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Liquid metal batteries are currently discussed as a means to economic large scale energy storage. They consist of three fluid layers in stable density stratification. This fully liquid arrangement relies on the stable stratification to remain intact in order to function properly. Fluid motion has the potential to disrupt the molten salt layer sandwiched inbetween the upper and lower metal electrodes. A situation like this would result in an internal short-circuit and thus in a malfunction of the cell. We consider here two electromagnetic flow driving mechanisms: the Tayler instability and rotational Lorentz force distributions leading to electro-vortex flows. In a simplified setting, the stabilization of the electrolyte layer can be described fairly well by the ratio of potential to kinetic energy, i.e., the Richardson number.

Introduction

Liquid metal batteries (LMBs) consist of two molten metals separated by a fused salt. The materials are selected to allow reversible energy transfer and a stable density stratification. A typical system consists of Na as anode layer on the top, Bi as cathode material on the bottom and NaI-NaCl-NaF as molten salt eutectic sandwiched in-between both metals. LMBs were intensively investigated in the 1960s [1] and found new interest only recently for large scale storage of electricity [2]. Major advantages are the low costs predicted for these systems, a simple cell construction suited for scale-up on the cell level, and the long cycle life due to the ever renewing electrodes. Drawbacks include the elevated operating temperatures and cell voltages typically below 1 V. Due to their completely liquid interior, fluid dynamics will play an important role for LMBs. There might be several sources of motion, including temperature gradients, concentration gradients and electromagnetic forces. The main heat release will take place in the electrolyte layer, (which has the by far lowest electrical conductivity) leading to a heat distribution susceptible to the Rayleigh-Bénard instability inside the electrolyte layer itself and in the anodic compartment. Temperature or concentration gradients in the salt layer may give rise to thermal or solutal Marangoni convection. Long wave instabilities comparable to those observed in aluminum reduction cells may occur in large cells and short wave instabilities were predicted for current carrying three layer systems [3]. Large enough velocities may disturb the stable density stratification and endanger the integrity of the electrolyte layer [4], but flows will not only have adverse effects: a mild motion in the cathodic compartment would be beneficial for mixing [5] and could prevent the formation of intermetallic phases [START_REF] Shimotake | Intersociety Energy Conversion Engineering Conf[END_REF]. In the following, we will concentrate on two electromagnetic flow driving mechanisms, namely the Tayler instability (TI) and rotational Lorentz force distributions resulting in electro-vortex flows (EVFs). The current density in LMBs is typically in the range of 4 to 100 kA/m 2 and quite high compared to other cell chemistries. This is due to the fast kinetics at the liquid-liquid interfaces and the good mass transfer conditions in liquids compared to solids. Together with the envisioned large cell diameters [START_REF] Bradwell | [END_REF], considerable total cell currents together with their accompanying magnetic fields will result.

The Tayler instability and its control

Instabilities caused by the interaction of a current passing through a conducting fluid with its own magnetic field are well known from plasma physics. Plasmas in Z-pinches and Tokamak geometries are prone to axisymmetric "sausage" and non-axisymmetric "kink" instabilities. In liquid metals, resistivity and viscosity exert a stabilizing influence, but an incompressible counterpart of the plasma instabilities, the TI, nevertheless exists. Stability conditions for the inviscid and ideally conducting case have been formulated by Tayler [START_REF] Tayler | [END_REF] and Vandakurov [9] recurring to the shape of the magnetic field distribution. For real fluids, the onset of the TI is described by a critical value of the Hartmann number Ha = B 0 R/(σ/ρν) 1/2 that describes the ratio of electromagnetic to viscous forces. For a cylindrical conductor, B 0 is the value of the azimuthal magnetic field at the cylinder radius R; σ, ρ, and ν denote the material parameters electrical conductivity, density, and kinematic viscosity, respectively. Rüdiger et al. [10] found a critical value of Ha crit ≈20 for the onset of a non-axisymmetric flow, a value that could recently be confirmed experimentally by Seilmayer et al. [11]. Since the TI originates due to specific properties of the magnetic field distributions inside the liquid conductor, there exists the possibility to overcome this type of instability by modifying this field distribution. That can be done by changing the shape of the conductor as explained in [13] or by the superposition of additional fields as investigated in [14]. The latter approach leaves much more freedom for cell design and is therefore probably the more appealing one. Depending on the field configurations, only a relatively small part (1/6 … 1/3) of the total cell current has to be used to generate the stabilizing field making autonomous operation possible. Energy consumption for stabilization can be kept low by using low resistivity coils for field generation.

Besides the aforementioned stabilization methods, the construction of battery cells may also profit from the dramatic increase of I crit with decreasing aspect ratio [12].

Electro-vortex flows

In the previous section, we assumed a purely axial current density distribution when discussing the features of the TI. In real settings, this condition will almost always be violated since current is fed through connectors with diameters d much smaller than those of the cells. Consequently, current collectors of height h have to be applied to distribute the current in the cell. This leads inevitably to radial components of the current density and therefore rotational Lorentz force distributions that cannot be balanced by pressure. The red graph in Fig. 1 shows the evolution of the flow for relatively high current collectors (h/D=3). The EVF starts immediately giving rise to a mild background flow which seems to trigger the TI earlier than it appears in the undisturbed case. The inserted vector plots in Fig. 1 show snapshots of the flow fields. Due to the symmetric arrangement of the current collectors, the initial flow state is symmetric around the middle cross section as well but soon becomes unstable. When the TI finally sets in, it generates the staked row of vortices characteristic for the dominant "kink" mode. Note that the mean velocity of the saturated state is slightly higher than without the initial EFV background. The situation changes drastically for thinner current collectors. If their aspect ratio is decreased to h/D=2, the EVF develops to a stronger saturated state on top of which no TI appears until the calculations were stopped. Interestingly, the mean velocity reached at the end is considerably smaller compared to the cases where the TI is present.

Figure 2 displays the mean velocity in the saturated state vs. the current collectors aspect ratio and vs. the total applied current. While the mean velocity increases almost exponentially with decreasing aspect ratio, it depends linearly on the total current for a fixed geometry.

Electrolyte layer rupture

As mentioned in the introduction, a major interest lies in the influence of the flow on the integrity of the electrolyte layer. For this discussion, we focus on the case of a pure EVF and consider a Na-Bi system with an eutectic NaF-NaCl-NaI electrolyte at an operating temperature of 580 °C. The sketch inserted in Fig. 3 gives an idea of the setup. The cell's aspect ratio is 1. The diameter of the connectors d and the height of the current collectors h is only 1/20 of the cell diameter D=100 mm. A volume-of-fluid method together with a predetermined Lorentz force distribution was used for the calculations. We did not account for modifications of the current distribution due to interface shape changes. The applied current as well as the initial height of the electrolyte layer h 0 was modified to obtain data of the minimal electrolyte height h min under different conditions. As can be expected from investigations on jets impinging on liquidliquid interfaces [15], and as was also discussed by Herreman et al. [16], it is mainly the ratio of the potential energy of the stratification to the kinetic energy of the fluid flow that determines the results in this setting. This ratio is commonly expressed in terms of the Richardson number Ri=g ρ h 0 /(ρ u 2 ), with the acceleration of gravity g, the density difference of molten salt and Na ρ, and the Na density ρ. We used the time and volume averaged values of u in the saturated state. The exponential expression given in Fig. 3 fits the points fairly well and results in a critical Ri for the rupture of the electrolyte layer (h min =0) of about 0.5, i.e., equilibrium of potential and kinetic energy. Knowing that for the saturated TI Re ~ Ha 2 holds, we can write a Richardson number for a TI driven flow in terms of the total current as Ri=g ρρ h 0 D 2 /( 0 4 σ 2 I 4 ). The assumption of a fixed current density distribution and a Lorentz force unaltered by local changes in the electrolyte layer thickness is, however, a considerable simplification. Calculations taking into account the variations of the fields are on the way.

Conclusions

Fluid flow is an important aspect for LMBs. Here, we concentrated on a small subset of the full and very complex problem. Flows due to the TI can be understood as an upper bound for electromagnetically excited flows in the ideal case of completely homogeneous current densities. The TI can readily be controlled, and its onset is shifted to very large currents in the case of shallow cells. For technical settings EVFs will always play a role. Already small gradients of the electric field distribution may result in non-vanishing velocities. Saturation of EVFs is due to wall friction and therefore depends strongly on the container shape. The equilibrium of potential and kinetic is a suitable criterion for the rupture of the electrolyte layer, at least in the simplified case of a fixed current density distribution.
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 1 Fig. 1: Evolution of the flow structures and the mean Reynolds number depending on the electric boundary conditions. The aspect ratio of the fluid column with a diameter of D=1m is H/D=2.4, the applied current corresponds to Ha=100. Conductivity of the current collectors σ CC is five times that of the fluid σ F . Numerical results by Weber et al. [12] based on an integro-differential equation approach implemented in the open source library OpenFOAM ® nicely fit the experimentally determined growth rates as well as the expected wave lengths. Modifications of this code were used for the calculations discussed in the following. Since for a cylindrical conductor, B 0 R is determined by the total current alone, one can use the material parameters to calculate critical currents I crit from Ha crit and finds that the typical anode materials like Na, Li and Mg require much lower I crit than the metal and half-metal candidates for the cathodes. Thus, TI will first occur in the anodic compartment. The evolution of the mean velocity value u due to the TI vs. time t normalized by a viscous time scale ν/D 2 is shown by the blue graph in Fig. 1 for an exemplary case of a relatively high fluid column of aspect ratio H/D=2.4. Instead of the velocity value itself, the corresponding Reynolds number Re=Ru/ν is displayed. As marked in the inserted sketch, D denotes the diameter of the fluid column. Unlike in the two other cases discussed below, in order to observe the TI in its pure form, a constant potential was applied over the total cross-section of the cylinder at the outer surfaces of the liquid column. After a relatively long time without any noticeable motion, the TI starts to grow exponentially until it reaches a saturated state corresponding to a Re of about 850. The structure of the saturated flow consists of three vortex roles stacked vertically like the ones shown in the rightmost insert of Fig. 1. It mirrors largely the fastest growing antisymmetric m=1-mode of the instability.Since the TI originates due to specific properties of the magnetic field distributions inside the liquid conductor, there exists the possibility to overcome this type of instability by modifying this field distribution. That can be done by changing the shape of the conductor as explained in[13] or by the superposition of additional fields as investigated in[14]. The latter approach leaves much more freedom for cell design and is therefore probably the more appealing one. Depending on the field configurations, only a relatively small part (1/6 … 1/3) of the total cell current has to be used to generate the stabilizing field making autonomous operation possible. Energy consumption for stabilization can be kept low by using low resistivity coils for field generation.Besides the aforementioned stabilization methods, the construction of battery cells may also profit from the dramatic increase of I crit with decreasing aspect ratio[12].
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 3 Fig. 3: Dependency of the normalized minimal electrolyte height on the Richardson number for different total currents.
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 2 Fig. 2: Mean velocity vs. aspect ratio of the current collectors (left) and mean velocity vs. applied current (right).
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