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Mathematical modeling of electromagnetic stirring process in aninduction crucible furnace is presented. The model is based on one way coupled electromagnetic and flow phenomena. The paper is focused on calculation of distribution of electromagnetic and flow fields in the sub-domain of molten metal. Based upon these calculations the distribution of the Lorentz force and velocity of liquid metal are determined. It makes it possible to provide a theoretical analysis of the mechanical efficiency of the induction crucible furnace considered as an electromagnetic stirrer. An illustrative example dealing with a one-phase induction crucible stirrer is analyzed. The results show that the mechanical efficiency of the device reach quite small values.

Introduction

Induction crucible furnaces are widely used in different branches of modern industry. Apart from melting and preheating of metals they are mostly used for melting, preheating and homogenization of the compositions of liquid metals in such metallurgical processes like casting or refining. Due to high energy consumption, such processes should be precisely optimized. One of the important objectives of such an optimization is to obtain an appropriate intensity of stirring, which is usually expressed by an average flow velocity. However, in the case of large electromagnetic stirrers used in steel and/or non-ferrous metals industry, their mechanical efficiency, defined as the ratio of the energy used for acceleration of metal to the total power supplied to the inductor, has very interesting properties. Therefore, it is necessary to carry out an effective evaluation of the mechanical work done by the induction crucible furnace considered as a stirrer.Whilethe classic rotating electrical machines or linear movable elementsrepresent rigid bodies, which allows even purely analytical determination of their efficiency, electromagnetic stirring is much more complicated in this respect. The device of this type works with conductive liquid that is to be set into motion. Due to non-uniform distribution of electromagnetic forces, forces of friction along the crucible walls, and often turbulent flow of molten metal,determination of the mechanical efficiency of the crucible furnace should be based on knowledge of the spatial distribution of mechanical power dissipated in the entire volume of the device.

Mathematical model of electromagnetic stirring

The mathematical model consists of two partial differential equations describing electromagnetic and flow fields in the crucible. The presented study covers the period of operation of the furnace after melting metal and stabilizing the velocity field. This allows introducing some simplifications in the electromagnetic model (with acceptably small deterioration of the accuracy of results) to achieve the solution in reasonable time, using sequential coupling of electromagnetic field and hydrodynamic field. Coupling of this type first provides the distribution of electromagnetic forces, and then simulation of the hydrodynamics. Analysis of the electromagnetic field is based on Maxwell's equations supplemented with generalized Ohm's law. The model is simplified using the transition from the time domain to the frequency domain. Electromagnetic field analysis starts from the approach working with the phasor of the magnetic vector potential A [1]. In order to allow for the sequential model, the electromagnetic coupling with the hydrodynamic model does not include the impact of temperature on the physical properties of metal, as well as the eddy current density due to movement of molten metal in magnetic field [2]  
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where μ denotes the magnetic permeability, Ais thephasor of the magnetic vector potential, σstands for theelectric conductivity, andJ s isthe phasor of thefield current density.

Phasors of magnetic flux density B and eddy current densityJmay be determined from equation (1) after taking account the relations (2) and (3). 
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where vdenotes the velocity, η, ρare the dynamic viscosity and density, p stands for the pressure, and f e is the volumetric density of the Lorentz force, and g represents the gravity acceleration.

Due to high values of the Reynolds number, the flow should be analyzed as turbulent. This number is on the order of 10 4 -10 5 . This necessitates to include an appropriate model of turbulence. Our analysis was based on a widely used modelk-ε characterized by a relatively short time of computation.

Neglecting the influence of temperature on electric conductivity of metal and neglecting the influence of velocity of melt on eddy currents distribution in it allows using a computationally efficient, sequential model working only with coupling of electromagnetic and flow fields [3][4][5][START_REF] Barglik | 10th International Scientific Conference: Electric Power Engineering[END_REF]. Figure 1 shows a simplified diagram of this way of coupling.

For devices in which the free surface is significantly dependent on electromagnetic field (mainly small stirrers and stirrers working light metals such as aluminum), this coupling scheme should be implemented in a series of calculations including changes of free surface shape of the metal bath [START_REF] Golak | [END_REF][8][9][10]. For larger furnaces stirrers and heavier metals at higher, such as steel, the phenomenon of the meniscus occurs on a relatively small scale, so does not affect significantly on the mechanical power in a separate stirrer and can be omitted in order to minimize the computation time.

Fig. 1: Schematic model of one-way coupling of electromagnetic and hydrodynamic model

Mechanical efficiency of the electromagnetic stirrer

We defined the mechanical efficiency  m of electromagnetic stirring as a ratio of the generated mechanical power P m in the flowing metal to the power P i delivered to the inductor m m i P P   [START_REF] Golak | [END_REF] The specific mechanical power p m and its total value P m are given by formulae ( 8) and ( 9)

m p  e fv , ( 8 
) mm d V P p V   (9)
provided that a small influence of the convection is neglected.

Illustrative example

Determination of the mechanical efficiency was investigated for the case of single-phase stirring of steel in the crucible furnace with the height of 400mm, lower diameter of 370mm and upper diameter of 400mm. The inductor was powered by current of amplitude of 1000A and frequency of 50Hz.

Based on the model of the electromagnetic field (1) we obtained a series of fields acting in molten metal. These distributions are depicted in Fig. 2. The field of the Lorentz forces is shown in Fig. 2a The final flow field distribution after stabilization of flow velocity obtained from the hydrodynamic model is shown in Fig. 2b. Two toroidal vortices are well visible, which is typical for single-phases stirring. The highest velocities were observed near the walls and the upper surface, but they do not differ much from the average volume velocity (see Table 1), resulting in a relatively uniform mixing. Based on the obtained field distribution of electromagnetic forces and velocity field, we determined the spatial distribution of mechanical power density generated in the liquid metal. In order to improve readability of the figures, this distribution is presented in two separate areas. Figure 3c shows the section in with emitted mechanical power and Fig. 2d with absorbed mechanical power. Emitted mechanical power occurs in the domains where the dot product ( 8) is positive, in other words, where the angle between vectors f e and vis between 0 and 90°, while power is absorbed in areas where the dot product (8) is negative, i.e., where the angle between vectorsf e and vis between 90° and 180°. While the occurrence of emission of the mechanical power is restricted just to the area near the wall of the crucible, the same quantity is absorbed near the free surface and also near the bottom of the crucible. The effect of these phenomena is extremely low mechanical efficiency of the mixer, especially if it is compared with the efficiency of heating (see Table 1). The results obtained for the solved sample mixer provided a very low mechanical efficiency of this device. The reason is that a significant part of energy is used for heating both the inductor and, above all, liquid metal, while just its small part is changed to work exerted by the electromagnetic forces. As a result, the efficiency of the mechanical mixer is about three orders lower than the electrical efficiency, which in the case of equipment, whose primary task is to perform mechanical work and make the molten metal flow, is very unfavorable. Low efficiency of mechanical stirring gives a high potential for optimization of these devices in order to increase its value as much as possible.

  of the above equations of magnetic induction and eddy current density allows determining the time-average specific electromagnetic forces, acting in molten metal.where B * is the complex conjugate ofB.The flow of liquid metal in the stirrer is described by the set of Navier-Stokes and the continuity equations for the incompressible
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 2 Fig. 2: Distributions of the fields in the crucible: a)Lorentz forcefield, b)the velocity field, c) emitted mechanical power, d) absorbed mechanical power.
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 1 Important calculated parameters of molten metal in the crucibleConclusionsEstimation of the mechanical efficiency of electromagnetic stirring helps to evaluate the effectiveness of the crucible furnace and allows its optimizing in this respect.
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