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Introduction

The persistent effort to achieve a better product quality and higher productivity of the continuous casting of steel implies the high importance of powerful capabilities to control the flow in tundish and mold, and the initial solidification in the mold. Numerous sophisticated numerical simulations concerned with the metal flow during the casting process need a fundamental experimental validation. The use of water models has the advantage to save expenses and to be able to apply a number of well-proofed measuring methods. However, a generalization of these results to liquid metal flows has to be considered as questionable because the realistic values of flow parameters (Re, Pr, Gr, Ha, etc.) are difficult to meet. In many cases, for instance liquid metal flows with strong temperature gradients, with an additional gaseous phase or under the influence of electromagnetic fields, the flow phenomena cannot reasonably be modelled by means of water experiments. The application of electromagnetic fields provides a considerable potential to control the fluid flow in the mold and to influence the solidification in the strand. First strategies for EM applications in steel casting were mainly guided by simplified pictures of the magnetic field impact on the global flow field. Many numerical investigations have been reported until now to improve the understanding of the magnetic field influence on the mold flow (see for instance [2][3][4][5]). However, the problem has to be considered as challenging because of the complex geometry, the highly turbulent flow, and specific peculiarities occurring in case of MHD turbulence. Obviously, a validation of the numerical predictions by liquid metal experiments is indispensable. However, related experimental studies are rather scarce until now. Several plant trials were carried out [6,7] to test the efficiencies of electromagnetic brakes in the real casting process. Because of the lack of suitable measuring techniques for liquid steel at 1500 °C such trials cannot provide any reliable knowledge about the magnetic field effect on the flow in the mold. First model experiments employing simplified mercury models have been reported by Japanese [8,9] and French [START_REF] Etay | PAMIR conference, Proc[END_REF] groups. With our work we want to continue the strategy of cold metal models. The main value of such cold metal laboratory experiments consists in the capabilities to obtain quantitative flow measurements with a reasonable spatial and temporal resolution. New ultrasonic or electromagnetic techniques for measuring the velocity in liquid metal flows came up during the last decade allowing for a satisfying characterization of flow quantities in the considered temperature range up to 400°C [START_REF] Wondrak | [END_REF].

Experimental facilities

The experimental program of the LIMMCAST facilities at HZDR aims to model the essential features of the flow field in the continuous casting of steel. Basically, these are the flow fields in the tundish, in the submerged entry nozzle (SEN) and in the mold cavity, the complex two-phase flow in SEN and mold due to argon injection as well as the effect of electromagnetic actuators at the mold. For this purpose, there have been build three experimental facilities dealing with the modelling of the continuous casting process. The X-LIMMCAST facility is a liquid metal loop in particular designed for the visualization of the liquid metal-gas two-phase flow by means of X-ray imaging. It is operating with the model fluid GaInSn at room temperature. The liquid metal is circulated by an electromagnetic pump working with rotating permanent magnets. An electromagnetic flow meter is used to monitor the flow rate of the liquid metal. A photograph and a schematic drawing of the X-LIMMCAST facility are displayed in Fig. 1. A photograph showing an overall view of the big LIMMCAST facility is displayed in Fig. 2. All components are made of stainless steel, including the tundish, the SEN and the mold. The low melting point alloy Sn60Bi40 is used as model liquid. The liquidus temperature of 170°C allows for an operation of the facility in a temperature range between 200 and 350°C. The investigations will be explicitly focused on the behavior of the isothermal melt flow. Argon gas bubbles can be injected with tunable flow rates through the stopper rod into the SEN resulting in a two-phase flow inside the nozzle and the mold. Pipe connections with flanges are realized at various locations within the loop allowing in principal a replacement of the particular components, which gives us a flexibility to modify the flow geometries for miscellaneous requirements. Fig. 3 shows the small-scale setup Mini-LIMMCAST, which is operated again with the eutectic alloy GaInSn as model fluid. The experiments at this setup allow for flow measurements at room temperature and gained in valuable experiences for the detailed design of the larger LIMMCAST facility during its build-up. The previous experiments at Mini-LIMMCAST were performed in a discontinuous mode, i.e. after filling the tundish with the melt the stopper rod was lifted to drain the fluid into the mold. The setup has been improved during the last months and can now be run in a continuous operation. The turbulence closure is made through a k-ω SST model [12]. The magnetohydrodynamic effects are considered by a one-way coupled approach (inductionless approximation):

Numerical model

𝒇 𝐿 ̅̅̅ = 𝒋̅ × 𝑩 0 (3) 𝒋̅ = 𝜎 ( -∇𝜓 ̅ + 𝒖 ̅ × 𝑩 0 ) (4) ∇ 2 𝜓 ̅ = ∇ • ( 𝒖 ̅ × 𝑩 0 ) (5) 
Meaning of the symbols: uvelocity ρdensity η -dynamic viscosity p -Pressure f L -Lorentz-Force j -el. current density B 0 -magn. flux density ψ -el. potential σ -el. conductivity

The magnetic field influence inside the MHD turbulence model is not yet included in the current model of OpenFOAM. As shown earlier by Miao et al. [13] in his numerical simulations using the CFX solver, the phenomenon of large-scale oscillations of the jet can also be reproduced by a turbulence model without anisotropy parameter, an MHD extension proposed by Widlund et al. [14]. This is only true for the case of electrically insulated walls at moderate Ha numbers. However, a turbulence model without anisotropy parameter can produce wrong results for the magnetic field effect on the mold flow in the case of conducting mold walls [13]. Therefore, we restrict our analysis here to this specific situation, where the mold walls are considered to be electrically insulating.

Experimental & simulation results

Previous experiments showed a dramatic influence of a static magnetic field on the liquid metal flow in the mold [1]. Low frequency oscillations of the jet flow were detected. To investigate the influence of such a static magnetic field on the free surface, the position of the liquid metal level was scanned with a line laser system. Due to spatial restrictions, the system was not able to measure the elevation in the whole mold width and was restricted to the part near the narrow mold wall. Fig. 4 depicts the free surface at one time instance for the reference case without magnetic field. The surface is rather smooth without disturbances. When the static magnetic field is applied in the same way as in the previous experiments [1], the surface becomes visibly more turbulent. Fig. 5 shows a snapshot of the free surface under the influence of a static magnetic field with electrically isolating boundary conditions on the mold walls (Magnetic flux density B = 310 mT, Hartmann-number Ha = 417 and Magnetic Interaction Parameter N = 75). This snapshot shows a typical bulge close to the narrow wall. The bulge is not static and can switch between the mold halves or even disappear for some time. It is likely that the bulge and the site shifting are related to the low frequency jet oscillations. The jet is there temporarily deflected upwards resulting in a strong upwards flow near the narrow wall [13]. This strong upward flow might be responsible for the deflection of the free surface. Experiments for closer look on the connection between jet flow and free surface shape are ongoing.

The mold flow was addressed also by numerical simulations. In conjunction with the experiments, the simulations identify a low frequency oscillation of about 0.3 Hz in case of an applied static magnetic field with isolating mold walls (see Fig. 6). It is clearly seen from the snapshots of the velocity distribution in the middle plane of the mold, that a reciprocal bending of the jets is present. The typical two roll structure collapses in the lower mold and an oscillation manifests itself. An evaluation of the velocity signal in the frequency domain yields a distinct peak in the experiments as well as in the CFD simulations. 
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 21 Fig. 1 (top, left):X-LIMMCAST -small scale acrylic glass model for investigation of liquid metal-gas two-phase flow in the mold and SEN by X-ray imaging.
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 2 Fig. 2 (top, right): LIMMCAST -large scale (250 °C) liquid metal experiment for continuous flow measurement in tundish, SEN and mold.
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 3 Fig. 3 (bottom, left): Mini-LIMMCAST -small scale acrylic glass model for experimental flow investigations at room temperature using GaInSn.
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 4 Fig. 4: Smooth mold level at one time instance without electromagnetic interference.
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 56 Fig. 5: Snapshot of mold level under the influence of a static magnetic field, which creates a wave. (B = 310 mT, Ha = 417, N = 75)
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Summary

For physical modeling of the continuous casting process, it is essential to use liquid metals for conducting the experiments when regarding special effects, e.g. in case of two-phase flows or magnetic fields. To provide an experimental tool for these cases, the three experimental facilities LIMMCAST, Mini-LIMMCAST and X-LIMMCAST were built up at HZDR with slightly different scopes. This paper shortly presented all three experimental setups and exemplarily one measurement example. The measurement results of the liquid metal experiments represent a valuable data base for the validation of numerical models, e.g. [13,[15][16][17]. Additionally, a numerical model is proposed that gives the possibility to study the flow quantities in detail. It was shown that the numerical data are in very good accordance with experimental results. In future it will be further developed in direction to multiphase flows. So, the advantage of combined experimental and numerical work was demonstrated.