1     



(7)




where   h   is the Plank constant; c is the speed of light; and k is the Boltzmann constant.



Since the solution of the radiation transfer Equations (6) and (7) requires significant computational resources, it is important to find an acceptable compromise between the accuracy of the solution and computational costs. The approach proposed in articles [30,48] was applied to the presented model, which involves the use of two spectral bands to describe the coefficient of the effective absorption of air plasma, namely a low-frequency band and a high-frequency one. The high-frequency band ranged from λ = 0 nm to λ = 120 nm, with an average absorption coefficient of α = 2000 m−1. The low-frequency band ranged from λ = 120 nm to λ = 1 mm, with an average absorption coefficient of α = 50 m−1.



The geometry values of the spark gap arrester and the calculation mesh are shown in Figure 5a. The highlighted blue area is a channel with non-zero initial conductivity for the initialization of the electric arc. The additional electrical conductivity in the selected area varies linearly in time from 100 S/m at the initial time to 0 S/m at the time of 10 μs, and the total electrical conductivity in the channel varies according to the following equations:


        σ = σ   T , p   − 1 e 7 · t + 100 ,   t ≤ 10   μ s ;       σ = σ   T , p   ,   t > 10   μ s .        



(8)







The near-electrode processes in the numerical model were taken into account as a contribution to the resistance of the arrester. According to the book [49], the voltage drop at the cathode is 16 V, and it is 4 V in the case of a unipolar pulse. In the numerical model, the additional voltage drop is taken into account according to the following equations:


          R   e   =    4 + 16     I   p      ,     R   e   < 10000   Ω         R   e   = 10000   Ω ,     R   e   ≥ 10000   Ω        



(9)







The mesh for calculations consisting of 258,395 tetrahedra is shown in Figure 5b.



Since the spark gap arrester has a closed design, the “Wall” condition applies to all internal walls, except for the symmetry surface, for which the “Symmetry” condition applies. The initial pressure inside the spark gap arrester is 1 atmosphere.



A “Terminal” boundary condition was set on the end face of one of the electrodes, which allows one to set the value of the current across the boundary. The magnitude of this current was modeled using a simulation scheme of PCG and OC, which is shown in Figure 6. A boundary condition of zero potential, i.e., “Ground”, was set on the end face of the second electrode. The circuit parameters fully corresponded to the parameters that were used during the experimental investigations of the presented design of the spark gap arrester.



The system of Equations (1)–(6) was solved by the finite element method in the COMSOL Multiphysics software package.





3. Results and Discussion


The main results are shown in Figure 7, Figure 8, Figure 9 and Figure 10.



Figure 7 shows comparisons of the time dependences of the current and voltage obtained as a result of numerical modeling and as a result of the experiment.



The results of the numerical simulation are consistent with the results of the experimental study, with a discrepancy of no more than 22%. This discrepancy may be related to the accepted assumptions when solving the radiation transfer equations.



Figure 8 shows the temperature distributions at different time points obtained as a result of the numerical simulation. The obtained results allow us to evaluate the operating dynamics of the spark gap arrester with the design features of flow ultrasound generators, and to conclude that a strong gas dynamic effect is exerted on the electric arc during the spark gap arrester’s operation, which can potentially contribute to an increase in the arc quenching capability of the spark gap arrester.



An electric arc ignites after spark gap breakdown, which is accompanied by the thermal expansion of the gas. The nozzle and the resonator act as additional pressure volumes, but since the size of the resonator is smaller than the size of the nozzle and access to the nozzle is difficult due to the small diameter of the hole, the pressure increase in the resonator outpaces the pressure increase in the nozzle. Therefore, one can see in Figure 8b,c that the electric arc at the time point of 12 μs moves into the external volume of the spark gap arrester and slightly into the nozzle. After 12 μs, the pressure in the arrester is redistributed so that the pressure in the external volume and in the nozzle becomes higher than the pressure in the resonator, which leads to the movement of the electric arc into the resonator, as well as to an increase in its length and electrical resistance (see Figure 8d,e). At this point in time, the remaining voltage in the arrester reaches its maximum value of 200 V, which is shown in both the calculated and experimental graphs. At the same time, the pressure in the arrester reaches its peak, stabilizes, and gradually decreases (see Figure 9a).



The arc of the follow current stabilizes, which is reflected in Figure 8f–h, and the arrester voltage decreases until the arc is quenched at zero. It is worth noting that, as the arc of the follow current stabilizes, the arc moves along the annular edge of the electrodes in the spark gap—see Figure 8i–k.



In many respects, it can be concluded that the addition of structural elements of flow ultrasound generators to the design of a closed arrester contributes to an increase in the arc quenching capability of the arrester by 75%. The design of the spark gap arrester without the nozzle and the resonator demonstrated impulse quenching at the oscillatory circuit capacitor voltage of UCoc = 80 V, while the spark gap arrester with the nozzle and the resonator was UCoc = 140 V. This improvement is due to the redistribution of gas flows between the internal volumes of the arrester as well as the intensification of the impact on the electric arc, which led to an increase in the total energy dissipation and an increase in the pressure in the arrester chamber by 18.1%. Figure 10 shows the time dependencies of pressure in the spark gap region of spark gap arresters with and without a nozzle and resonator.



Adding a nozzle and a resonator to an open structure arrester can help increase the arc quenching capability of the arrester to an even greater extent, since a constant pressure gradient is maintained between the internal volume of the arrester and the external environment during the process of the arrester’s operation and the flow of the accompanying current. The high intensity of the impact on the electric arc is maintained, even at the stage of the follow current passing through it, but this requires the development of a hot exhaust cooling system to make it possible to use such an arrester in closed spaces and buildings.



High-frequency components are observed on pressure graphs, but it cannot be unequivocally said that these components are generated by ultrasound due to the presence of a nozzle and a resonator. High-frequency oscillations are associated with the reflection of the shock wave front from the walls of the discharge chamber; the front occurred at the moment the arrester was triggered. This is indicated by the low frequency of pressure fluctuations in the case of the design with the nozzle and the resonator in comparison with the design without these elements. The low frequency of pressure fluctuations is due to the increased path of the shock wave front between reflections from the inner walls of the discharge chamber due to additional pressure volumes.



The generation of ultrasonic radiation has an insignificant effect on the efficiency of electric arc quenching in the spark gap arrester with the nozzle and the resonator due to the transience and instability of gas dynamic processes. The main conditions for the generation of ultrasonic radiation are: the stable outflow of gas from the nozzle at a supersonic constant velocity; certain ratios of nozzle size and distance from the nozzle to the tubular resonator; and the correctly selected size of the tubular resonator [44]. In this design, the gas flow is determined by the current that varies over time during the arrester’s operation. Also, it is necessary to notice that the design of the arrester is fixed, which leads to a rapid decrease in the flow rate as the pressure increases in the the discharge chamber.



Thus, the inclusion of the nozzle and the resonator in the design of the spark gap arrester made it possible to increase the efficiency of electric arc impulse quenching by 75%, but the reason was not the generation of ultrasonic radiation. The main contribution to the increase in efficiency was made by additional pressure volumes created by the nozzle and the resonator. It made it possible to increase the pressure inside the spark gap arrester, which led to an increase in the intensity of the gas dynamic effect on the electric arc.




4. Conclusions


This paper describes the design of a spark gap arrester for impulse overvoltage protection in low-voltage industrial frequency networks, which has the functional features of flow ultrasound generators.



The hypothesis was that adding the functional elements of flow ultrasound generators to the arrester design would increase the efficiency of arc quenching due to the intensification of the gas’s impact on the arc by the ultrasound generation effects. However, it was later discovered for the closed-design arrester that the impact on the arc was intensive only at the first stage of the arrester’s operation due to the redistribution of pressure inside the arrester and until the pressure was equalized. In this regard, an open design may be more promising than a closed one. Despite this, the pressure redistribution during the first stage of the arrester’s operation is sufficient to increase the efficiency of arc quenching by 75% due to an 18.1% increase in the maximum pressure compared to a closed arrester without flow generator elements. The increase in the pressure is associated with the intensification of the impact on the electric arc, as well as an increase in its length and electrical resistance, which ultimately led to an increase in the total energy dissipation.



The generation of ultrasonic flow does not have time to influence the arc quenching capability of the spark gap arrester due to the rapidity and instability of the processes inside the sealed discharge chamber.



The results of the numerical model of the spark gap arrester with a nozzle and a resonator are in good agreement with the results of the experimental study of the prototype, which will allow us to use the calculation model in further studies of arrester designs. We plan to study the open design of the spark gap arrester with structural elements of flow ultrasound generators using a high-speed camera and pressure and temperature sensors to clarify the numerical model and improve the shape of the discharge chamber. Open designs should show better characteristics since pressure differences between the internal volume of the arrester and the external medium will be present throughout the operation of the arrester, but in this case, it will be necessary to solve the problem of cooling the hot exhaust of the arrester. To increase the intensity of arc quenching, we also plan to introduce gas-generating materials into the arrester design, which will increase the intensity of heat exchange with the electric arc.



The application of a nozzle and a resonator as additional pressure volumes to increase the model’s arc quenching capability is not limited to surge protection devices, but can also be used in high-voltage switches to increase their breaking capacity.
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Figure 1. Ultrasound generator design and operating principle. 
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Figure 2. The design of a spark arrester with the design features of an ultrasound generator. 
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Figure 3. An example of a spark gap arrester in a disassembled state. 






Figure 3. An example of a spark gap arrester in a disassembled state.



[image: Energies 17 04975 g003]







[image: Energies 17 04975 g004] 





Figure 4. Diagrams of the high-voltage test bench: (a) block diagram; (b) electrical diagram. 
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Figure 5. The geometry of the spark gap arrester: (a) highlighted area with initial non-zero conductivity; (b) with a mesh for calculations. 
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Figure 6. Block diagram of a high-voltage test bench. 
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Figure 7. Comparison of experimental and calculated time dependencies of voltage (a) and current (b) on the spark gap arrester under study. 
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Figure 8. Temperature distributions at various points in time: (a) 1 μs; (b) 4 μs; (c) 12 μs; (d) 24 μs; (e) 36 μs; (f) 60 μs; (g) 90 μs; (h) 175 μs; (i) 400 μs; (j) 1 ms; (k) 3 ms; (l) 5 ms. 
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Figure 9. Time dependencies of pressure: (a) comparison of time dependencies of pressure at points 1 and 2 obtained by numerical simulations; (b) the location of points 1 and 2 inside the spark gap arrester. 
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Figure 10. Comparison of time dependencies of pressure in the spark gap region for the spark gap arrester designs with and without a nozzle and resonator. 
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