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This study deals with the optimization of a cold crucible melter where electric currents are directly induced in a glass charge. A design of experiments is used to determine the factors of the crucible design which have an impact on the efficiency. Numerical tools are used to lead the experiments: a finite volume software, used to solve hydrodynamics and thermal equations, is coupled to a finite element software which computes the Maxwell equations.

INTRODUCTION

A direct induction process using the cold crucible technology is presently developed by the French Atomic Energy Commission and AREVA NC for the treatment of high level activity nuclear waste. This process is characterized by currents directly induced inside the molten glass and by the cooling of all the crucible walls.

To further the electrical power into the glass charge, minimize the energy losses by Joule effect, and homogenize the temperature in the glass, the furnace design is optimized.

The high dependence of physical properties of glass with temperature requires a strong coupling study between electromagnetic, thermal, and hydrodynamic phenomena [START_REF] Jacoutot | Numerical modelling of mechanically stirred molten glass bath heated by direct induction[END_REF]. Moreover, due to intrusive elements in the crucible (thermocouples, mechanical stirrer…) that significantly perturb the Joule power distribution a threedimensional model for the electromagnetism phenomena is necessary. 

COUPLING STRATEGY

An iterative coupling for simulation of the stirred molten glass is achieved by two dedicated software [START_REF] Jacoutot | Strategy of coupling to model physical phenomena within molten glass bath heated by direct induction[END_REF]. The commercial software Flux® is used to solve induction equations. Owing to the high value of the frequency, the quasi-steady approximation is made. The A-V formulation (magnetic vector potential and electric scalar potential) (1) gives best results in a material with high gradient of electrical conductivity σ. The induced current j is given by equation ( 2).
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The thermo-hydrodynamic phenomena are computed by the software Fluent ® which solves the Navier-Stokes (3) and thermal (4) equations [START_REF] Sauvage | Thermoconvective instabilities of molten glass heated by direct induction in a cold crucible[END_REF]. Due to the high viscosity of the glass, the flow is assumed to be laminar. The terms coupling the electromagnetic and thermo-hydrodynamic equations are the non linear electric conductivity of glass and the Joule power density Q th induced into the molten glass (5).
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With: ρ 0 : the density of the glass, U: the velocity, P: the modified pressure, Τ: the stress tensor, Β: the thermal expansion, T: the temperature, g: the gravity, C p : the specific heat capacity and λ: the thermal conductivity.

OPTIMIZATION METHOD

The influence of geometric factors on the electromagnetic performances of the furnace is studied. In particular, we consider the inductor position, the thickness of the electrical insulator arranged on the structure of the furnace, and the number of metallic sectors which constitute the crucible. From a hydraulic point of view, we study the impact of the mechanical stirrer geometry which improves the thermal homogeneity of the glass.

The method chosen for this study is based on a design of the experiments. This method is useful to minimize the number of experiments. The results of the design of experiments allow us to determine the influence of each factor, and to predict the response of the system in some cases. This study shows the effects of thirteen different parameters, each of them with three levels. Finally, the system is determined by the Taguchi table [START_REF] Taguchi | Orthogonal arrays and linear graphs: tools for quality engineering[END_REF] and described with 27 simulations.

The responses obtained from the experiments allow us to quantify the phenomena which we have to optimize, like areas of the electromagnetic coupling or those of the thermal homogeneity.

A mesh composed of 750 000 elements is used for the thermo-hydrodynamic simulations. To simulate the mechanical stirrer rotation, the "multiple reference frame" and the "sliding mesh" methods are combined. Concerning the electromagnetic simulations by Flux®, formulations reducing the mesh are used: non-conductive areas and inductor are mesh-free, and some metallic parts are meshed only on their surface due to their high conductivity. 
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Areas of electromagnetic coupling

The whole simulations and their results lead us to understand the physical phenomena, in particular the magnetic field distribution repartition in the furnace (figure 2), and to appreciate the impact of each geometric factors on the system (figure 3).

CONCLUSIONS

A sensitivity analysis through a design of experiments permits to determine the effect of each geometric factor on the electromagnetic and thermo-hydrodynamic behaviors and leads to the optimization of the furnace.