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A new inclusion separation device has been proposed; it is the electromagnetic cyclone separator, which is composed of a liquid cyclone and an electromagnetic induction coil. Fluid flow and separation efficiency of the electromagnetic cyclone separator were investigated by cold model experiments. CFD analysis was conducted to predict flows and pressure drop of the separator and compared with the experimental results. A mathematical model based on analysis of particle trajectory was formed to estimate separation efficiency of the device and predicted performance agreed with the observation.

Introduction

It is well known that inclusion particles, which remain in final products, are very harmful for material properties. In order to remove inclusion particles from molten metal, numerous separation ways have been proposed for industrial refining processes. Turchin et al. firstly applied a cyclone concept to impurities removal from molten aluminum [1]. The concept has been followed by Courtenay's research group [2] due to attractive characteristics of the device such as a high-throughput of molten aluminum, the absence of moving parts and low operational costs etc.

We have proposed a new separation device for removal of inclusion particles from molten aluminum; it is the electromagnetic cyclone separator, which is composed of a liquid cyclone and an electromagnetic induction coil [START_REF] Nakabayashi | 7th Int. Conf. on Electromagnetic Processing of Materials (EPM2012)[END_REF]. Fig. 1 shows the schematic diagram of the electromagnetic cyclone separator. The liquid cyclone is a device to separate inclusion particles from molten aluminum on the basis of a density difference between the particle and the suspension medium. Inclusion particles are also separated by an electromagnetic separation force [START_REF] Shimasaki | Proc. of 13th Int. Conf. on Aluminum Alloys (ICAA13)[END_REF], which is derived from a difference of electric conductivity between them. It is expected that the two separation forces will separate inclusion particles complementary to each other. In this study, cold model experiment was conducted in order to investigate characteristics of fluid flow of the cyclone. Experimental results such as velocity profiles and pressure drops were compared with previous studies and CFD analysis. Separation efficiency of the electromagnetic cyclone separator was estimated from the mathematical model, which is based on analysis of particle trajectory. The predicted performance of the cyclone was compared with experimental results of cold mode experiments, in which the magnetic separation was used instead of the electromagnetic separation.

Experiments

Schematic diagram of the cold model experiment is shown in Fig. 2. Filtered tap water was pumped up to the upper tank and a level of the tank was maintained constantly by the overflow. The valve and the flow meter were used to regulate a flow rate of inlet water. Small amount of suspension was injected by the syringe for separation tests. Temperature of the circulating water was kept constant T = 1 ºC by blocks of ice floating in the tanks. Two cyclones of different size were used to evaluate size effects.

Magnetic particles and the sheeted rubber magnet were used in the cold model experiment in order to mimic the electromagnetic separation. Electromagnetic separation cannot be applied to suspension with liquid medium of tap water, because the separation is valid only for electrical conductive fluids. The magnetic particles are made of ferrite (spherical shape, density: 4900 kg•m -3 , diameter: 25-65 μm) and magnetic force acting on the particles was obtained by preliminary experiments as a function of distance from the magnet sheet.

Characteristics of fluid flow in the cyclone were observed by the following methods: flow visualization with coloured ink, analysis of residence time distribution, velocity field taken by PIV, measurement of pressure drop by the cyclone. Separation efficiencies of the cyclone were also measured with/without the magnet sheet for various condition of flow rate, cyclone size and particle diameter.

Flow characteristics of the liquid cyclone

Fig. 3 shows tangential velocity of the cyclone obtained by PIV measurement. The result shows a typical flow profile of liquid cyclone [START_REF] Bergstöm | [END_REF]; the tangential velocity v θ increased from the sidewall toward the center, reached a maximum value and then suddenly decreased. The velocity seems to be proportional to the flow rate. A centrifugal force acting on a particle in the liquid cyclone is proportional to v θ 2 /r, the separation force in the center region is much higher than that in the vicinity of the side wall. Results of CFD calculation are also plotted on Fig. 2. Axially symmetric calculations were carried out in order to reduce calculation costs; the three components of flow (v r , v θ , v z ) were calculated with the two coordinates (r, z). The numerical evaluation gave somewhat higher values than the observation (10-20 % higher), however, the overall trend was predicted well. Pressure drop of the liquid cyclone is one of the most important operation conditions. Fig. 4 shows the relation between hydraulic head loss and flow rate for two different size of the cyclone. The hydraulic head loss increased with increasing of the flow rate. The smaller cyclone had the higher pressure drop. Pressure drop could be estimated by the empirical equation proposed by Dahlstrom [6]:

Q h = c D in ⋅ D out ( ) 0.9 (1) 
where Q is a flow rate, c is a constant depending on geometry of the cyclone, D in and D out are diameters of the inlet and the outlet of the cyclone respectively. It can be seen from the figure that the agreements between the experimental results and Dahlstrom's equation were quit well. Pressure drops evaluated by CFD calculation were also agrees well.

Separation efficiency

Fig. 5 shows the relation between separation efficiency and particle diameter for various conditions. A mathematical model was used to predict the removal efficiency. It was based on an analysis of particle trajectory, and the detail of the model was explained on the literatures [START_REF] Nakabayashi | 7th Int. Conf. on Electromagnetic Processing of Materials (EPM2012)[END_REF]7]. Larger particle was easer to remove, because both of the separation forces (centrifugal and magnetic forces) were proportional to the volume of the particle. We can see that the removal efficiency was improved by applying the magnetic separation, especially for the case of 15 L/min. As mentioned above, the centrifugal force highly depends on the tangential velocity, the relative importance of each separation force varied with the flow rate. The mathematical model succeeds to predict the removal efficiency semi-quantitatively. It is expected that the model can be used to predict a performance of the electromagnetic cyclone separator in aluminum refining process.

Conclusions

Flow characteristics of liquid cyclone such as velocity profile and pressure drop were investigated by the experiments and the numerical evaluations. Separation efficiencies with/without magnetic separation were also investigated. It was found that the removal efficiency of the cyclone was effectively improved by applying magnetic separation. 
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