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Abstract

:

In this paper, a mathematical model of an electromagnetic field during an electroslag remelting process of industrial-scale slab was established using a Maxwell 3D module in Ansys Electromagnetics Suite. The distribution characteristics of the magnetic field intensity, current density and Joule heat density during the electroslag remelting process were analyzed in detail. On this basis, the influence of the current frequency on the electroslag remelting process of an industrial scale is studied, and the influence of process parameters such as the slag pool depth, electrode insertion depth and ingot height on the electromagnetic field is also considered. The results show that the Joule heat generated in the slag pool is much greater than that of the electrode and the ingot. The maximum Joule heat is located at the contact between the electrode corner and the slag pool, and the Joule heat near the middle of the two electrodes is greater than the rest. With the increase in the current frequency, the current density distribution in the slag cell is basically unchanged. The current density inside the two electrodes increases obviously with the current frequency. When the current frequency increases from 10 Hz to 50 Hz, the maximum current density at the inner surface of the electrode increases by 14.7%. The current distribution at the lower side of the electrode in the slag pool is relatively uniform, and the current density in this region decreases with the increase in the height of the slag pool and the increase in the depth of the electrode inserted into the slag pool.
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1. Introduction


The electroslag remelting process is to insert the metal processed into a specific shape as a consumable electrode into a conductive and refining slag pool and use the heat released by the current through the high-resistivity slag pool to melt the electrode. The molten metal droplets fall into the mold through the slag pool to form a metal molten pool. As the electrode continues to melt, the metal molten pool continues to solidify from the bottom to the top in the mold to form an ingot [1,2]. In the process of metal droplet formation and passing through the slag pool, the specific surface area of the metal droplet increases greatly, and the harmful impurity elements and non-metallic inclusions in the molten metal are quickly removed. At the same time, the smelting environment of the molten slag and non-refractory materials effectively avoids the secondary pollution of molten metals. Because a layer of slag shell is formed between the mold wall and the ingot, the lubrication between the ingot and the mold wall can be increased, and the surface quality of the ingot can be improved. The formation of the slag shell also reduces the heat loss in the radial direction of the ingot, which is beneficial to the formation of the directional solidification structure and improves its internal quality [1,2,3,4]. In addition, the electroslag remelting process is simple in operation, is low in equipment investment and operating costs and can produce ingots of different shapes. The electroslag remelting process plays an increasingly important role in the field of special metallurgy [5].



Nuclear power steel 18MND5 is a special structural steel, mainly used in a major nuclear power plant pressure vessel cylinder, water supply pipe, manhole seat, manhole cover and other components. The steel used for nuclear power needs to have the characteristics of an accurate and stable composition, fewer inclusions and a lower gas content, good mechanical properties and a metallographic structure [6,7]. In order to ensure product quality and meet the requirements of large-scale ingot, the electroslag remelting process is adopted to refine the slab produced by the continuous casting process on the basis of a series of advanced smelting technologies. Combined with the characteristics of the electrode material and product shape, a bipolar series electroslag furnace is used for production [8,9,10,11]. The physical phenomena in the electroslag remelting process are very complicated, and there is a complex interaction between the electromagnetic field, flow field and temperature field. The interaction of the electromagnetic field provides the heat required for electrode melting in the electroslag remelting process and has an important influence on the temperature change and the solidification structure of the final ingot. Therefore, it is very important to study the changes in the electromagnetic field and temperature field in the process of electroslag remelting, optimize the process of electroslag remelting and obtain high-quality ingot [12,13,14,15,16,17,18,19,20,21,22,23].



The electromagnetic field of the electroslag remelting process has been studied by many researchers. Liu F et al. [24] studied the electromagnetic behavior in the ESR process by numerical simulation and analyzed the distribution characteristics of the current density, magnetic field intensity, electromagnetic force and Joule heat in the ESR process of a laboratory and industrial scale. Wang F et al. [25] took the electrode, slag pool and ingot in the electroslag remelting process as research objects, established a finite element model of an electromagnetic field and analyzed the distribution of the magnetic field, electromagnetic force, current density and Joule heat density. Liu Y et al. [26] obtained the distribution of an electromagnetic field and joule heat field in the stable electroslag remelting process by using finite element analysis software and analyzed the distribution of the shape, temperature and velocity field of the metal melt pool in the process of electroslag remelting under basic control parameters. Jing X et al. [27,28] established a mathematical model of the electroslag remelting of hollow ingot by conducting a crystallizer, calculated the influence of different power supply methods on the temperature field of an electroslag remelting hollow ingot system and then analyzed the influence of the electric field system and temperature field distribution on the quality of the hollow ingot. Wang C et al. [29,30] analyzed the effects of the remelting current, filling ratio, electrode immersion depth and slag thickness on the solidification process of electroslag remelting. However, the electromagnetic field of the slab bipolar series electroslag remelting process lacks systematic research.



At present, however, due to the high cost of an electroslag remelting test, it is difficult to systematically study the mechanism of electroslag remelting by test methods, and most studies focus on the simple single-pole electroslag remelting of small ingot, while few studies focus on the bipolar series electroslag remelting of a large slab. Numerical simulations can overcome the defects of physical tests and are becoming an effective means to study the mechanism of electroslag remelting and establish the internal relationship between the parameters of the electroslag remelting process and the quality of the final ingot [30,31,32]. In this paper, a mathematical model of an electromagnetic field during the electroslag remelting process of an industrial-scale slab was established using the Maxwell 3D module in Ansys Electromagnetics Suite. The distribution characteristics of the magnetic field intensity, current density and Joule heat density during the electroslag remelting process were analyzed in detail. On this basis, the influence of the current frequency on the electroslag remelting process of an industrial scale is studied, and the influence of process parameters such as the slag pool depth, electrode insertion depth and ingot height on the electromagnetic field is also considered.




2. Mathematical Model


The slab bipolar series electroslag remelting model (as shown in Figure 1) is mainly composed of two electrodes, a slag pool and ingot. Single-phase AC current flows in from one electrode and out from the other, thus generating an electromagnetic field and thermal effect in the model.



The governing equations of an electromagnetic field are mainly described by Maxwell equations, and the thermal effect obeys Joule’s law.



2.1. Governing Equations


The main equations used in the model were as follows:



Gauss’s law:


  ∇ × B = 0  



(1)







Ampere’s law:


  J = ∇ ×  B μ   



(2)







Faraday’s law:


  ∇ × E = −   ∂ B   ∂ t    



(3)







Ohm’s law:


  J = σ E  



(4)







Joule’s law:


  Q =      | J |   2   σ   



(5)




where  B  is the magnetic flux density, T;  J  is the induced current density, A·m−2;  μ  is the magnetic permeability, H·m−1;  E  is the electric field strength, V·m−1;  σ  is the electrical conductivity, S·m−1;  Q  is the joule heat density, W·m−3.




2.2. Assumptions and Simplified Mathematic Model


To simplify the model reasonably, the following assumptions are made:




	(1)

	
The electroslag remelting process is regarded as a quasi-steady state process, and the influence of droplet movement on the electromagnetic field is ignored;




	(2)

	
Compared with the magnetic field generated by the melting current, the induced magnetic field generated in the ingot melting pool is negligible;




	(3)

	
The surface of a slag pool and molten steel pool is assumed to be flat, and the influence of the molten pool flow on the magnetic field is ignored;




	(4)

	
It is assumed that the slag film between the mold and the ingot has a good insulation effect; since the relative permeability of the mold and the cooling water is close to 1, the model is treated according to the air domain;




	(5)

	
The slag pool, ingot and electrode are regarded as isotropic materials, and their physical property parameters such as conductivity and permeability are set as constant.










2.3. Boundary Conditions and Calculating Parameters







	(1)

	
The magnetic field lines are parallel to the outer surface of the air region;




	(2)

	
There are two electrodes, one positive and the other negative, and the melting current is loaded at the top of the electrode.









The electromagnetic field calculation model of slab bipolar series electroslag remelting mainly includes electrodes, a slag pool, ingot and an air domain. The electrode and ingot are titanium alloy, and the slag pool is an ANF-6 (70%CaF2–30%Al2O3) slag system. Its structure is shown in Figure 1, where Figure 1a is the entire model and Figure 1b is the forward longitudinal section of the model (excluding the air domain).



In this paper, the Maxwell3D module in Ansys Electromagnetics Suite was used for the calculation. Tetrahedral mesh was used in the calculation domain, mesh adaptive technology was used for mesh encryption and more fine mesh was used for the electrodes, slag pools and ingots to improve the calculation accuracy. Detailed parameters of the model are shown in Table 1, and the physical property parameters used in the model calculation are shown in Table 2.





3. Model Validation


In the actual production process, the physical quantities such as the current and temperature around the model are difficult to measure, but the magnetic field can be measured in a non-contact manner using a Gaussian meter. Figure 2 shows the distribution of the magnetic field strength on the positive longitudinal section of the model under the condition of a melting current of 20 kA and a frequency of 50 Hz. It can be seen from the figure that the magnetic field is mainly distributed in the electrode, the slag pool and the top of the ingot, and the magnetic field in most of the lower part of the ingot is very small. The magnetic field intensity in the electrode is mainly distributed on the surface, and the magnetic field intensity in the slag pool is mainly distributed in the central region, which is related to the distribution of current. According to the right-hand rule, it can be judged that the magnetic field intensity in the middle area of the two electrodes is the largest due to the superposition of the magnetic field generated by the two electrodes.



In order to compare the difference between the calculation results of the stirring magnetic field and the actual data in the field, the Gauss meter is used to measure the magnetic field strength along the two ends and the middle gap of the two electrodes on the transverse center line of the upper surface of the slag pool. Figure 3 is the comparison between the calculated value and the measured value of the magnetic field strength on the transverse center line of the upper surface of the slag pool under the melting current of 20 kA and the frequency of 50 Hz. It can be seen from the figure that the calculated value is basically consistent with the measured value, and the error is small. Table 3 shows the comparison between the measured value and the calculated value of the magnetic field strength. It can be seen that the error at X = −1000 mm is relatively large, which is 4.61%, still less than 5%. The measured value is slightly lower than the calculated value, which may be due to the existence of a certain magnetic flux leakage in the actual circuit, and some equipment is simplified in the model.




4. Results and Discussion


4.1. Current Distribution in the Model


Figure 4 shows the current distribution on the positive longitudinal section of the electroslag remelting system and the cross-section of the upper surface of the slag pool (H = 1275 mm) when the smelting current is 20 kA and the frequency is 50 Hz. It can be seen from the figure that the current flows in from the top of the left electrode and enters the slag pool through the bottom of the electrode. Due to the low conductivity of the slag pool, a part of the current enters the ingot after passing through the slag pool and finally flows out from the right electrode. The current distribution in the slag pool is relatively uniform, and the current density in the slag pool is smaller than that of the electrode and the ingot. In the electrode region, the current is mainly concentrated on the outer surface, and the skin effect is significant. Because the current directions in the two electrodes are opposite, they attract each other, and the current is concentrated in the middle region of the two electrodes, resulting in an asymmetric current distribution in the electrode. When the current enters the slag pool, the current density distribution changes due to the change in conductivity. The current density at the corner of the electrode is the largest, up to 2.6 × 105 A/m2, which is much larger than that in other regions. According to the distribution of the current, it can be preliminarily judged that the middle area of the two electrodes and the slag pool near the corner of the electrode are the main heat source areas for the melting of the consumable electrode.




4.2. Joule Heat Distribution in the Model


Figure 5 shows the Joule heat distribution of the forward longitudinal section of the electroslag remelting system when the melting current is 20 kA and the frequency is 50 Hz. In order to observe the Joule heat distribution in the slag pool, the Joule heat distribution on the cross-section of 20 mm (H = 1250 mm) from the upper surface of the slag pool is also extracted. It can be seen from the figure that since the resistivity of the slag pool is much larger than that of the electrode and the ingot, although the current density in the slag pool is smaller than that of the electrode and the ingot, the Joule heat generated in the slag pool is much larger than that of the electrode and the ingot, so the Joule heat in the electrode and the ingot can be ignored. When the current enters the slag pool through the electrode, the current density at the contact between the corner and the slag pool is the largest, and the maximum Joule heat is located at the contact between the corner of the electrode and the slag pool. The Joule heat density can reach 6.98 × 107 W/m3, and the Joule heat in the middle of the two electrodes is greater than that in the other parts, which makes the corner of the electrode melt first under the action of the Joule heat generated by the slag pool. More Joule heat is generated in the middle area of the slag pool, which will lead to a higher temperature in the middle area of the slag pool.



According to the above, the Joule heat generated in the slag pool has a very important influence on the electrode melting and the solidification process of the ingot. According to the relationship between the Joule heat and current (5), the Joule heat is mainly affected by the current density and slag pool conductivity. Due to the small change in conductivity, the current becomes the decisive factor for the generation of Joule heat. Figure 6 shows the current distribution on the positive longitudinal section of the slag pool. Compared with Figure 5, it can be seen that the distribution of Joule heat generated in the slag pool is basically the same as the current distribution. At the same time, the magnetic field generated by the electroslag remelting system is also mainly affected by the smelting current. It can be seen that the distribution of current density is the main influencing factor of the electromagnetic field of the whole system. In order to grasp the main contradiction, the influence of the change in the process parameters on the current distribution in the slag pool is analyzed.




4.3. The Influence of Process Parameters on the Current Distribution of the Model


4.3.1. The Influence of Current Frequency Variation on the Current Distribution


In this section, the influence of the current frequency on the current distribution is investigated by changing the current frequency of 10 Hz, 20 Hz, 30 Hz, 40 Hz and 50 Hz, respectively, while keeping the input power unchanged. Figure 7 shows the current distribution on the transverse center line of the upper surface of the slag pool at different current frequencies. It can be seen from the figure that with the increase in the current frequency, the current density distribution in the slag pool (−1040 mm ≤ X ≤ −900 mm, −100 mm ≤ X ≤ 100 mm, 900 mm ≤ X ≤ 1040 mm) is basically unchanged. The current density in the outer side of the two electrodes (−900 mm ≤ X ≤ −620 mm, 620 mm ≤ X ≤ 900 mm) decreases slightly with the increase in the current frequency. The current density in the inner side of the two electrodes (−620 mm ≤ X ≤ −100 mm, 100 mm ≤ X ≤ 620 mm) increases significantly with the current frequency. When the current frequency increases from 10 Hz to 50 Hz, the maximum current density at the inner surface of the electrode increases from 166.9 kA/m2 to 191.4 kA/m2, an increase of 14.7%.



In order to focus on the analysis of the change in the current density with the current frequency in the slag pool, Figure 8 shows the current distribution on the transverse center line of the cross-section 20 mm from the top surface of the slag pool at different current frequencies. It can be seen from the figure that the current density in the slag pool does not change with the change in the current frequency. The current distribution in the corresponding area (−900 mm ≤ X ≤ −100 mm, 100 mm ≤ X ≤ 900 mm) on the lower side of the electrode in the slag pool is relatively uniform. The following analysis focuses on the change in the current density in the slag pool.




4.3.2. The Influence of Slag Pool Height Variation on the Current Distribution


In the process of electroslag remelting, the energy loss in the slag pool accounts for 50% to 60% of the total input energy. As the height of the slag pool increases, the energy loss will also increase. However, the slag pool is too shallow, the current and voltage fluctuations are large and the smelting process is unstable. In this section, the influence of the height of the slag pool on the current distribution of the slag pool is investigated by changing the height of the slag pool to 250 mm, 275 mm and 300 mm, respectively, while keeping the input power unchanged. Figure 9 shows the current distribution on the transverse center line of the cross-section at 20 mm from the upper surface of the slag pool at different heights of the slag pool. It can be seen from the figure that the current distribution in the slag pool is basically the same when the height of the slag pool is different. The current density in the center and both sides of the slag pool (−1040 mm ≤ X ≤ −900 mm, −100 mm ≤ X ≤ 100 mm, 900 mm ≤ X ≤ 1040 mm) fluctuates, but there is not much change in the whole. The current density of the corresponding area (−900 mm ≤ X ≤ −100 mm, 100 mm ≤ X ≤ 900 mm) on the lower side of the electrode in the slag pool decreases with the increase in the height of the slag pool. The height of the slag pool increases from 250 mm to 300 mm, and the minimum current density in this area decreases from 29.5 kA/m2 to 28.1 kA/m2.




4.3.3. Effect of the Electrode Insertion Depth in the Slag on the Current Distribution


In this section, under the condition that the input power is constant, the depth of the slag pool is fixed at 275 mm, and the electrode insertion depth is changed to 10 mm, 15 mm and 20 mm, respectively; then, the influence of the electrode insertion depth on the slag pool current is studied. The current distribution on the transverse center line of the cross-section at 20 mm from the upper surface of the slag pool at different electrode slag insertion depths is shown in Figure 10. It can be seen from the figure that the current distribution in the slag pool is basically the same when the electrode is inserted into the slag pool at different depths. The current density in the center and both sides of the slag pool (−1040 mm ≤ X ≤ −900 mm, −100 mm ≤ X ≤ 100 mm, 900 mm ≤ X ≤ 1040 mm) did not change much. The current density of the corresponding area (−900 mm ≤ X ≤ −100 mm, 100 mm ≤ X ≤ 900 mm) on the lower side of the electrode in the slag pool decreases with the increase in the depth of the electrode inserted into the slag pool. The insertion depth increases from 10 mm to 20 mm, and the minimum current density in this area decreases from 29.4 kA/m2 to 28.2 kA/m2.




4.3.4. Effect of the Ingot Height on the Current Distribution


As the smelting process progresses, the electrode gradually melts and shortens, and the ingot gradually solidifies. In this section, the influence of the ingot height on the current distribution of the slag pool was investigated by changing the ingot height of 500 mm, 1000 mm and 1500 mm, respectively, while keeping the input power unchanged. Figure 11 is the current distribution on the transverse center line of the cross-section at 20 mm from the upper surface of the slag pool at different ingot heights. It can be seen from the figure that the current distribution in the slag pool is basically the same when the ingot height is different. The current density distribution in the slag pool does not change with the change in the ingot height.






5. Conclusions







	(1)

	
The accuracy of the calculation model is verified by comparing the calculated magnetic field strength data with the data measured by the Gauss meter.




	(2)

	
The Joule heat generated in the slag pool is much greater than that of the electrode and ingot; the maximum Joule heat is located at the contact between the electrode corner and the slag pool. The Joule heat density can reach 6.98 × 107 W/m3, and the Joule heat near the middle of the two electrodes is greater than the rest.




	(3)

	
With the increase in the current frequency, the current density distribution in the slag pool is basically unchanged. The outer current density inside the two electrodes decreases slightly with the increase in the current frequency. The inner current density of the two electrodes increases significantly with the current frequency. When the current frequency increases from 10 Hz to 50 Hz, the maximum current density at the inner surface of the electrode increases from 166.9 kA/m2 to 191.4 kA/m2. The current distribution in the corresponding area of the lower side of the electrode in the slag pool is relatively uniform.




	(4)

	
The current density in the center and both sides of the slag pool does not change with the height of the slag pool and the depth of the electrode inserted into the slag pool. The current density of the corresponding area on the lower side of the electrode in the slag pool decreases with the increase in the height of the slag pool and the depth of the electrode inserted into the slag pool. The current density distribution in the slag pool does not change with the change in the ingot height.
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Figure 1. Schematic diagram of an electromagnetic field calculation model for slab electroslag remelting with a double electrode series. (a) General model diagram. (b) Longitudinal section of model. 






Figure 1. Schematic diagram of an electromagnetic field calculation model for slab electroslag remelting with a double electrode series. (a) General model diagram. (b) Longitudinal section of model.



[image: Metals 14 00037 g001]







[image: Metals 14 00037 g002] 





Figure 2. Distribution of magnetic field intensity on the forward longitudinal section of the model. 
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Figure 3. Comparison between the calculated and measured values of magnetic field intensity on the transverse center line of the upper surface of the slag pool. 
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Figure 4. The current distribution on the vertical section of the model and the cross-section of the upper surface of the slag pool (H = 1275 mm). 
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Figure 5. The Joule heat distribution on the vertical section of the model and the cross-section of 20 mm (H = 1250 mm) from the upper surface of the slag pool. 
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Figure 6. Current distribution on the positive longitudinal section of the slag pool. 
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Figure 7. The current distribution on the transverse center line of the upper surface of the slag pool at different current frequencies. 
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Figure 8. The current distribution on the transverse center line of the cross-section of 20 mm from the upper surface of the slag pool at different current frequencies. 
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Figure 9. The current distribution on the transverse center line of the cross-section at 20 mm from the upper surface of the slag pool at different heights of the slag pool. 
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Figure 10. The current distribution on the transverse center line of the cross-section 20 mm from the top surface of the slag pool when there are different electrode insertion depths in the slag. 
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Figure 11. The current distribution on the transverse center line of the cross-section at 20 mm from the upper surface of the slag pool at different ingot heights. 
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Table 1. Calculation parameters of the electromagnetic field model.
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	Parameter
	Value





	Ingot size/mm
	2080 × 730 × 1000



	Slag pool size/mm
	2080 × 730 × 275



	Electrode sizer/mm
	800 × 500 × 500



	Distance between two electrodes/mm
	200



	Electrode insertion depth of the slag pool/mm
	15



	Melting current Im/kA
	20



	Current frequency/Hz
	50










 





Table 2. Electromagnetic physical property parameters of materials.
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Material

	
Value




	
Bulk Conductivity

	
Relative Permeability






	
Ingot, electrode

	
7.14 × 105

	
1




	
Slag pool

	
175

	
1




	
Air domain

	
0

	
1











 





Table 3. Comparison between the calculated and measured values of magnetic field intensity.
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Item

	
Position




	
X = −1000 mm

	
X = 0 mm

	
X = 1000 mm






	
Calculated/mT

	
4.77

	
20.72

	
4.78




	
Measured/mT

	
4.56

	
20.35

	
4.65




	
Error/%

	
4.61

	
1.82

	
2.80
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