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Abstract. This paper presents a study on modeling the thermal processes in induction crucible furnaces. The principles of constructing thermal models for structural components and molten metal based on a novel method of transformed equivalent thermal circuits are described. The proposed method is applied to the development of energy-efficient automatic control systems for heating and metal melting processes. New approaches to calculating thermal regimes are introduced, and methods for their computation using transformed thermal circuits are presented.
INTRODUCTION
Due to the complexity of calculating the heating process of the metal being melted and the main structural components of crucible induction furnaces, there is great interest in developing a methodology based on a new approach to transforming equivalent thermal circuits (ETC). This approach involves a relatively small volume of computational operations and a rational calculation algorithm, allowing the results of the stationary heating process to be obtained for the stationary heating process of a crucible induction furnace [1].
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FIGURE 1. Equivalent thermal scheme of induction crucible furnaces.
The specifics of using ETC (Equivalent Thermal Circuit) to study the heating processes of main structural components and molten metal in crucible induction furnaces lie in the fact that, depending on the number of thermal bodies considered and the furnace control law, a system of heat balance equations is compiled according to its thermal replacementcircuit. In this case, variations in electrical and thermal parameters are assumed to be lumped, in accordance with the control frequency. The installation is assumed to be symmetrical and is represented as a thermal system consisting of four thermally interrelated bodies: molten metal, inductor, lining, and housing with internal heat sources (Fig. 1). These thermal bodies are connected to each other by corresponding thermal conductivities. The molten metal and housing also transfer heat to the surrounding environment, and all thermal bodies have their respective heat sources [1,2].
We compose a system of differential equations for the heat balance of the corresponding ETC:
  			 (1)
In the heat balance equations and in the conventional designations in the ETC (Figure 1), the same notations are adopted - the indices indicate the serial number of the considered active parts of the ICF:
MATHEMATICAL MODEL
Using this calculation method, it is possible to calculate the thermal heating processes occurring in the molten metal of the induction furnace.
Since the stationary heating mode of an induction furnace is a special case of a transient one, assuming that , we obtain a system of heat balance equations and write it in matrix form:

   				(2)

In the equations presented above, thermal conductivities, heat transfer coefficients, and heat capacities are determined based on the given geometric dimensions of the elements and parts of the induction furnace and the thermophysical parameters of the materials used in them [3].
Due to the similarity of thermal circuits to linear electrical circuits, with corresponding assumptions adopted, we use the method of equivalent transformation of linear electrical circuits with the exclusion of unknowns for these circuits, which allows us to reduce the number of thermal bodies under consideration to a minimum. In this case, thermal conductivities and heat transfer coefficients are transformed as passive elements of a linear electrical circuit, while heat losses and heat capacities are transformed as active elements.[6]
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FIGURE 2. Transformed geometric representation of the ETC ITP.
a) Initial geometric representation: the ETC of the ITP showing four thermal bodies and their thermal conductivities; b) Transformed geometric representation: results after applying transformations with new thermal conductivities and heat transfer coefficients; c) Simplified or final transformed representation: the final connections and heat flows after transformation.
ITP is represented as a thermal system consisting of four interconnected thermal bodies (Fig. 2). The transformation procedure of the ETC is considered for transforming the ETC. For convenience and clarity in the transformation of the ETC of the ITP presented in Figure 2, we use its geometric representation (Fig. 2,a), where the points denote the ordinal numbers of the thermal bodies, the connecting lines represent thermal conductivities; Θ0 is the ambient temperature, and the lines leading to it indicate the heat transfer from thermal bodies, while the dotted lines indicate the results obtained after transformations of new thermal conductivities and heat transfer coefficients [4].
The sequence for determining temperature elevations in the transient and stationary heating modes of the ITP for the sought thermal bodies is established based on the smaller volume of computational operations.[7]
The presented geometric representation of the ETC ITP (Fig. 2,a) is transformed by eliminating thermal body 4-"casing" (Fig. 2,b) and the star of thermal conductances "Λ42-Λ43-Λ4" by equivalently replacing it with a triangle of thermal conductances, we obtain a new transformed ETC (Fig. 2,c) with the following thermal parameters:
,  ,  ,    ,
,,,.
The system of equations for the stationary (temperature reaches the specified value and the holding process occurs) and transient (maximum power) heating modes of the corresponding transformed ETC of the ITP with thermal bodies:
 1 - "metal to be melted," 2 - "inductor," 3 - "lining" (Fig. 2, c) has the following form:
                                                         (3)
                                                                        (4)
Thus, after equivalent transformations, this ETC is replaced by transformed ETCs for each thermal body, which are not thermally related, and to which the corresponding heat balance equations for the transient heating regime are applied, having first-order differential equations, and for the stationary heating regime - the square matrix of thermal conductances is replaced by a diagonal matrix of transformed heat transfer coefficients [5].
RESULTS AND DISCUSSION
By combining the transformed equivalent thermal circuits the transformed equivalent thermal schemes of the thermal bodies of the induction furnace, we represent them as equivalent to the original ETC (Fig. 3), where a is the geometric representation of the transformed ETC of the thermal bodies of the induction furnace, b is the transformed ETC of the thermal bodies of the induction furnace.[8]
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a)                                                                                    b)
FIGURE 3. Transformed ETC of the induction furnace; a - geometric representation of the transformed ETC of the thermal bodies of the induction furnace; b - transformed ETC of the thermal bodies of the induction furnace

Accordingly, for the transformed ETC, we formally combine the heat balance equations for transient and stationary heating regimes, and compose a system of equations for transient and stationary regimes.[10]
 					(5)

 					(6)
The solution to the equation of the transient thermal regime of the molten metal process has the following form:  
								(7)
where Θ1 is the excess temperature of the melting metal during pouring, 0C, T*1 is the calculated constant heating time of the molten metal.
The presented thermal model of the induction steelmaking furnace reflects its main features and allows for the development of measures to ensure energy and resource conservation through mathematical modeling.[9] A functional diagram for regulating the thermal regime of the induction furnace is proposed using the calculated temperature of the molten metal obtained from the mathematical model of the furnace's thermal state, which is presented in Figure 4.
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FIGURE 4. Functional diagram of the automatic control system for the operating mode of the induction crucible furnace using the thermal model of the molten metal: PS - power supply, CS, VS and PS - current, voltage, and power sensors, CB - capacitor banks, ICF - induction crucible furnace, A - adder, PC - programmable controller, DAC - digital-to-analog converter, TM MM - thermal model of the molten metal.
CONCLUSIONS
Thus, considering an induction crucible furnace as a thermal system consisting of four thermally interconnected bodies with internal heat sources, the determination of temperature rises in the specified parts of the furnace can be carried out based on the aforementioned methodology for converting the equivalent thermal circuit.
The presented method for calculating the heating of crucible induction furnaces using equivalent thermal circuits and the obtained transformed thermal parameters Λ*i, P*i, C*i are generalized transformed calculation parameters of the considered active parts of the crucible induction furnace. The transformed calculated heat transfer Λ*i of the i-th thermal body is such a heat transfer that accounts for all existing heat exchanges of this thermal body with other bodies and heat transfer to the surrounding environment of the crucible induction furnace housing. The transformed calculated power losses P*i are not only the losses of a given thermal body but also the sum of losses from other considered thermal bodies that contribute to heating the given thermal body of the crucible induction furnace. The transformed calculated heat capacity C*i   is not only the heat capacity of a given thermal body but also the sum of heat capacities of other considered thermal bodies that contribute to increasing the heat capacity of the given thermal body of the induction crucible furnace.
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