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Coupled Field-Circuit Finite Element Models of a Cold Crucible Furnace in its Environment

Based on dedicated coupled field-circuit models, this paper investigates important parameters of a 300 kHz cold crucible induction furnace in its environment, where metallic water cooling pipes and protective components are present. The finite element computation uses the 3D scalar model of the electromagnetic field and the surface impedance model of the solid conductor regions. The current density, the associated losses, voltages between different parts of the furnace and electrical currents circulating through the pipes are evaluated.

Introduction

Since the 1970s, vitrification has been used for the treatment of high level nuclear waste. A direct induction process using the cold crucible technology is presently being developed by the French CEA (Atomic Energy Commission) and AREVA in order to broaden the range of wastes treated. This process features currents directly induced inside the molten glass and the cooling of all the crucible walls. This cooling produces a solidified glass layer that protects the smelter's inner wall from corrosion [START_REF] Rousset | 3D Modeling of Molten Glass Heated by Direct Induction in a Mechanically Stirred Cold Crucible Melter[END_REF], [START_REF] Dessus | Coupling Electromagnetic and Thermo-Hydrodynamic Simulations to optimize a vitrification furnace heated by direct induction[END_REF].

This article investigates important parameters of a 300 kHz cold crucible induction furnace in its environment, where metallic water cooling pipes and protective components are present. The cold crucible has an internal diameter of 560 mm. It includes 60 stainless steel tubes with a diameter of 30 mm and a height of 1000 mm. A gap of 0.8 mm is maintained between each tube. The cold crucible is supplied with water through a set of pipes.

Description of the Flux3D Coupled Field-Circuit Finite Element Models

The electromagnetic field generated in the cold crucible furnace and in its environment when the furnace inductor is supplied (current 3000 A) was computed using a Flux3D finite element model. The field computation domain, Fig. 1, consists in a parallelepiped volume on whose faces the boundary condition of a tangent magnetic field is applied. The main regions of the computation domain, Fig. 2, are the inductor (IND), the furnace cold crucible (CC), the furnace bottom (BT), the floor and wall (FW) of the furnace environment, and the water pipes (WP) of the furnace cooling system. The eight parallel connected turns of the inductor are made of copper. All other metallic components of the computation domain, the upper furnace lid included, are in stainless steel. For the operating frequency of 300 kHz, all metallic components of the furnace and environment have solid conductor behaviour, the penetration depth of the electromagnetic field very small compared to other characteristic dimensions. In this context, the scalar formulation of the electromagnetic field and the surface impedance model of the solid conductor regions were considered in the 3D computation of the electromagnetic field.

All six water pipes of the furnace environment are in electrical contact with the wall of the FW region. There is a non-conductive space between the regions BT and CC. As concerns the connections between the furnace and the six water pipes of the environment, two cases were considered: Case 1, when the metallic pipes are not in electric contact with the bottom, the cold crucible and the lid, and Case 2, where perfect electric contacts characterize the connections between the furnace and the water pipes. 

Meshing of the Electromagnetic Field Computation Domain

A good meshing of the computation domain, and more specifically of all the metallic components of the computation domain modelled as surface impedance regions, must take into account the physics involved, and especially the values of the penetration depth of the electromagnetic field. It was found that a minimum value of the finite element side much higher the penetration depth value gave reasonably good numerical results, mainly related to the global quantities like powers, voltages and currents. The different images in Fig. 5 show the meshing for different faces of the computation domain modelled in surface impedance. For nodal elements, there are 670394 nodes in the case of first order finite elements, and 5060563 nodes for the second order finite elements. The solving process took 39 min for the 

Current Density and Joule Power in Different Regions

The current density, the most important local quantity result of the electromagnetic field computation, is represented through four images in Fig. 7. The maximum value for all computation domains for Case 1 with first order finite elements, Jmax = 276.03 A/mm 2 , indicated in the legend of the first image, corresponds to a point of the inductor. In order to obtain a better image of the current density, the maximums of the legends were fixed at Jmax/4, Jmax/16 and Jmax/64 in the second, the third and the fourth images of Fig. 7. The results related to the furnace voltage supply and the active power of the furnace are practically the same, with 1756.1 V for Case 1 and 1747.7 V for Case 2, respectively 122.5 kW and 122.1 kW.

Voltages and Currents related to Different Parts of the Cold Crucible Furnace

The results related to the voltages between different distinct parts of the cold crucible furnace given in Tables 2 -4 show a large number of non-negligible values compared to the voltage supply to the furnace. The most important are the voltages U, U1, U2, U3 in Tab. 2. between different points of the furnace bottom, Fig. 5.

The BOX1-BOX2 voltages, Tab.2, are slightly lower in Case 2 than in Case 1. The CC-BOX1 voltages, Tab. 3, decrease from Case 1 to Case 2, and the two highest CC-BOX2 voltages increase. The BOX2-FLOOR voltages, Tab. 4, are globally higher than the BOX1-FLOOR voltages. The two highest BOTTOM-FLOOR voltages, 430.3 V and 352.1 V are above the highest COLD CRUCIBLE-BOTTOM voltage, which is 322.4 V. The results in Table 5 for Case 2, related to the voltages and the currents at the level of the hydraulic and electric connections between the furnace and its environment, show that the highest circulation current, around 41 A, concerns the bottom water cooling pipes, Fig. 9.

Conclusions

This paper has described the relatively complex geometry of the field computation domain and the issues concerning the objectives of a coupled electromagnetic field -electric circuit. It was possible to consider these in the high frequency induction heating application through the 3D scalar model of the electromagnetic field and the surface impedance model of the solid conductor type regions.

The research enabled the influence of finite element meshing on the local quantities of the electromagnetic field and on the main parameters of the device under study to be seen. The developed finite element models proved to be very effective in revealing the highest current density areas on metallic components of the furnace. The coupled field-circuit model has been used to calculate voltages between different components of the cold crucible furnace and its environment. The computational results described in this paper are in good agreement with experimental measurements carried out on pilot facilities.
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 7 Fig. 7. Current density in all computation domains for different maximums shown in the legends Clearer information related to the current density in the important components of the furnace is offered by the images in Fig. 8, where this local quantity is represented separately for the inductor, the furnace bottom and the cold crucible. The corresponding maximum values of the current density are Jmax(IND) = 276.03 A/mm 2 , Jmax(BT) = 48.56 A/mm 2 and Jmax(CC) = 42.27 A/mm 2 .
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 8 Fig. 8. Current density in the important components of the cold crucible furnace

Table 1 .

 1 Max of current density and Joule power Max. of current density [A/mm 2 ]

							Tab. 3 COLD CRUCIBLE -BOTTOM voltages [V]
							COLD CRUCIBLE -	COLD CRUCIBLE -
							BOX1	BOX2
							U11	U21	U31	U12	U22	U32
							Case 1 322.4 205.4	89.0	207.8	79.3	44.1
							Case 2 272.7 159.9	48.7	226.4 107.1	12.5
	Tab. 4. BOTTOM -FLOOR voltages [V]	
		BOX1 -FLOOR	BOX2 -FLOOR
		U11	U12	U13	U21	U22	U23
	Case 1 166.1	53.6	59.1	352.1 232.2 112.4
	Case 2	61.5	47.0	155.6 430.3 314.8 199.3

1.1. Associated Equivalent Electrical CircuitsCoupled field-circuit models of the cold crucible furnace and its environment were considered in order to differentiate between Cases 1 and 2 previously described, and to evaluate voltages between points/terminals placed on the outer surface of different furnace components, respectively in different volume regions of the computation domain. Thus, the evaluation of currents which circulate through the water pipes was possible. The computation of voltages requires the inclusion of high resistance resistors in the model of the electrical circuit associated with the furnace-environment system, while the computation of the circulation currents requires the inclusion of low resistance resistors.The equivalent electrical circuits corresponding to Case 1 -furnace non electrically connected with the environment -is presented in the different images of Fig.3. The current supply source and the inductor are shown in the first image, the solid conductor components in the second image, and the resistor components for the measurement of different voltages in images 3-6. The equivalent electrical circuit for Case 2, when the furnace is electrically connected with the environment through the water pipes, is presented in the images of Fig.4. The second image shows the resistor components used for the measurement of the voltages at the level of furnace -water tube connections, and of the circulation currents through the water pipes. Fig.5shows the terminals of small areas on the bottom surface used for the measurement of the voltage U -bottom water connection, U1, U2 and U3 between the two bottom boxes, and of voltages between the BT and CC regions.
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