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Investigation of the flow driven by an alternating magnetic field
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The flow induced by a single-phase alternating magnetic field is studied numerically and in a physical model. It is shown that the flow structure depends drastically on the frequency of the field, owing to a changeover of the rotor of the Lorentz force in the corners from a single local maximum to a pair of local maxima, one in close vicinity of another, with different signs of vorticity.

Introduction

During block casting of solar silicon, electrically non conducting contaminating particles such as silicon carbide and silicon oxide may be removed by Leenov-Kolin force (LKF). One possibility to apply such a force is a single-phase alternating magnetic field (AMF), which also drives a flow in the melt. The interaction of that flow with the separation process is discussed controversially in the literature; a too strong flow may inhibit separation completely, whereas some flow is needed to move the particles from the bulk into the regions of influence of the LKF being restricted to the crucible walls. The flow produced by an AMF is believed to be well known, it is a double-toroidal recirculation in the meridional plane with one of the vortices on top of another [1,2,[START_REF] Davidson | 5 th Beer Sheva Int[END_REF]. The AMF induces an eddy current j j j j in the electrically conducting melt, which interacts with the field B B B B that induced it. The interaction results in a Lorentz force = × , the rotational part of which drives convection. Davidson argued that × is not negligible merely in relatively small corner regions [START_REF] Davidson | 5 th Beer Sheva Int[END_REF]. The distribution is skew symmetric, so × has opposite signs in corners facing one another. Most of the streamlines pass through these small forcing regions and recirculate through the core of the fluid. Given the positive signs of × in the upper left and lower right quarter in a meridional section through a cylindrical volume, and negative signs in the lower left and upper right, the convective pattern will be the well believed double-toroidal flow structure (DTFS) with a common inward directed flow at half the height between the vortices. Among many others, the DTFS was observed experimentally in [1,2]. The main flow eddies may oscillate, shrink and expand in time, however, the long-term average reported in almost any work known to the present authors is a DTFS. The investigations in [1,2] were carried out up to relatively high frequencies of the AMF. As increases, B B B B is more and more crowded out from the interior of the electrical conductor by the eddy current it induces. To compare this effect between different geometries and electrically conducting fluids, the shielding parameter is introduced:

= , (1) 
where is the permeability, the electrical conductivity, = 2 the angular frequency of the alternating magnetic field, and a characteristic length. It may be said that a conductor is transparent for the magnetic field if is less than unity. The experiments in [1] were done for a frequency corresponding to an in excess of 500. For such a high frequency, it casts some doubt that the flow structure should be basically the same as in the low frequency range. The forcing regions described in [START_REF] Davidson | 5 th Beer Sheva Int[END_REF] become the smaller the higher the shielding. Thereupon, it may be asked whether all streamlines will pass through them. Or, might there be secondary vortices driven by shear imposed from the main flow eddies? That the DTFS is not always realised, in particular not in the parameter range of high frequencies needed for separation, is the main outcome of the present work.

Numerical procedure

For the numerical simulations of the induced electric current j j j j and magnetic induction B B B B in electrically conducting matter, the finite element code OPERA 3d was used. The computational grid was refined near the walls in order to resolve the skin layers and has a total number of 2 million finite elements. The flow in the volume containing the melt was simulated numerically by means of the open source library OpenFOAM solving the Navier-Stokes equation together with the incompressibility condition • = 0 and including an electromagnetic force density term averaged over one period T = 1/f of the AMF
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p and ! in Eq. ( 2) are the pressure and the dynamic viscosity.

The boundary conditions for the flow field are the no-slip condition = 0 at the solid container wall. For the melt surface, stress-free and non-deformable conditions v ) = 0 and ∂v + / / / /∂-= 0 the subscripts n and t denote the normal and the tangential component are applied. A computational grid with up to 227500 volume elements was used.

The discretization scheme for the convective term was of second order. A k-ω SST turbulence model was used for the majority of the computations. The abbreviation SST stands for shear stress transport.

Experimental setup

The flow measurements were carried out in a large Perspex cell reasonably scaled to the task formulation of silicon block casting. To have an according aspect ratio less than unity, the filling level of the 18 cm in diameter cell was adjusted to 12 cm. GaInSn has become the de facto standard for liquid metal model experiments and was chosen as the working fluid also in the present work. According to Eq. ( 1), the large size of the cell supports reaching high shielding at relatively low frequencies. However, they are still high enough so as to render the achievement of a continuously variable frequency a difficult task.

Matching of impedance with a fixed inductance of a coil system is always a compromise if the frequency needs to be varied. With readily available equipment, a big Helmholtz coil and a HERO PFL-2250-28 power amplifier driven by a frequency synthesizer, the coil current was limited to slightly less than 10 A in the upper range towards ≈ 1000. This corresponds to an induction of 0.62 mT, only.

As it is well known that the topology of the flow driven by an AMF does not depend on induction, except for very low velocities, the low induction boils down to the question whether the flow measuring equipment is sensitive enough to reliably resolve the even smaller differences needed for flow mapping on such a low velocity level. The order of magnitude of the velocities to be expected may be estimated by Alfvén's velocity. In the large container, the Reynolds number M = v /N, where N is the kinematic viscosity, is about 800 for v = 3 mm/s. This can be regarded high enough for the flow structure not to depend on induction. The technique of ultrasonic Doppler flow measurements has matured in the, say, last decade. If acquisition speed is not the issue, the resolution of velocities in the mm/s-range is feasible.

Results and discussion

Since, according to [START_REF] Davidson | 5 th Beer Sheva Int[END_REF], the flow structure depends drastically on the distribution of × , it suggests itself to examine the dependence of that magnitude on frequency. As = P Q , 0, P R and it is axisymmetric, i.e. / φ = 0, the rotor of has only a φ-component. Silicon block casting is done in crucibles of aspect ratio less than unity, however, no experiments on electromagnetic separation have been done in flat containers to the best of our knowledge. Neither directly on silicon, nor on a liquid metal. And also not in such large geometries. The only separation experiment on silicon brought to our attention was carried out in a small crucible 2 cm in radius, which had an aspect ratio (height/diameter) of 1.5. To understand the flow in this experiment, it is worth to consider in that geometry. Figure 1 shows the contours of the vorticity × T for three different frequencies corresponding to = 2.1, 42.7, and 192. The left panel corresponds to the according figure in [START_REF] Davidson | 5 th Beer Sheva Int[END_REF], it represents the low frequency case leading to the DTFS. The experiment in [START_REF] Kadkhodabeigi | [END_REF] was conducted at the frequency in the middle panel, for which the vorticity has basically changed. Instead of one maximum in each corner, there are two. The difference to the highest frequency in the right panel is which of the vorticity maxima in the same corner, those at the top and bottom wall or those at the side wall, have the higher absolute values. For = 42.7 these are the maxima at the top and at the bottom, and for = 192 these are the ones at the side wall. If the altered distribution of vorticity leads to a global change of the flow structure, the convective pattern in the experiment in [START_REF] Kadkhodabeigi | [END_REF] was not a DTFS. Due to limited space, the flow in this configuration is not presented here. It is quite complex, the results are published in [5]. Here, it is sufficient to see that a certain increase in frequency leads to kind of a dissociation of the one maximum of vorticity in the corners to two maxima of opposing sign. As numerical simulations for flatter geometries have shown does this principle behaviour not depend on the aspect ratio. For that reason, the big and flatter cell described in Section "Experimental setup" is returned to. Extended series of measurements and numerical simulations spanning the wide range of shielding parameters from about unity to 1000 were carried out. In general, fair agreement between experiment and calculation can be stated. To relate the investigated range of to the practice of separation in silicon, the shielding parameter in a G3 crucible is about 1400 for 3 kHz. For the measurements, an ultrasonic transducer was put on the melt surface so as to measure downwards. Because a transducer measures the projection of the velocity vector onto the direction of sound propagation along the ultrasonic beam, a section of the vertical velocity component v z along the height was acquired at any instant of time. A usual means of flow mapping of the dynamics of a flow is producing a contour plot of v z on the ordinate over time on the abscissa. To identify the flow structure, time series of velocity sections were recorded in the centre and close to the rim of the container for every investigated. In both measurement and simulation, the expected DTFS was observed at any instant of time for small of up to about 10. Increasingly with increasing from 15 upwards, periods of time were observed in which the convective pattern was not double-toroidal. Typical scenarios were a single cell spanning the entire height, for which the plot of the velocity over the height exhibits a single maximum or even a few maxima, or three vortices one on top of another. The lengths and incidences of such non-DTFS periods increased with , however, averaging over the whole measurement duration still yield a DTFS. As will be exemplarily seen for a higher below, the flow is remarkably unstable for the low velocity readings of a few mm/s also for lower . Four vortices were never observed up to = 50. Fig. 2: The contour plot is composed from a time series (on the abscissa) of the vertical velocity component along the height (on the ordinate). The numerically calculated data sets were taken at a radial coordinate close to the rim of the container. Greyscale colouring from white for negative values to black for positive values covers a range of ±3 mm/s. The calculation was carried out for a shielding parameter of 100.

The numerical simulation in Fig. 2 was carried out for = 100. The plot of the vertical velocity component close to the rim of the container shows, from top to bottom, a down-stream, an up-stream, again a down-stream, and finally another up-stream. At least in the outer regions of the container, there are evidently four vortices one on top of another in the low aspect ratio cell. The upper-and lowermost vortices have the same rolling direction as the two vortices for lower .

Inspection of the data in the centre of the container shows that the quadruple-toroidal flow structure does not necessarily penetrate the whole radius. In the centre and also at half the radius, the flow is, in a manner of speaking, chaotic. That is to say that long-term averaging does not yield a preferred flow direction. Upon examination of various azimuthal positions it may be stated that the flow at the rim is fairly axisymmetric. Figure 3 shows the measurement corresponding to the numerical simulation in Fig. 2. In a qualitative sense, the experiment confirms the numerical simulation. Quantitatively, the biggest difference is the weakness of the uppermost vortex. Its size is not smaller than in the numerical simulation, however, long-term averaging of the experimental and numerical data yields a three times less velocity in the experiment. A satisfactory explanation of this discrepancy cannot be given to date. In any case, extensive and reproducible experiments and numerical simulations agreeing fairly over the whole range of investigated (the agreement is much better for small ) contradict the DTFS published in [1,2] (and many others) qualitatively. Fig. 3: The experimental analogue to Fig. 2. Greyscale colouring with respect to the velocity range is the same as in Fig. 2. Although the uppermost vortex is quite weak compared to the computation, closer examination of the measuring data shows that has about the same size as in the calculation. The flow structure at = 100 is, despite the low aspect ratio, quadruple-toroidal with all vortices one on top of another.

Summary and conclusion

The flow driven by a single-phase alternating magnetic field was numerically simulated and measured in the parameter ranges of aspect ratios and frequencies similar to silicon block casting. Despite the cell was comparably flat (aspect ratio less than unity), the well believed double toroidal flow structure was not realized in the higher frequency range. Instead, a quadruple-toroidal structure with all vortices one on top of another was observed. Due to limited space, the results presented here are a small excerpt of the authors work on the flow in AMFs. The interested reader is referred to [5] for further reading.
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 1 Fig. 1: Contours of the φ-component of × from electromagnetic simulation of the configuration investigated in [4]. The frequencies from left to right are 200 Hz, 11 kHz, and 50 kHz. Light grey shading symbolises regions of negative vorticity, those of positive × T are shaded in dark grey.
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