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Abstract


The electric and temperature fields formed in the furnace water system by electrodes of different shapes differ to some extent when the immersed high-voltage electrode boiler is in operation. To obtain the distribution of electric and temperature fields in the furnace water when different shapes of electrodes are used in a high-voltage electrode boiler, simulation models of spherical electrodes, planar electrodes, and tangential electrodes are established, respectively. The effects of the electrode structure on the electric and temperature fields in the furnace water were investigated. The simulation results show that the electric field distribution and temperature field distribution of the spherical electrode in the furnace water are the best among the three electrode structures. Meanwhile, in order to verify the accuracy of the adopted simulation method, simulation and temperature rise tests were carried out on a small spherical electrode model under 400 V AC, and the simulation calculation results and the temperature rise test results at special points were compared. The difference between the simulation and test results is less than 3%, which proves the reasonableness of the method. The method can be used as a reference for the design of electrodes for immersed high-voltage electrode boilers, as well as the analysis of electric and temperature fields around the electrodes.
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1. Introduction


In recent years, with the rapid development of renewable energy generation, such as wind and light, its installed capacity has been increasing [1,2]. The phenomenon of excess electricity has appeared in some provinces and regions of China [3,4,5]. According to the data of the National Energy Administration, in the first half of 2022, the average utilization rate of national wind power was 95.8%, the abandoned wind rate reached 4.2%, the utilization rate of national photovoltaic power generation was 97.7%, and the abandoned light rate reached 2.3% [6]. To solve the problem of excess electric energy consumption, the electricity-to-heat system represented by a high-voltage electrode heat storage boiler has been used for a wide range of applications in various industries [7,8,9]. A high-voltage electrode boiler (HVEB) is an effective means of realizing the full utilization of electric power, wind power consumption, and environmental pollution control because of its high efficiency, no noise, environmental protection and non-pollution, small footprint, and fast start-up speed [10]. HVEB application can not only improve the utilization rate of energy but also meet the needs of energy conservation and emission reduction, which will help China to realize the two goals of “carbon peak, carbon neutral” as soon as possible.



HVEBs can be categorized into jet-type HVEBs and immersed-type HVEBs according to their different structures and working principles [11]. Compared with jet HVEBs, the circulating water requirements of immersed HVEBs are lower, and there are no special requirements for three-phase power supply; operation and maintenance are also relatively simple [11,12,13,14]. Jet HVEBs in Europe have encountered deflagration accidents, so they have been banned in Europe, and only in some parts of North America are they used. Currently, most of the HVEBs used in China are also immersed HVEBs.



The electrode is the core component of an immersed HVEB. However, the current research for immersed HVEBs mainly focuses on energy consumption and application, and there are fewer studies on electrode shape design. The work in [15] investigated the change in electric field around the electrode subjected to loss and the electrode not subjected to loss through simulation and proposed improvement measures for the reduction in thermal efficiency caused by the electrode subjected to loss, but it lacked research into the design aspect of the shape of the electrodes. The work in [16] explained the reason why the electrode stick is designed in the shape of a field hockey stick and concluded that the hockey stick-shaped electrode could make the furnace water in the inner cylinder move up and down in a spiral motion during operation, which is conducive to improving the heating efficiency, but it was found that the electrode shape designed in this paper can also realize this function. The work in [17,18] studied the corrosion process of different electrode materials in electrolyte solution and concluded that the titanium electrode had a good corrosion resistance. It has been shown that the electrode structure is closely related to the performance of immersed HVEBs. The work in [19,20] investigated the effect of different voltage parameter variations on the electric field distribution and found a law of unbalanced three-phase voltage distribution on the electric field distribution. However, there is still a lack of systematic research on the electric fields and temperature fields in the furnace water under different electrode shapes, so it is necessary to carry out related research.



To address the above problems, this paper investigates the electric field and temperature field distribution of furnace water when the bottom end of the electrode is spherical, planar, and sectional, respectively; compares the electric field inhomogeneity coefficients, current densities, and temperature variations in the furnace water under the three electrode structures; and determines the form of the electrode structure that has a uniform distribution of the electric field and a high heating efficiency. The effectiveness and accuracy of the finite element simulation method are verified by comparing the simulation of the equal scale-reduced spherical electrode with the temperature rise experiment, which provides a reference for the electrode shape design of the immersed HVEB.




2. Principle of Immersed HVEB


Figure 1 shows the structural principle of the immersed HVEB, which mainly consists of the inner cylinder, outer cylinder, center cylinder, high-voltage electrodes, insulating components, circulating circuits of inner and outer cylinders, and pipelines [20,21,22,23]. Nitrogen is used as an insulating gas between the inner and outer cylinders to regulate the boiler’s internal pressure. The furnace water is a conductive solution to which trisodium phosphate is added and adjusted to a certain conductivity [20].



The basic working principle of the immersed HVEB is that the furnace water is rapidly heated by the current flowing through the electrodes under the action of 10 kV AC voltage. At the same time, the height of the center cylinder can be adjusted according to the load demand, i.e., the depth of the three-phase electrodes immersed in the furnace water can be changed to realize the heating of furnace water of different capacities.



The 3D model was created using Solidworks 2022 software, and the simulation was performed using the current module of COMSOL Multiphysics 6.0 simulation software, and the solid and fluid heat transfer modules.



The high-voltage electrodes in the inner cylinder were of three-phase hexapole type. Each phase of the three electrode models consists of an electrode disk, 2 high-voltage electrodes, and 29 electrode rods. The different phases are distributed at 120° from each other. The electrode rods are uniformly and symmetrically distributed on the electrode disk. The three constructed three-phase electrode structures are shown in Figure 2. The three three-phase electrode structures have different shapes of the bottom ends of the electrode rods, which are spherical, planar, and 45° sections, respectively. The spherical electrode allows the bottom end of the electrode rod not to form a tip region and reduces the curvature of the bottom end of the electrode. The planar shape served as a control group. The sectional electrode reduces scale buildup, improves heat transfer efficiency, and can make the output power of the immersed high-voltage electrode boiler easier to control.



The radius of the high-voltage electrode is 0.05 m, and the length is 0.8 m. The radius of the electrode rods of the three electrode structures is 0.025 m, and the length of the electrode rods of the spherical electrode and the planar electrode is 1.3 m, as shown in Figure 2a,b; the sectional electrode is cut by a 45° section, and the outer electrode is long, and the inner electrode is short, as shown in Figure 2c. The inner radius of the electrode disk is 0.35 m, the outer radius is 0.8 m, and the thickness is 0.01 m. The inner cylinder has a radius of 0.9 m, a height of 1.5 m, and a wall thickness of 0.01 m. The center cylinder has a radius of 0.25 m, a wall thickness of 0.005 m, and a height of 1.4 m. The furnace water has an inner radius of 0.25 m, an outer radius of 0.9 m, and a height of 1.39 m.



2.1. Boundary Condition Setting


After importing the 3D model into COMSOL, the parameters of each part of the model are set according to the material properties shown in Table 1. A 10 kV three-phase AC voltage with a frequency of 50 Hz is introduced into the boiler operation, and its expression is shown in Table 2. The solver is set as a transient solver, and the simulation step size is set to 0.001 s; the electric field simulation results are selected as the state at 0.02 s, and the temperature field simulation results are selected as the state at 2 s. The simulation results of the electric field are selected as the state at 0.02 s, and the temperature field simulation results are selected as the state at 2 s.




2.2. Simulation Equations for Electric and Temperature Fields


The electric field simulation satisfies the charge conservation Equations (1)–(3):


  ∇ ⋅ J = −    ∂ ρ   ∂ t     



(1)






  J = σ E +  J e   



(2)






  E = − ∇ φ  



(3)







In the formula, ∇ is the vector differential operator; J is the current density, A/m2; ρ is the charge density, C/m3; σ is the conductivity, S/m; E is the electric field strength, V/m; Je is the externally injected current density, A/m2; φ is the applied voltage, V.



The temperature field simulation satisfies the heat transfer Equations (4) and (5):


  ρ  C p     ∂ T   ∂ t    + ρ  C p  u ⋅ ∇ T + ∇ ⋅ q = Q  



(4)






  q = − k ∇ T  



(5)







In the formula, ρ is the density, kg/m3; Cp is the constant pressure heat capacity, J/K; u is the velocity field parameter, m/s; k is the thermal conductivity; Q is the heat source, W; and q is the conduction heat flux vector, W/m2.




2.3. Division of the Grid


When meshing the model consisting of the inner cylinder, electrodes, and furnace water, different mesh qualities need to be used for different regions to make the simulation results more accurate, so local mesh qualities are encrypted for the portion of the three electrodes submerged in the furnace water. The remaining part of the model is meshed with a regular-size grid to reduce the number of meshes and improve the computational speed. The minimum cell mass of the grid divided by the 3D model is 0.005006, the average cell mass is 0.6573, the cell volume ratio is 7.921 × 10−7, and the grid volume is 3.46 m3.





3. Analysis and Discussion of Electric Field Simulation Results


3.1. Electric Field Distribution for Different Electrode Structures


The transverse and longitudinal cross-sections are selected to be analyzed in the simulation results, respectively. The location of the transverse cross-section is shown in Figure 3a, with the xy plane as the reference, the starting point is z = −0.25 m, and four electric field cross-sections are gradually taken in the opposite direction of the z-axis at a certain distance. The longitudinal section is based on the xz plane, with the starting point at y = −0.80 m, and four electric field sections are gradually taken in the positive direction of the y-axis at certain intervals, as shown in Figure 3b.



3.1.1. Cross-Sectional Electric Field Distribution


Figure 4, Figure 5 and Figure 6 shows the electric field distributions of the three electrode structures in the transverse cross-section at different positions at 0.02 s, respectively. Stronger electric field distribution regions were formed between the three-phase electrode rods, and between the electrode rods and the inner cylinder (including the sidewall and bottom of the inner cylinder). As shown in Figure 4a–c, when the spherical electrode structure electrode rods are all present, the maximum E-field strengths of the three cross-sections are 135.7 kV/m, 126.2 kV/m, and 146.3 kV/m, respectively. With the change in the cross-section position, the maximum E-field strengths of the cross-sections fluctuate within a certain range to a lesser extent. When the cross-section position is taken to the position shown in Figure 4d, the coordinates of the cross-section are z = −1.50 m, the length of the electrode rod of the spherical electrode is 1.3 m, the cross-section is taken to a position 0.2 m away from the bottom end of the electrode rod, and the maximum electric field strength of the cross-section is 18.97 kV/m, which decreases by large amplitude, and the area in which the cross-section is located is a weak-field strong area. The electric field distribution of the planar electrode at each cross-section is shown in Figure 5a–d. The length of the electrode rod of the planar electrode structure and the spherical electrode structure are equal, and the maximum field strengths of the four cross-sections are 127.8 kV/m, 126.1 kV/m, 141.5 kV/m, and 19.67 kV/m, respectively, so that the distribution of electric field at each cross-section is also similar to that of the spherical electrode at the same cross-sectional position, and the difference in the values of maximum electric field strengths of the same cross-section at the same location is also smaller. As shown in Figure 6a,b, when the electrode rods in the cross-section of the sectional electrode structure are all present, the maximum field strengths in the cross-section are 130.0 kV/m and 129.4 kV/m, respectively, and their electric field distributions and the magnitude of the electric field strengths are similar to those of the planar electrode model and the spherical electrode model at the same cross-section at the same position. However, in the sectional electrode structure, the electric field distribution near the bottom of the electrode rod will change significantly because of the different lengths of the electrode rods. Figure 6c,d show the transverse cross-sections of the sectional electrode structure at the cross-section positions of z = −1.25 m and z = −1.50 m, respectively, and the area framed by the white dashed line in Figure 6c are the three-phase electrode projections of the sectional electrode in this cross-section, and the maximum field strengths of the cross-section are 410.9 kV/m and 12.01 kV/m, respectively. The length of the shortest electrode rod in the sectional electrode structure is 0.65 m, and the length of the longest electrode rod is 1.30 m. Therefore, as the position of the cross-section varies from −0.65 m to −1.30 m, the field strengths of the electrodes in the cross-section increase with the change in the electrode position in the cross-section. The maximum value of the cross-section E-field strength gradually becomes smaller as the number of electrode rods in the cross-section decreases, and the E-field strength is high at the position where only electrode rods are present. Although the overall distribution of the electric field for all three shapes of electrode structures after the cross-section position below −1.30 m shows a butterfly-wing distribution, the maximum value of the electric field strength for the cut-section electrode structure is smaller than that of the other two electrode structures, and the corresponding area of the high-field-strength distribution region is also smaller.




3.1.2. Longitudinal Cross-Section Electric Field Distribution


Figure 7, Figure 8 and Figure 9 show the electric field distribution in different longitudinal sections of the three electrode structures at 0.02 s, respectively. Figure 7a,b show the electric field distribution between the A-phase electrode of the spherical electrode structure and the inner cylinder, and it can be seen that the electric field intensity at a point on the bottom end of the electrode rod is larger than that in the other regions; the maximum electric field intensity of the cross-section is 0.1495 kV/m and 37.27 kV/m, respectively; and the stronger electric field region is between the electrode rod and the inner cylinder wall. Figure 7c,d show the electric field distribution between the phase B and C electrodes of the spherical electrode structure and the inner cylinder; the maximum electric field strength is still at a point at the bottom end of the electrode rod; the cross-sectional maximum electric field strengths are 155.7 kV/m and 47.80 kV/m, respectively; and a stronger electric field region is formed between the phase B and C electrodes and the inner cylinder wall. The electric field distribution of the planar electrode structure in four longitudinal sections is shown in Figure 8a–d. Since the length of the electrode rods of the planar electrode structure and the spherical electrode structure are equal, the electric field distribution region of each section at the same position is similar, but the maximum electric field strength of each section is different. The maximum electric field strengths in the four longitudinal sections are 0.1459 kV/m, 69.56 kV/m, 245.5 kV/m, and 49.08 kV/m, respectively. The electric field distribution between the phase A electrode of the planar electrode structure and the inner cylinder is shown in Figure 9a,b. As shown in Figure 9a, when the cross-section position is y = −0.80 m, the electric field intensity near the bottom end of the electrode rod is larger than that of the spherical electrode structure, and the planar electrode structure in the cross-sectional electrode structure, and the maximum electric field intensity is 0.4290 kV/m in this cross-section, which creates a strong electric field region larger than that of the other two electrode structures. As shown in Figure 9b, at the cross-section position of y = −0.40 m, the length of the electrode rod of the sectional electrode structure is smaller than that of the electrode rod of the spherical electrode structure, and the planar electrode structure in the cross-section at the same position; the maximum E-field intensity also appears at the bottom end of the electrode rod; the maximum E-field intensity of the cross-section is 66.57 kV/m; and the formed region of strong E-field intensity is smaller than that of the remaining two shapes of electrode structure. As shown in Figure 9c,d, the maximum electric field strengths of the two cross-sections are 238.4 kV/m and 47.90 kV/m, respectively, and the strong field strength region formed between the electrodes of the two phases B and C in the cross-section is smaller than the remaining two shapes of electrode structures because of the short length of the electrode rod.





3.2. Electric Field Inhomogeneity Coefficient


To grasp the overall electric field uniformity of the three electrode models at different moments, the maximum and average values of the electric field strengths were extracted from the three electrode models by setting a step size of 0.001 s during the simulation time of 0~0.02 s. The overall electric field inhomogeneity coefficients of the furnace water under the three electrode structures were calculated, as shown in Figure 10.



It can be seen that the uneven coefficients of the electric field of furnace water of the three electrode structures undergo periodic changes. The value of the electric field inhomogeneity coefficient of the furnace water of the sectional electrode structure is the largest at any moment, and the range of fluctuation within a cycle is also the largest, while the electric field inhomogeneity coefficient of the furnace water of the spherical electrode structure is smaller and fluctuates within a small range. The electric field inhomogeneity will lead to different regions of the furnace water at different locations being subject to different electric field strength effects, resulting in different heating effects. If the electric field inhomogeneity coefficient is very high, the uniformity of the heating of the furnace water will deteriorate, i.e., some areas may be overheated, while other areas may be underheated. It can be seen that, compared with the other two electrode structures, the electric field around the spherical electrode structure is more uniform, i.e., it causes a low degree of electric field distortion, which is conducive to the uniform heating of the furnace water.




3.3. Current Density


From Equation (2), it can be seen that the current density is proportional to the electric field strength, and the higher the electric field strength, the higher the current density will be. Figure 11 shows the simulation results of the current density in the furnace water at 0.02 s for the three electrode structures. As can be seen from Figure 11, the maximum values of current density all appear at the bottom end of the electrode rod, and the maximum current density of the spherical electrode structure is shown in Figure 11a is 5546 A/m2, which is smaller than the 6335 A/m2 of the planar electrode structure shown in Figure 11b and the 15,985 A/m2 of the sectional electrode structure in Figure 11c. This is because the bottom end of the electrode rod for the spherical electrode structure has been chamfered. The end of the structure is rounded and does not form a sharp area, while the side and bottom surfaces of the electrode rod of the sectional electrode structure and the planar electrode structure both form a sharp area at the intersection. The sharper the electrode rod, the greater the curvature and the higher the current density. During normal operation of the boiler, the high current density value will cause the electrode rod to have a resistive effect and consume power in the form of heat. The bottom end of the electrode rod is also prone to overheating, melting, and deformation to form a tip, causing further distortion of the electric field, changing the uniformity of the electric field distribution in the furnace water, i.e., the heating area is not uniform and the thermal efficiency is reduced. In addition, excessive current density can also lead to electrolytic reactions in furnace water. In the process of electrolysis of furnace water, water molecules are decomposed into hydrogen ions and oxygen ions, and then electron transfer occurs through the reduction and oxidation reactions on the electrodes, ultimately generating hydrogen and oxygen, resulting in an imbalance of air pressure in the boiler. The presence of oxygen will also cause discharge phenomena in the gas between the high-voltage electrodes or even gas breakdown, seriously affecting the operational safety of the boiler.





4. Temperature Field Simulation Results Analysis and Discussion


Figure 12 shows the temperature distribution of the furnace water at the end of 2 s for the three electrode structures. The higher temperature region of the furnace water under the three electrode structures is distributed between the three-phase electrodes, between the electrodes and the wall of the inner cylinder, and the temperature in the region of the furnace water at the bottom of the electrode rods and the bottom of the inner cylinder is lower. The heating area of the furnace water under the spherical electrode structure and the planar electrode structure is larger than that of the sectional electrode structure. The maximum temperature change and average temperature change in the furnace water under the three electrode structures are shown in Figure 13a,b, respectively. The maximum temperature of the furnace water under the spherical electrode structure increases to 286 °C, the maximum temperature of the furnace water under the planar electrode structure increases to 251 °C, and the maximum temperature of the furnace water under the sectional electrode structure increases to 499 °C within 2 s simulation time. The average temperature of the furnace water under the spherical electrode structure increased from 90 °C to 96 °C, that of the furnace water under the planar electrode structure increased from 90 °C to 93 °C, and that of the furnace water under the sectional electrode structure increased from 90 °C to 95 °C. The bottom end of the sectional electrode rod is sharper, where the electric field strength and current density are the highest, and the surrounding temperature will be higher, so the maximum temperature of the furnace water is the highest among the three electrodes. The average temperature of the furnace water under the spherical electrode structure is the highest among the three electrodes, indicating that the heating efficiency of the furnace water is the highest among the three electrode structures.



To more intuitively analyze the heating efficiency and heating area of different shapes of electrode structure, respectively, in the heating area between the electrodes of the two phases B and C, along the center cylinder to the inner cylinder to select a horizontal intercept line, along the liquid side of the furnace water to the bottom of the inner cylinder (i.e., the bottom of the furnace water) to take a longitudinal intercept line (the two intercept lines through the mid-point of the nearest distance of the two phases B and C), and to analyze the change in the temperature of the furnace water on the two intercept lines.



Figure 14a shows the temperatures of furnace water at 2 s at each intercept point on the transverse line taken from the three electrodes, where the coordinates of the transverse line are 0.25 m for the position of the center cylinder wall and 0.9 m for the position of the inner cylinder wall. It can be seen that the temperature of the furnace water under the three electrode structures shows a gradual decrease from the center cylinder to the inner cylinder wall, and the maximum decrease is at about 0.7 m, i.e., near the outer edge of the electrode. In addition, the temperature of the furnace water under the spherical electrode is larger than that of the other two electrodes at the same position, indicating that the heating efficiency of the spherical electrode in the transverse direction is higher than that of the other two electrodes. Figure 14b shows the temperature of furnace water at 2 s at each intercept point on the longitudinal line taken from the three electrodes, where the coordinates of the longitudinal line are 0.2 m for the position of the liquid surface of the furnace water and 1.6 m for the position of the bottom of the inner cylinder. It can be seen that the temperature of the furnace water under the three electrode structures shows a stepwise change, i.e., the temperature decreases from the liquid surface of the furnace water to the bottom of the inner cylinder in a stepwise manner. The temperature drop point of the furnace water occurs at the end of the electrode. At a depth of no more than 1 m from the liquid surface of the furnace water, the temperature of the furnace water under the planar electrode is significantly lower than that of the other two electrode structures. From the liquid surface of the furnace water to about 0.75 m from the liquid surface, the temperatures of the furnace water under the spherical and sectional electrodes were the same, indicating that the furnace water was uniformly heated in this region. However, the temperature of the furnace water under the sectional electrode started to decrease after the depth from the liquid surface of the furnace water was greater than 0.75 m. Similarly, the temperatures of the furnace water under the spherical and planar electrodes started to decrease after a depth of about 1.1 m from the liquid surface. It can be found that the temperature of the furnace water under the spherical and plane electrodes is more uniform, and the spherical electrode has a better heating effect in the longitudinal direction than the remaining two electrodes. Taken together, the spherical electrode in the middle region of the two-phase electrode has a higher heating temperature and a larger heating area, which is more conducive to improving the heating efficiency of the boiler.




5. Experimental Verification


To verify the validity of the simulation method, an equally scaled-down spherical electrode object was designed, and furnace water heating experiments were carried out to measure and analyze the change in water temperature at different locations. Figure 15 shows the experimental circuit and the 1:6 scaled-down spherical electrode. In the experiment, a 400 V AC voltage was applied to the three-phase electrodes to heat the furnace water. Thermocouples were installed at three typical locations between phase A and the inner cylinder wall (thermocouple 1), 10 mm below the liquid level between phases B and C (thermocouple 2), and at the bottom of the electrode rod between phases B and C (thermocouple 3). The initial conductivity of the furnace water was 76 μS/cm.



Figure 16 shows the experimental and simulation results of the furnace water temperature at different positions under the equally scaled-down spherical electrode structure. From Figure 16a, the measured values of the average heating rate of the furnace water at the three typical positions are 7.95 °C/min, 8.08 °C/min, and 3.32 °C/min, respectively, while the simulated values for the corresponding positions are shown in Figure 16b as 8.76 °C/min, 8.60 °C/min, and 3.50 °C/min. The difference between the simulated and measured values of the average heating rate of the furnace water at the three typical positions is 9.3%, 6.0%, and −5.4%. Further analysis reveals that the temperature of the furnace water in the simulation shows a linear increase with time, while the measured temperature of the furnace water shows a non-linear increase with time, which is due to the change in the conductivity of the furnace water with temperature. Measurements show that the conductivity of the furnace water σ and the temperature T satisfies Equation (6):


  σ = 0.417 T + 67.81  



(6)







According to Equation (6), the conductivity of the furnace water during the simulation is corrected in real time, and the temperature changes in the furnace water at three typical positions are shown in Figure 16c. It can be seen that the average heating rate of the furnace water at the three typical locations is 8.55 °C/min, 8.36 °C/min, and 3.47 °C/min, respectively, and the comparison with the measured values in Figure 16a shows that the simulated values of the furnace water conductivity corrected relative to the measured values are reduced to the errors of 2.4%, 2.8%, and 0.9%. Therefore, the furnace water heating of the high-voltage electrode boiler can be better derived from the simulation in this paper, and the error between the simulated and measured values is not higher than 2.8%.




6. Conclusions


To address the problem of electrode shape design for an immersed HVEB, this paper analyzes the finite element simulation of a spherical electrode, a plane electrode, and the effect of a cut surface electrode on the electric field and temperature field of the furnace water, carrying out the simulation as well as a temperature rise test of the spherical electrode of the small model, and the following conclusions are obtained:




	
Under the spherical electrode, the electric field distribution in the furnace water is more uniform; the maximum field strength change value, the uneven coefficient, and the fluctuation value of the body electric field are all the smallest; and the electric field distortion degree is the lowest, which is more conducive to the uniform heating of the furnace water.



	
The maximum value of the current density of the furnace water under the spherical electrode is lower than that of the planar electrode and the sectional electrode. The maximum value of the current density of the furnace water under the three electrodes is located at the bottom end of the electrode, i.e., the sharper the bottom end of the electrode, the greater the curvature, the higher the current density of the furnace water, and the probability of over-temperature phenomenon of the furnace water at the bottom end of the electrode will be sharply increased, which can easily lead to the electrolysis of the furnace water.



	
Temperature field simulations show that the spherical electrode structure has the largest heating area, the highest average temperature rise of the furnace water, and the highest heating efficiency.



	
Through the temperature rise test of the small model spherical electrode, the simulation data of the small model spherical electrode and the temperature rise test were compared and analyzed in terms of the average temperature rise rate at special points, and the results showed that the maximum error percentage was within 10%; and after correcting the conductivity of the simulation model, the maximum error ratio was reduced to 3%, which proved the accuracy of the simulation method.



	
The spherical electrode structure has the best overall performance among the three electrode structures, which can effectively improve the safety of the high-voltage electrode boiler in actual operation. In the following research, the electrode materials should be researched to obtain low-cost, conductive, and corrosion-resistant materials to improve the life and safety of the high-voltage electrode boilers.
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Figure 1. Principle diagram of the immersion high-voltage electrode boiler. 
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Figure 2. Electrode model diagram. (a) Spherical electrodes. (b) Planar electrodes. (c) Sectional electrodes. (d) Overall structure. 
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Figure 3. Diagram of section. (a) Cross-section schematic. (b) Longitudinal section schematic. 
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Figure 4. Transversal electrical field distribution of spherical surface electrodes. (a) z = −0.25 m. (b) z = −0.75 m. (c) z = −1.25 m. (d) z = −1.50 m. 
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Figure 5. Transversal electrical field distribution of planar electrodes. (a) z = −0.25 m. (b) z = −0.75 m. (c) z = −1.25 m. (d) z = −1.50 m. 
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Figure 6. Transversal electrical field distribution of the sectional electrodes. (a) z = −0.25 m. (b) z = −0.75 m. (c) z = −1.25 m. (d) z = −1.50 m. 
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Figure 7. Longitudinal electric field distribution of spherical electrodes. (a) y = −0.80 m. (b) y = −0.40 m. (c) y = 0.40 m. (d) y = 0.80 m. 
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Figure 8. Longitudinal electric field distribution in planar electrodes. (a) y = −0.80 m. (b) y = −0.40 m. (c) y = 0.40 m. (d) y = 0.80 m. 
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Figure 9. Longitudinal electric field distribution at sectional electrodes. (a) y = −0.80 m. (b) y = −0.40 m. (c) y = 0.40 m. (d) y = 0.80 m. 
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Figure 10. Furnace water electric field inhomogeneity coefficient. 
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Figure 11. Current density distribution. (a) Spherical electrodes. (b) Planar electrodes. (c) Sectional electrodes. 
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Figure 12. Temperature field distribution. (a) Spherical electrodes. (b) Planar electrodes. (c) Sectional electrodes. 
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Figure 13. Furnace water temperature change. (a) Maximum temperature change. (b) Average temperature change. 
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Figure 14. Temperature change on the truncated line. (a) Transverse line. (b) Longitudinal line. 
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Figure 15. Furnace water heating experiment circuit and spherical electrode physical drawing. (a) Experimental circuit. (b) Spherical electrode model. 
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Figure 16. Variation in furnace water temperature with time in different cases. (a) Measured value of furnace water temperature. (b) Simulated value of furnace water temperature. (c) Simulated value of furnace water temperature after correction of furnace water conductivity. 
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Table 1. Properties of model materials.
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	Model
	Material
	Relative Permittivity
	Electrical Conductivity/S∙m−1





	High-voltage electrode
	20#steel
	1
	1.12 × 107



	Electrode disk
	20#steel
	1
	1.12 × 107



	Electrode rod
	20#steel
	1
	1.12 × 107



	Inner cylinder
	20#steel
	1
	1.12 × 107



	Furnace water
	Trisodium phosphate solution
	2.9
	200 × 10−4



	Center cylinder
	Polytetrafluoroethylene
	2.1
	10 × 10−14










 





Table 2. Three-phase voltage expression.
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	Phase Sequence
	Expression





	A phase
	     10  2   /   3    × sin   100 π t     



	B phase
	     10  2   /   3    × sin   100 π t +   2 π  / 3      



	C phase
	     10  2   /   3    × sin   100 π t +   4 π  / 3      
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