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Slags from smelting of copper still contains up to 20 % of copper inclusions, which can to some extend be recovered by a special cleaning process. The long-term goal of the authors is to use numerical MHD to simulate the complex slag cleaning process in detail and to optimize it. The paper presents preliminary results on simplified test cases and configurations. It turned out when simulating the copper droplets in the slag by a discrete phase model, the pure stochastic parcel collision algorithm in FLUENT failed to provide mesh-independent and precise results for inter-droplets collisions and coalescence. Therefore, a new hybrid collision algorithm and the updated coalescence regimes were implemented in FLUENT. Several benchmark tests were reported in order to demonstrate the significant differences between the two algorithms and the main advantages of the new hybrid algorithm for simulations on the slag cleaning process.

Introduction

Slags from smelting of copper still contains up to 20 % of copper inclusions. Two thirds of the total copper is present in the form of copper matte droplets of the size from 5 to 1000 µm. By introducing orthogonal electric and magnetic fields in the slag intensive stirring can be generated to increase the probability of inter-droplets collisions, which accelerates their growth and therefore improves the settling process. In recent years (2005)(2006)(2007)(2008)(2009)(2010)(2011)(2012)(2013), several experimental tests on the electromagnetic copper slag cleaning have been carried out in both lab and pilot scale [START_REF] Warczok | Slag cleaning in crossed electric and magnetic fields[END_REF] [START_REF] Degel | Latest results of the slag cleaning reactor for copper recovery and its potential for the PGM industry[END_REF]. So far numerical investigations on such process were barely mentioned. Our simulation efforts could later on provide useful data for comparison with the experimental results and contribute to an optimized process and configuration. For the simulations the commercial code ANSYS FLUENT with own approaches for the MHD module and the discrete phase model (DPM) will be used.

Validity and limitation of MHD-DPM calculation in ANSYS FLUENT

Due to the specific features of the slag cleaning process -essentially a massive number of droplets with small mass fraction -the best approach for the numerical simulation seems to be a coupled Eulerian-Lagrangian simulation, with the continuous Euler phase representing the slag flow and the discrete Lagrangian phase the copper droplets. For the continuous phase, the validity of the MHD module was checked by comparison of analytical and numerical results for the MHD duct flow test cases suggested in [START_REF] Hunt | Magnetohydrodynamic flow in rectangular ducts[END_REF].The comparison showed that both methods implemented in the FLUENT MHD module, namely the electric potential and the magnetic induction method, are numerically reliable, although the computational cost in this case can be extremely high for the former one. With respect to the Lagrangian discrete phase model the total force acting on the conducting copper droplets is given by the sum of buoyancy forces , the surface force , the electro-capillary force and the Lorentz force . However, the Lorentz force due to a current density concentration in the conducting droplet will not be calculated in the discrete phase model. Therefore has to be defined through a user defined function (UDF). This is also the case for the electrocapillary force . In coupled MHD-DPM calculations, the droplet has only an effect on the cell where its center is located at a particular instant. The corresponding cell properties, like electric conductivity, are updated based on the volume fraction of the discrete phase. Unfortunately a simplified test case showed an incorrect calculation of the current density in the MHD module of FLUENT. This coupling problem has to be corrected as the Lorentz force is the dominating force for the electromagnetic (EM) stirring, and primarily depends on the current density. The growth in droplet size as a result of inter-droplets collision and coalescence is important in the slag cleaning process, but until now there is barely any numerical investigation on it. Therefore simulating collision and coalescence in a precise and effective way is a key aspect of the current work. When simulating the collision of the discrete phase, it is often prohibitive to define the individual droplet and track it, due to the typically large number of droplets as this could lead to unacceptable computational cost. As a remedy, the concept of parcels is employed to represent a certain number of droplets with same properties. Based on this concept, the most commonly used algorithm for collision modeling is the stochastic Euler Monte Carlo algorithm. This is also the default algorithm used in FLUENT (F-algorithm), which is based on the research of O'Rourke [START_REF] O'rourke | Collective Drop effects on vaporizing liquid sprays[END_REF]. O'Rourke's method assumes that the droplets or parcels are homogenously distributed in the collision volume. The collision probability depends on the mesh resolution, because the collision between two parcels is only possible when their centers are located in the same cell of the continuous phase calculation. Moreover the F-algorithm employs an outdated description of the collision regime map. Comparing with an up-to-date regime map, coalescence will be overestimated for the collision pairs with small Weber numbers and underestimated for those with higher Weber numbers. This may lead to problems when modeling the growth of droplets in the slag cleaning process. A simple test case was set up to demonstrate the differences in the computation of the collision process by using the default regime map of FLUENT and the new regime map. In a 1 m³ cube two sets of droplets were defined moving with a relative velocity which corresponds to a Weber number of 1 or 10, respectively. Set 1 contains 50000 and set 2 contains 25000 droplets, each having a diameter of 1mm. For 10 simulations, each with a time step of 0.1 ms, the Sauter mean diameter, which indicates the droplet growth, was determined (Fig. 1). For a Weber number of 1 there should be no coalescence using an up-to-date regime map, while the F-algorithm predicts a certain droplet growth. At the same time, the FLUENT model underestimates the rate of growth for a Weber number of 10.

New hybrid Lagrangian collision algorithm

A new hybrid Lagrangian collision algorithm was proposed by Pischke et al. [START_REF] Pischke | A collision algorithm for anisotropic disperse flows based on ellipsoidal parcel representations[END_REF]. They transferred the deterministic algorithm into a stochastic algorithm by redefining the number of collisions, assuming a normal probability of presence of droplets around the centers of parcels, which gives: [START_REF] Warczok | Slag cleaning in crossed electric and magnetic fields[END_REF] where D denotes the parcel diameter estimated by a non-parametric method, △R and △L denote the components of the distance vector between two parcels along R and L axis as it is illustrated in Fig. 2. This algorithm is mesh-independent and not introducing any model parameters. Spatial filtering is achieved by an exponential kernel. Theoretically, all parcels are the potential collision partners to each other within the whole domain. For efficiency reasons some pre-sorting is performed on an independent collision mesh, which is just a numerical concept and has no influence on the calculation. In order to demonstrate the improvement brought by the new collision algorithm, several test cases were set up. These tests follow the procedure suggested by D. Schmidt [START_REF] Schmidt | A New Droplet Collision algorithm[END_REF], who introduced the so-called No-Time-Counter algorithm. For this case, the theoretical number of collisions among N droplets is:

(

where and denote the maximum relative velocity and the radius of the droplets, respectively.

Again a test case was set up with one cell with 10 8 droplets, which are assigned to a certain number of uniformly distributed parcels. The radii of the droplets varied from 0 µm up to 50 µm and the velocities varied from 0 m/s up to 100 m/s. Each set-up had 30 independent runs with a time step of 0.1 ms. The dependency on the number of parcels is firstly considered. In Monte Carlo calculation of stochastic collision, the number of parcels should be large enough to ensure the statistic accuracy. The smaller number of parcels, the larger the resulting deviation. But with an increasing number of parcels in one collision volume, the computational cost of the F-algorithm increases dramatically (Fig. 3), where a single processor with 3.4 GHz is used. The P-algorithm, however, dynamically re-constructs the sub-mesh used for collisions, so that collisions between the parcels far away from each other are discarded. This feature makes the computational cost of the P-algorithm remaining at the same order of magnitude despite the increasing number of parcels. Secondly, based on the former case, an in-homogenous case with exponentially distributed droplets along the y-axis and a one dimensional mesh refinement in y-direction was chosen to demonstrate the spatial dependency (cp. Fig. 4). For each spatial resolution, the mean number of collisions of individual algorithm was averaged from 30 independent runs. For this case, where is the degree of spatial non-uniformity and is the maximum number density, the theoretical number of collisions in a cube with dimensions ( , , ) is given by: (3) Apparently, according to Equation (1) without control volume parameter, the P-algorithm is independent of the spatial resolution. The accuracy of the F-algorithm, which is highly mesh-dependent, can be increased through refining the control volume into a finer mesh. However, it might be computationally very costly to introduce such a refinement in geometrically complex simulations and it is difficult to estimate the appropriate mesh-resolution for different cases in advance. The P-algorithm liberates the calculation of collision from using the mesh of the continuous phase, which allows much more flexibility to handle the numerical issues in two phase calculations. Moreover, a velocity decomposition method has been introduced with the P-algorithm [START_REF] Pischke | The velocity decomposition method for second-order accuracy in stochastic parcel simulations[END_REF], which decomposes the relative velocity between two droplets into the difference in local mean velocity gradient and the velocity fluctuations. When two droplets of different parcels collide, the distance between them is approximately zero although the parcel centers may have a relevant distance. Therefore one would overestimate the relative velocity of the two colliding droplets if one used the real parcel velocity without considering the mean velocity gradient, whose contribution to collision is negligible. Fig. 6 shows -again for a simple one-cell setup -the correction in number of collisions among a set of U_max U_min droplets by eliminating the term of velocity gradient (Fig. 5) from the relative velocity. This correction is more significant with a stronger local velocity gradient.

Preliminary results for the Lorentz-force driven slag flow

Based on the P-algorithm and the F-algorithm, the collision and coalescence of conducting droplets in a Lorentz-force driven slag flow were investigated using a simplified arrangement. The properties of the droplets as well as basic information on the modeled equipment can be found in [START_REF] Warczok | Slag cleaning in crossed electric and magnetic fields[END_REF]. In the simplified model the existing droplets were uniformly distributed in the stirring zone and follow an initial size distribution shown in the white column of Fig. 8 (t=0s). The dissolved copper concentrate is extracted near the electrode in the form of tiny droplets. In Fig. 7 the Sauter mean diameter of the droplets is shown as a function of time for the P-and the F-algorithm. According to the results presented in Fig. 1 the number of collisions and coalescences among the extracted droplets is overestimated at the beginning when the F-algorithm is applied, which in return lower the probability of collision of those extracted droplets with the larger droplets in the stirring zone later on. Using the up-to-date regime map implemented in the P-algorithm, a significantly larger number of small extracted droplets are transported to the stirring zone without unrealistic early coalescence among each other and therefore the probability of collisions with existing droplets is increased. 
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 12 Fig. 1: Results of collision by using different regimes. Fig. 2: Sketch of the hybrid collision algorithm
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 5 Fig. 5: One dimensional velocity distribution of parcels with a linear velocity gradient.
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 6 Fig. 6: Estimated error in the calculated number of collisions without Velocity Decomposition method.
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 78 Fig. 7: Sauter mean diameter of the droplets with respect of time.
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Summary and Outlook

Validity and limitations of FLUENT models were investigated, looking at different aspects which are important to simulate the complex slag cleaning process. The improvements brought by the new Lagrangian mesh-independent collision algorithm proposed in [START_REF] Pischke | A collision algorithm for anisotropic disperse flows based on ellipsoidal parcel representations[END_REF] are encouraging. With in-depth understanding of the inter-droplets collision mechanisms the slag cleaning process can be analyzed thoroughly and optimized with reliable simulations. The problems regarding the MHD-DPM coupling have still to be solved. On one hand a correct cell current-density calculation based on the improved electric conductivity for the cells, which contain well conducting droplets, is needed and has to be implemented. On the other hand the increased Lorentz force on single droplets due to the current density concentration has to be considered. The existing preliminary results are based on simple set-ups to get a deeper insight into the used models. At a later state more complex simulations, which are based on real lab-scale or pilot-scale experimental set-ups, will be performed to validate and understand the influence of different aspects of the slag cleaning process on the recovery rate. The last step of the work will be an optimization of the process itself.