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This paper describes the investigation of bubble rise dynamics in a special molten metal bubble reactor which is used at Karlsruher Institute of Technology (KIT) to investigate the CO2-free production of hydrogen. The focus of the 2D simulations presented in this paper is the single bubble rise dynamics through the previously mentioned column and its comparison to the rise dynamics with applied AC EM field.

Introduction

The common process to produce hydrogen is the CO2 intensive steam reforming process. Due to this fact it seems to be highly attractive to investigate processes which produce hydrogen with lower or without CO2 emission. One of these processes is the thermal cracking of methane. It takes place in a molten metal bath of a chemical bubble reactor shown in Fig. 1 at ambient temperatures above 600 °C. The chemical bubble reactor is a cylindrical vessel with an heated wire wrapped around it. In Fig. 1 is also shown a possible inductor coil to apply the electromagnetic (EM) field, in order to manipulate the liquid metal flow. Fig. 1: Chemical bubble reactor with liquid tin and bubbly methane flow [START_REF] Tucs | Proceedings of the International Conference on Heating by Electromagnetic Sources[END_REF] Table 1: Material Properties of liquid tin and methane used in simulation [ The goal of this work is to develop and verify numerical models to describe the bubble flow dynamics in molten metal bath and using this models to investigate the impact of applied external EM fields on the process.

The applied fields are used to manipulate the bubbly flow in order to gain maximal efficiency of the hydrogen production process. In previous works calculation results for single bubble rise dynamics in 2D axisymmetric consideration for various characteristic dimensionless numbers in the presence of external DC EM field have been obtained and verified through experimental and simulation data from literature [START_REF] Tucs | Proceedings of the International Conference on Heating by Electromagnetic Sources[END_REF]. Moreover, Jakovics et. al. Have made numerical investigations regarding the same experimental setup applying DC magnetic fields and its impact on the bubble dynamics [START_REF] Jakoivcs | Electromagnetic Processing of Materials[END_REF]. In the first part of this paper the adaption of the investigated numerical model to a new experimental setup compared to the investigations of A. Tucs et al. [START_REF] Tucs | Proceedings of the International Conference on Heating by Electromagnetic Sources[END_REF] is described and the obtained simulation results for a single bubble rise dynamics in 2D are presented. In the second part of the paper, a method for breaking up the bubbles into smaller blebs and its simulation results are discussed. Due to an external AC magnetic field at the bottom of the molten metal vessel, a flow pattern with an opposite flow direction in relation to the bubble rise is created. By reason of the shear forces the bubble split up into several pieces and creates thereby a bigger surface active area for chemical reaction. The increase of the surface by the separation leads to a higher amount of chemical reaction and an increase of the process efficiency.

Set-up of the model

In order to investigate the bubble rise in the chemical bubble reactor, a two-dimensional model is chosen due to calculation time. The model of the reactor is a rectangle with a height of 1.15 m and a filling level of liquid tin of 1 m. The diameter of the column is 0.036 m. Facts of the model are shown in table 2. To gain the residence time resp. the terminal velocity of the bubble in dependence on the bubble diameter a single bubble is initialized at the bottom of the column and its path through the column with focus on the trajectory and velocity is observed. One of the common methods in numerical simulation to simulate two immiscible fluids tracking the volume fraction of each of the fluids to figure out the motion of bubbles, taken into account the change of their shape during the flow through the column is the Volume of Fluid (VoF) method. This method is based on a transport equation which represents the filling level of each cell in the computational domain. After every time step the shape can be approximated using different methods like Simple Line Interface Calculation (SLIC), Piecewise Linear Interface Calculation (PLIC) or the Donor-Acceptor scheme. Due to the fact that the PLIC scheme is the most accurate in the commercial CFD-Code FLUENT, this scheme is used in the geometric reconstruction approach [START_REF] Jakoivcs | Electromagnetic Processing of Materials[END_REF] and is used in the simulations presented in this work. 

Results 2D Simulation

The process has been analyzed by simulating the residence time in dependency of the diameter of the bubbles.

For bubbles with a diameter of 2 mm the residence time is around 25 sec. This time is decreased very fast with a bigger diameter e.g. the residence time of a bubble with a diameter of 10 mm is according to this simulation 9 sec. The terminal velocity is shown in fig. 3 and is anti-proportional to the diameter. The results of terminal velocity is between 4 cm/s of a small bubble (2 mm) to ca. 12 cm/s of a big bubble (10 mm). Thus can be seen that a bigger diameter is a disadvantage of the process. The trajectory of the bubbles can be seen in fig. 4 and5. The oscillation of bubbles e.g. shown in fig. 4 are another reason of high residence time in the column. Calculating the Eötvös number, which describes the relative influence of surface tension to body forces and thus is in relation to an oscillating trajectory it turns out that this number is much greater than 1 and it is highly presumable that oscillations appear. In this case there is just a single bubble which is observed during its path through the column, but there would be much more influence on the path of the bubbles and thus more oscillations due to another inlet condition that is creating a bubble plume and due to the interaction of bubbles. The results are in accordance with an independent simulation of the same case using the TwoPhaseEulerFOAM solver of the opensource code OpenFOAM and with results figured out in [START_REF] Jakoivcs | Electromagnetic Processing of Materials[END_REF] However, this results should be compared to the results of the second part of the paper. 

Electromagnetic stirring of bubbles

In bubble columns with high gas rate, it happens that bubbles conglomerate and create big bubbles (3-10 mm). These bubbles accelerate due to the increased Archimedes force. This means that the residence time of the bubbles are decreased very much and the efficiency of the process also decreased. A possibility to split up those conglomerated big bubbles is to use the electrical conductivity and apply an AC electromagnetic field, which induces electromagnetic forces, which create a turbulent flow. The advantages of these method are the increase of surface active area of methane bubbles and the decrease of the driving force of the bubbles. Both effects increase efficiency of the process. The disadvantages are besides the energy used for the induction system, the turbulent flow pattern which maybe accelerate the bubbles and decrease their residence time. First of all, this investigation shall show on the one hand if it is possible to split up bubbles due to shear stresses and on the other hand if the bubbles are accelerated or decelerated.

Theory

First of all, the electromagnetic forces are calculated using the commercial software ANSYS. This is done by solving the following

The model of the column was the same as for the hydrodynamical mesh, since the mesh was setup in ANSYS and exported to FLUENT. Using the VoF-method, the forces are solved as sum of volume forces in the following equation

To apply the external AC magnetic field an inductor with three turns was placed at a particular height of the column to induce the forces locally. The electrical parameters are chosen in a way that the penetration depth of the magnetic field fits the size of the radius of the column. With material properties of liquid tin at 600 °C it turns out that a frequency of ca. 250 Hz has to be used. Furthermore, a parameter study according the magnitude of force density to separate the bubble has been done by adjusting the magnitude of inductor current. The resulting forces and their coordinates were exported to a text file and spread onto the cells of the hydrodynamical mesh using a User-Defined function. To ensure that the magnitude of the forces are reduced if the bubble passes by, the forces are adjusted with the factor of volume fraction of primary phase in every time step. Thus they are 0 if the bubble with volume fraction 1 of secondary phase reaches the penetration depth of the electromagnetic field and receive a linear approximated force in the intermediate zone of the two phases. The velocity profile in the region of the inductor creates the velocity profile shown in Fig. 6. The velocity develops values up to 0.23 m/s. Due to the forces created by this velocity bubbles can be split up, which is shown in Fig. 7. In this case a bubble with a diameter of 8 mm is split up into two bubbles which are pushed to the walls. During the further path of the bubbles through the column it is shown that the residence time is slightly increased resp. the velocity is slightly lower compared to the simulation without EM field. The separation was observed at bubble diameter larger than 6 mm, in other cases the bubbles were simply pushed aside. The residence time has been simulated three times and the median was calculated and is shown in fig. 8 and9. 

Conclusion

In order to investigate the separation of bubbles a two dimensional case according to an experimental setup has been set up. A study of the rise of single bubbles with different diameters has been performed and the trajectory, the residence time and the terminal velocity have been obtained. In the second part the numerical model was extended by an induction coil which was placed around the bubble column and an electromagnetic investigation of the induced electromagnetic forces has been done. These forces were implemented in the hydrodynamical model and a hydrodynamical calculation with focus on a possible separation was performed. It was shown that shear stresses of induced by an induction coil with 250 A and 250 Hz has been big enough to separate bubbles with a diameter larger than 6 mm. The influence of the induced flow was according to residence time and terminal velocity neglectible. The bubbles were may be accelerated by the upper vortex of the induced flow pattern, but before they were decelerated and had afterwards a smaller diameter and a reduced driving force. Further investigations are planned to verify this method in experiments.
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 2 Fig. 2: Residence time of single bubbles in respect to their diameter in the bubble column.
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 3 Fig. 3: Terminal velocity of single bubbles in respect to their diameter in the bubble column.
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 4 Fig 4: Trajectory of a bubble with 2 mm diameter in the bubble column.
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 5 Fig 5: Trajectory of a bubble with 4 mm diameter in the bubble column.
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 67 Fig. 6: Velocity due to induced electromagnetic forces.
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 8 Fig 8: Comparison of residence time of bubbles in respect to their diameter with applied and without EM field Fig 9: Comparison of velocity of bubbles in respect to their diameter with applied and without EM field

Table 2 :

 2 Facts of 2D model

	Elements	Shape of Elements	Nodes	Grid type	Symmetry
	26250	Triangles	27156	Structured	planar

Table 2 :

 2 Using the VoF-method a single momentum equation, which depends on the volume fractions of each phase, is solved. Furthermore, a time-dependent solution is chosen for this simulation. Schemes and Time Step settings used in this simulations are shown in the following table: Used Solver setup and numerical schemes.

	Solver

Table 4 :

 4 Electrical Parameters to induce EM force density

	Current [A]	Frequency	Penetration	Number of	Induced	Maximum	Achieved
		[Hz]	depth [mm]	turns	power	force density	velocity of
					density	[N/m]	melt [m/s]
					[W/m]		
	250	250	20	3	46.2	0.017	0.23
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