Helmholtz-Zentrum Dresden-Rossendorf (HZDR) i—i 2 D R

HELMHOLTZ ZENTRUM
DRESDEN ROSSENDORF

Anode-metal drop formation and detachment mechanisms in liquid
metal batteries

Benard, S.; Weber, N.; Horstmann, G. M.; Landgraf, S.; Weier, T;

Originally published:
August 2021

Journal of Power Sources 510(2021), 230339

DOI: https://doi.org/10.1016/j.jpowsour.2021.230339

Perma-Link to Publication Repository of HZDR:

https://www.hzdr.de/publications/Publ-31645

Release of the secondary publication
on the basis of the German Copyright Law § 38 Section 4.

CC BY-NC-ND


https://www.hzdr.de
https://www.hzdr.de
https://doi.org/10.1016/j.jpowsour.2021.230339
https://www.hzdr.de/publications/Publ-31645
https://creativecommons.org/share-your-work/cclicenses/

Anode-metal drop formation and detachment mechanisms
in liquid metal batteries
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Abstract

We study numerically localised short-circuits in Li||Bi liquid metal batteries. In the
prototype of a classical, three liquid-layer system, we assume a perceptible local de-
formation of the Li-salt interface. We find that there exists always a critical current at
which a Li-droplet is cut off from this hump, and transferred to the Bi-phase. In a sec-
ond case, we assume that the molten Li is contained in a metal foam, and that a small
Li-droplet emerges below this foam due to insufficient wetting. This droplet is de-
formed by Lorentz forces, until eventually being pinched off. Here, the critical current
is slightly lower than in the three layer system, and both, a droplet transfer and com-
plete short-circuits are observed. Finally, we discuss the relevance of our simulations
for experimentally observed short-circuits and non-faradaic Li-transfer.

Keywords: liquid metal battery, OpenFOAM, volume-of-fluid method, contact angle,

multiphase simulation, short-wave instability

1. Introduction

Liquid metal batteries have been proposed as cheap stationary energy storage about
ten years ago [1]. Built by a stratification of two molten metal electrodes, separated by
a fused salt electrolyte, such cells offer extreme current densities, self-healing proper-

ties and a potentially unlimited life-time. The ohmic resistance of the electrolyte layer
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represents typically the highest overpotential of the cell [2-5]. Therefore, the elec-
trolyte needs to be as thin as possible. Still, it should be thick enough to avoid any
short-circuit between the metal electrodes. This optimisation problem leads to elec-
trolyte layers, which are typically 5-10 mm thick. Paste electrolytes, where the molten
salt is stabilised by a ceramic powder are usually only 1-3 mm thick [6—10], but exhibit
a 2-4 times lower conductivity [5].

Apart from corrosion issues, internal short-circuits are one of the main reasons
for cell failure, and have been reported e.g. for K-Hg [2, 6], Mg-Sb [11, 12], Li-Se
[13, 14], Ca-Bi [15], and Li-BiPb cells [16]. As LMBs are mainly operated as closed
cells, it has not always been easy to determine the reason for cell failure by post-mortem
analysis. Especially in Ca-cells, dentrite-like intermetallic phases are known to grow
into the electrolyte, finally short-circuiting the cell [15]. In Li||Sn batteries, Sn-rich
particles have been observed inside the electrolyte [17]. Finally, it has been reported
for Li-based cells that a low wettability of the current collector leads to droplet-shaped
liquid electrodes, which decrease the interelectrode distance thus raising the risk for a
short-circuit. Especially when using a metal foam as current collector — which should
absorb the molten Li — a low wettability will lead to free-moving Li droplets, which

may short-circuit the cell [14].
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Figure 1: Charge-discharge curve of a Li||Bi liquid metal battery with sudden voltage drops (a), Li-droplets
at the negative current collector (b) and intermetallic LizBi formed at the current collector after local short-

circuits (c).

Fig. 1 illustrates localised short-circuits observed in Li||Bi cells. The inset in the
charge-discharge graph shows a sudden decrease in cell voltage — an effect, which hap-
pens especially after operating the cell for several cycles. We expect that such voltage-
perturbations are caused by a short, non-faradaic transfer of Li from the anode to the
cathode. Thus, the Li-concentration in the alloy will rise locally, therefore lowering
the cell potential. Similar effects with a typically larger signature in the voltage pro-
files are known from vacuum arc-remelting [18] and electro-slag remelting [19], where
the droplet transfer from the melting electrode to the pool is central to the refinement
process.

One reason for the occurrence of sudden short-circuits might be an insufficient
wetting of the current collector by liquid Li. This will lead inevitably to the formation
of Li-droplets during charge, as illustrated in fig. 1b. If large enough, these droplets
might be transferred to the positive electrode by, e.g., the Lorentz force or any fluid
flow. A sufficient wetting is especially important when using a metal foam to contain
the molten Li. Unexpected surface reactions, and missing wetting may lead to the

formation of small Li-droplets below of the foam. The following inevitable short will



not only reduce the Coulombic efficiency, but might even lead to the formation of solid
intermetallic Li;Bi. In the worst case, the latter will attach to the metal foam — as
illustrated in fig. lc.

Inspired from aluminium-reduction cells, numerical modelling of liquid metal bat-
teries has focused in the past mostly on very large single cells. Effects, which have
been suspected to cause short-circuits include thermal convection [20-22], the Tayler
instability [23-25], electro-vortex flow [26-30] as well as long-wave interface instabil-
ities [31-42]. All these flow phenomena will rather cause long-wave, i.e. short-circuits
of the complete battery. They are probably not suited to explain the experimental ob-
servations described before.

LMBs, which operate with three stratified layers, i.e. which do not use a metal
foam to contain the anode metal, may suffer from localised short-circuits caused by
short-wave interface instabilities. The latter have already been studied in relation to
electric-arc furnaces by Sneyd [43]. He found that local currents can be destabilising
if sufficiently strong. This work has later been revisited by Priede [44] in relation
to LMBs. He found that the electromagnetic force has a stabilising effect on short-
wave interface deformations, and that the latter are only unstable, if the electrolyte has
a higher conductivity than the electrodes. However, this would be an atypical case.
Of the more common electrode materials, only Se has a sufficiently low conductivity.
For very strong, and non-linear interface deformations, also the kink- and pinch-type
instability of liquid columns might be of interest [45].

The idea of a small Li-droplet, which forms due to insufficient wetting below of the
metal-foam current collector resembles much the mercury electrode used for electro-
chemical investigations [46]. As long as the droplet is still in contact with the current
collector, its surface will have a uniform potential. However, as soon as the drop de-
taches, this is not longer the case. As surface tension varies with the non-uniform
potential, electrocapillarity will possibly change the shape of the droplet and drive
Marangoni convection around it [46—48]. Electrocapillary motion might therefore ex-
plain the movement of droplets, but not its detachment.

A technical process, where droplet separation plays a crucial role, is classical arc

welding. There, the shape, size and detachment of the fused metal droplets formed at



the tip of the electrode depends especially on the working current, i.e. the magnetic
pinch force, and the welding gas, which determines surface tension [49-51]. The —
very important — transition from globular transfer (of large) to spray transfer (of small
droplets) has originally been explained by the static force balance theory (SFBT). The
latter predicts a drop detachment if the retaining forces (surface tension) are larger than
the separating forces (gravity, Lorentz force) [52-54]. Alternatively, the pinch insta-
bility theory (PIT) is used to explain droplet detachment [54]. There, a fluid column is
expected to disintegrate into a droplet chain due to the destabilising effect of the weld-
ing current [49]. The observation of pinch effects on current bearing liquid columns
dates back to Hering [55] and Northrup [56]. Alpher [57] gives an overview of the
older contributions.

Droplet formation at and detachment from electrodes is vital to two metallurgical
processes, namely vacuum arc remelting (VAR) and electroslag remelting (ESR). Both
processes are used for the purification of metals that are melted by the passage of a
large current. Drops of molten metal detach from the electrode and pass either through
a vacuum (VAR) or through a slag layer (ESR) before entering a melt pool that even-
tually undergoes solidification. Typical current densities are 50kA/m? to 100 kA/m?
for ESR [58] and between 1.5 kA/m? to 600kA/m? for VAR [59]. In both processes
the detaching drops leave a very distinct voltage signature that is known as “voltage or
resistance swing” in ESR [60]. Drop formation depends on the shape of the electrode
(from completely flat to very spiky) which in turn is determined by the heat trans-
fer conditions at the electrode [61]. Since the total current is usually high, vigorous
electro-vortex flows are to be expected in these devices. They are strongest in the slag
in case of ESR but — naturally — limited to the ingot for VAR [19]. In both processes
droplets of high density material form at a downward facing interface in a low den-
sity environment, i.e. gravity can reasonably be expected to be the main cause of drop
detachment and surface tension acts as a restoring force.

This is in sharp contrast to the situation in liquid metal batteries considered here:
the droplets consisting of anode material possess a density lower than that of their en-
vironment. Thus, surface tension as well as gravity tend to keep the droplets at the

anode. Obviously, the force balance needs to be extended in order to provide an expla-



nation for droplet detachment. For this purpose we will concentrate in the following
on electromagnetic forces that were sometimes neglected [19, 61] but recently gained

more attention [58, 62] in the frame of ESR models as well.

2. Model and numerics

We will present in this chapter the general model used for the studies, including
geometry, material properties and the governing equations of the system. It will be

applied in the next section to a Li|LiCI-LiF(70:30)|Bi liquid metal battery.

2.1. Geometry

The prototype used for the simulations is a cylinder. The diameter of this cylinder
is D = 10 cm, and the height of the three layers are H, = 4.5 cm, H, = 1 cm and
H, = 4.5 cm for the positive electrode, the electrolyte and the negative electrode,
respectively (figure 2). Generally, the negative electrode can consist of a liquid metal
layer, floating on top of the electrolyte, or the molten Li may be contained in a metal
foam. In order to study different droplet-transfer mechanism, we will include both

set-ups in our model, denoting them as “foam” and “three-layer” case.
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Figure 2: Sketch of the three-layer cell (a) and the cell featuring a foam containing the positive electrode
material (b). The interface deformation/hemispherical droplet is located at the axis of symmetry. Numerical

calculations are limited to the hatched regions.



The current collectors located above and below the battery will not be modelled,
but will be replaced by simplified boundary conditions. The model will be set-up as

being fully axisymmetric.

2.2. Material properties

We assume a typical working temperature of 550 °C for the Li|LiCI-LiF|Bi cell

[63]. The following table gives an overview on the material properties.

Quantity Unit Li salt Bi
viscosity v m?2s'  63-1007 1.6-10% 1.2-1077
density p kg.m™3 482 1568 9721
electrical conductivity o S.m™! 2.5-108 409  6.9-10°
reference [64] [65] [66, 67]

The interface tension y;; between phases i and j is not known; we use therefore the

following values, which have been estimated by Personnettaz et al. [22] for a similar

system:
¥ Lisat = 0.196N.m™!, (1a)
¥ Bisat = 0.275N.m™!, (1b)
Y LiBi = 0329Nm’1 (IC)

2.3. Equations

While computing the Lorentz force, the magnetic field originating from the feeding
lines needs to be considered, as well. Simply neglecting the field generated by currents
outside the fluids would lead to a reduced magnetic pressure towards the current col-
lectors. The latter would drive an nonphysical fluid flow. In order to avoid the costly
computation of additional magnetic fields, we employ the perturbed current method
[33]. We approximate the battery’s magnetic field as originating from an infinitely
long cylinder, denoted as By. This allows to compute simply the perturbed magnetic

field b. The total magnetic field in the battery will thus be B = By + b, and the current



density is written as J = Jo+j with Jo = —Jpe;. In order to find By, we use Ampere’s

law
9§BO'dl = ffu()]()'ds < By(r):2nr = ,uOJonrz,

with the vacuum permeability rg. The magnetic field of the infinitely long cylinder
reads then

J
Bo(r) = B2 reo. @

The electric potential ¢ in the battery is obtained by solving the Laplace equation
V-(oVp) = 0, 3)
which is derived by applying the divergence operator to Ohm’s law
J=0E=0(-Vo+uxB), “4)

while neglecting the term u X B. The latter is permissible, as the flow velocities are

rather small. We find the current density as
J = —oVe. o)

The velocity u is obtained by solving the Navier-Stokes equations

d(pu)

o Volouw) = ~Vpy + gV + V- (ov(Vu + V)" + IXB + f

(6a)

St>
Vu =0, (6b)

with g denoting the gravity and p; = p — pgz the modified pressure [68]. The surface
tension force f, is modelled using the continuum surface force (CSF) model [69-72],
i.e. it is implemented as a volume force fy = ;4 ¥ijkij0ij, concentrated at the
interface, with y;; denoting the interface tension between phases i and j. The curvature
is given as

G’J'VCY,' - aang

(N

ki~ —V-
Y la;Va; — a;Va,|’

and the Dirac delta function ¢;; = a;Va; — @;Va; ensures that the force is applied only
near an interface. Finally, we find the surface tension force as

aiVa;, — a;Va;
fst X —ZZ’)/UV~ (;)(ajVaq —a',‘VCZj). (8)

T Ia/jVa/i - a,'Vajl



Please refer to appendix Appendix A for further details about the surface tension and
contact angle modelling.

We find the induction equation for the magnetic field b by using Faraday’s and
Ohm’s law

Vxéde = -b, (9a)
Jj = obe, (9b)

where de denotes the perturbed electrical field. Combining both equations leads to

, j 1 1
b::—Vx&::—Vx(i)z—V«ij——ij. (10)
o o o
Applying Ampere’s law as
Vxb = uoj, (11)
we obtain
. 1 1 1
Vx,:Vx(-Vxﬁ::—{wvaﬂ4=——Ah (12)
Ho Ho | ~—— Ho

Considering that the magnetic field varies slowly, i.e. b~ 0, we can use the quasi-static
approximation [25, 73, 74] and obtain the final induction equation as
1 Ab = o-V(l) X J. 13)
Ho o
Due to the symmetry of the model, the only non-zero component of the magnetic field
is the azimuthal part by. Indeed, as the system is axisymmetrical, every meridional
plane containing the vectors e, and e, is a symmetry plane for the current. Thus,
the magnetic field is necessarily perpendicular to this plane, that is to say only in the
azimuthal direction.

Knowing current and magnetic field, the Lorentz force is computed as
L = jxB + Joxb. (14)

Note that we do not include the constant part Jy X By as it is rotation-free and can there-
fore be included into the pressure gradient. As the magnetic field is purely azimuthal
we find

Ly = J.b, — jub. = 0. (15)



Using a modified volume-of-fluid method [68, 75, 76], the phase fractions «; are
solved as
6a,~

o + V.(qu) = 0, (16)

using an approach similar to the Flux Corrected Transport method [77-81]. The mix-

ture properties are then computed as

V= é Zaipivis o= Za'io'ia pP= Zaipi- a7
i i i

We implement our model in the open source CFD library OpenFOAM [82], using the
existing solver multiphaselnterFoam [68, 76], where we add equation (3), (5), (13), as

well as the Lorentz force in the equation (6a) [33].

2.4. Boundary conditions

For every simulation, we use non-slip boundary conditions for the velocity as well
as the corresponding Neumann boundary condition for pressure. Biot-Savart’s law
might be applied to determine the correct boundary values of the magnetic field as

[83, 84]

b(r) = %f%dv’. (18)

However, as the borders are far from the droplet, the perturbation of the magnetic field
at the boundaries will be almost zero. We set therefore b = 0 on all boundaries, which
saves much time by avoiding the computation of Biot-Savart’s law.

Finally, we fix the current density to —Jye, on the top and on the bottom of the

battery, which is equivalent to fixing the gradient of the potential, since we have V¢ =

J

a

2.5. Contact angle

In order to model the Li-droplet in the foam case, we need to impose a contact angle
between the droplet and the foam. It has been shown that the contact angle depends
on several parameters such as the materials, the surface roughness and the temperature
[85-87]. Moreover, the foam is a porous surface which means that the contact angle can

take several values already because of its porosity [88]. Finally, the wetting properties

10



of the foam will also change during battery operation because of chemical reactions
between salt and foam. Consequently, we do not know the exact value for the contact
angle in our case. For this reason, we will limit the investigation to a 90° contact angle
that approximate at the same time a mean value of the reported contact angles.

The shape of the droplet can be obtained by solving the Young-Laplace equation,

which can be in our case re-written as
—yV-n=2yb + gzAp, (19)

where n is the unit normal vector pointing out of the surface and b the curvature at the
bottom of the drop.

An algorithm provided by Korhonen [89] allows us to compute the analytical solu-
tion of the shape of a droplet with desired material properties, contact angle and volume

of the drop. We will use this algorithm in order to validate the solver.

3. Validation

The magnetohydrodynamic model has already been validated by comparison with
an experiment [84]. Moreover, the multiphase model has been compared successfully
with analytical results in the past [39, 84]. We will focus therefore on the validation of
the contact angle, and the droplet shape.

For this purpose, we model a Li-droplet with a volume corresponding to the one of
a half-sphere with a radius of 8 mm and a 90° contact angle. After placing this initial
drop under the metal-foam, we run the simulation until the drop takes its final shape.
Figure 3 shows this contour, while comparing it with the analytical solution obtained
from Korhonen [89]. Overall, both curves match quite well. They deviate slightly only
in the vicinity of the contours turning point. We denote the error € of the droplet shape

as
hy — hy
hy

where h, and h, are the minimal height of the drop of the analytical and numerical

(20)

€ =

solutions, respectively. We find € = 2.5%, which we consider acceptable in terms of

accuracy of our solver.

11
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Figure 3: Shape of a Li-droplet on a surface obtained by the analytical solution (red) and numerics (black)

forcy, =2,0 =90° and r = 8 mm.

4. Results and discussion

4.1. Three liquid layers

As a first step, we study the three-layer case. A deformation of the Li-salt interface
is used as initial perturbation. The latter is assumed to be of spherical shape in order to
simplify the problem, and is placed at the centre of the battery so that we can use ax-
isymmetrical simulations. Within the parameter studies, the radius and current density
are varied.

Figure 4 illustrates the time evolution of the interface for a deformation with an
initial radius of 8 mm. In the upper insets, a current density of 4.4 A.cm™2 has been
applied. Here, the system re-stabilises by gravity: all Li floats up, until the deformation
disappears. The same can be seen in the graph in the middle of the figure, which shows
the minimal distance between the Li and Bi phases (d) as a function of time. The blue
curve, with a current density of 4.4 A.cm™2, clearly confirms the re-stabilisation of the
system: the inter-electrode distance increases with time until the interface regains its
equilibrium shape.

The lower insets illustrate a second case with a larger current density of 10 A.cm™2.
Now, the resulting Lorentz force is large enough to destabilise the system. The Lorentz
force acts predominantly at the upper right corner of the deformation as the current lines
are strongly bent in this area. It overcomes the stabilising effect of surface tension, and
shears off a Li-droplet within only ~15ms. This very quick pinch creates an inward

directed flow, which might eventually push the droplet downwards to the Bi-phase.

12



This sequence of events is mirrored by the orange graph in fig. 4, which shows how
the Li-droplet approaches the Bi-interface with time, until finally touching it. Please
note that we do not observe a complete short-circuit, but just a droplet transfer from
the negative to the positive electrode. Secondly, our axisymmetric model will probably
not deliver a very realistic description of the droplets downwards-movement, because
of its enforced axial-symmetry. The symmetry condition at the axis deflects the inward
directed flow down- and upwards. In reality, this flow will probably be 3-dimensional.
Nevertheless, we expect our model to describe the initial pinch- and cut-off-phase very
well.

The discussion of figure 4 clearly indicates the existence of a critical current den-
sity, at which the system is destabilised, and a bubble pinched off from the negative
electrode. In order to obtain the critical current, a parameter study with different
deformation-radii and current has been performed. The results are presented in the

table 1.

Droplet radius (mm)  Critical current density (A.cm™2)

14
11
8.4
6.6
5.5
4.7
4.1

O 0 N N U B~ W

Table 1: Critical current density depending on the radius of the initial deformation. The electrolyte is always

10 mm thick.

The table shows clearly that especially large deformations are prone to droplet for-
mation and transfer. However, even there the current density is with 4 A/cm? still four
times higher than for typical Li||Bi cells [90]. As quite violent flows will be required to
create such large initial perturbations, we conclude that the appearance of short-wave

instabilities is rather unlikely — at least for the Li||Bi system. This finding is perfectly

13



in line with Priede [44]. Finally, we would like to stress that even when a droplet
cut-off appears, this does not necessarily lead to metal bridge between both electrodes.
Typically, the Li-transfer occurs only in the form of droplets.

In order to transfer our results to other battery chemistries and geometries, it would
be very useful to predict the critical cell currents by a simple analytical formula. There-
fore, we seek to develop a first stability criterion in the following. The easiest way of
estimating the resilience of the interface against perturbations is to compare the mag-
nitude of the competing forces — as it is done for arc welding using the “static force
balance theory” [52-54]. In general, both gravity and interfacial tension act as restoring
forces, always counteracting displacements with respect to the equilibrium positions,
i.e., perfectly flat interfaces possibly involving menisci in the vicinity of the contact
lines. However, for predicting if spherical-like deformations will detach or not, inter-
facial tension is by far higher significance, because gravity, acting vertically, cannot
compensate the horizontally concentrated Lorentz force, see figure 4. Hence, we as-
sume that only the interfacial tension forces f,, for spherical perturbations of radius R
simply scaling as

Sst ~ ¥ LisanR, 1)

compete against the Lorentz force. The delicate task is now to model the Lorentz force
fr, which is induced by the interface deformation itself. As the latter arises from the

interaction of the cell current with its self-induced magnetic field, it will be of the order
fi ~ ol (22)

where I, denotes the induced current contributing to the Lorentz force. The cell current
Iy, which is purely vertical in unperturbed cells, only leads to a conservative Lorentz
force distribution balanced by the pressure. Any interface displacement will lead to
a redistribution of the cell current, which involves then a non-vertical component 7,,
because the electrical resistance in the electrolyte is orders of magnitude higher than
in the liquid metals. Hence, we need to calculate how strong I is deflected by given
perturbations of the electrolyte — similar as described in [43, 91]. Assuming that the

lower interface remains flat and o, 0, > o, the horizontal perturbation current is of

14
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the order

n
He_n’

I~ I (23)

where 7 is the characteristic depth of the perturbation. In the considered case of spher-
ical droplets, we can identify n with the mean height of the half sphere n = 2R/3.
Inserting (23) in (22) finally yields the scaling of the Lorentz force
,uQI(%R2

fu~ (3H, — 2R)?’

(24)

As the last step, we can construct a dimensionless parameter by comparing the forces
fL and f in the following way:

_ i molg R

pi= fu ¥ Lisat GHe — 2R)?’

(25)

Lithium drops are expected to detach from the anode layer if 8 exceeds some critical
threshold 8 > .. This statement is verified in figure 5 (a), showing the stability as a
function of g for the different simulated drop radii shown in table 1. A sharp instability
onset of B, ~ 37 becomes clearly apparent; only the largest R = 9 mm sphere deviates
significantly. The reason is most likely that gravity cannot be neglected anymore for
such large R — here we reach the limits of the applied simplifications. However, all
other cases give evidence that 8 predicts the interfacial stability adequately. Knowing

B., we can rearrange equation (25) to further predict the critical cell currents

; — [P Lisan BHe = 2R)
’ Ho VR

above which the interface is unable to resist perturbations of size R. In figure 5 (b),

(26)

we compare the simulated critical cell currents against equation (26). Again, a good
agreement with respect to the uncertainties is evident, suggesting that the simplistic
stability parameter (25) already reflects the essential physics. Up to here, 8, remains
as an empirical parameter. It is expected to highly depend on the geometrical cell
parameters, such as the cell diameter, and the material properties. A more rigorous
analysis will be necessary for an analytical prediction of 5. — a promising task we

leave open for future studies.

16
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4.2. Metal foam electrode

In this section we assume that the liquid Li, which forms the upper electrode, is
contained in a metal foam. We focus on the idea that a small Li-droplet forms below
of this foam due to insufficient wetting between foam and Li. We investigate, if this
droplet will be transferred to the Bi-phase, or will keep its shape and position. The size
of the droplet will be varied as well as the current density, exactly as in the previous
section.

All simulations are performed in two steps: first, the setup is initialised with a
hemispherical droplet of desired size and with a contact angle of 90°. Then, we run the
solver without Lorentz force until the droplet takes its equilibrium shape. Finally, we
launch the solver another time, but now with the Lorentz force, in order to observe a
possible deformation or movement of the droplet.

As a first case, we use a Li-drop with an initial radius of R = 8 mm. Figure
6 illustrates the minimal distance between Li and Bi over time. We see clearly that
the drop oscillates, if the current density is below of J = 2.45 A.cm™2. While these
oscillations are dampened for low currents, they lead to some kind of short-circuit for
current densities between 2.45 and 2.5 A.cm™2. At even higher current, no oscillation
appears, and the inter-electrode distance drops quickly to zero — which indicates an
immediate short-circuit, or a droplet cut-off and transfer to the Bi-electrode.

The insets in the same figure illustrate the droplet shape over time for J = 2.45 A.cm™2,
i.e. the case with initial oscillation and final short-circuit. When switching the current
on, the strong Lorentz force pinches the drop thus stretching it downwards. Surface
tension and gravity, trying to counteract this movement, push the droplet again against
the foam. These opposing forces, and the hysteresis between them, explain perfectly
the oscillation, which finally leads to a short-circuit after only 0.272 s. Please note that
the rather large drop leads rather to a direct contact of the Li- and Bi-phase than to
droplet detachment and subsequent transport.

In a second case we study a smaller droplet with an radius of r = 6 mm, as illus-
trated in figure 7. In this case, the critical current density is J = 3.5 A.cm™2, ie. itis
40% higher than for the 8 mm droplet. Yet here, the insets shown for J = 3.5 A.cm™

indicate that neither an oscillation nor a short-circuit appear now. The droplet deforms,
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and simply detaches, before being transferred to the Bi-phase.

Table 2 summarises the different critical current densities for radii in the range [6
mm, 9 mm]. Exactly as in the three-layer case, smaller droplets need larger currents to
detach. However, the critical current densities now lower than in the three-layer case,
and thus more realistic. Furthermore, we observe short-circuit already at a droplet

radius of » = 7 mm — which was not the case in the tree-layer simulations.

Droplet radius (mm)  Critical current density (A.cm™2)

6 3.5
7 3

8 2.5
9 23

Table 2: Critical current for droplet detachment for the foam-case.

In order to investigate the nature of the droplet-oscillation further, we run the simu-
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lation for r = 8 mm until reaching a steady state. Figure 8a illustrates the time evolution
of the interelectrode distance d for different current densities. As expected, the oscil-
lation amplitude increases with current density, and becomes significantly high when
approaching the critical current. In all cases, the oscillations are dampened with time
until a steady state is reached. Interestingly, the final interelectrode distance depends
on the current density, which means that the steady shape of the droplet depends on
the cell current. These “final” shapes are represented for three current densities in fig-
ure 8b. We can clearly see that larger current pinches the droplet thus stretching it
downwards. Apparently, the Lorentz force is not strong enough to detach the drop, but
sufficiently strong to deform it — leading to a new balance between the forces.
Although we have shown that Lorentz forces can deform and even cut off Li-
droplets, it is not easy to generalise our findings. The problem is simply too complex.
While we used a 10 mm-thick electrolyte, it might be much thinner in other cases.
While we assumed a contact angle between droplet and metal foam of 90°, the latter
might approach 180° in certain cases — see fig. 1 for an example. Impurities, which

attach to the interfaces, may alter the interface tension considerably. If the metal foam
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is not filled with Li any more, the current needs to follow the metal mesh. This might
lead to a very concentrated current entry into the droplet, and therefore even stronger
Lorentz forces. Finally, the electrolyte layer will change its thickness during operation,
and the droplet its volume. All these effects, or uncertainties, make it difficult to pre-
dict, when a droplet transfer from the negative to the positive electrode will happen.
These uncertainties notwithstanding, the scenario sketched above plausibly explains

the experimentally observed effects illustrated in fig. 1.

5. Summary

Focusing on Li|[Bi liquid metal batteries (LMBs), we have investigated localised
short-circuits, as well the transfer of Li-droplets from the negative to the positive
electrode. After giving experimental evidence for such effects, we have studied two
paradigmatic cases.

Firstly, we focused on a classical, three-layer LMB, where we imposed an initial
deformation of the Li-salt interface. We find that there exists always a critical cell
current, for which the resulting Lorentz force cuts off a Li-droplet. This drop is even-
tually transferred to the Bi-electrode. As the necessary current is fairly high, and the
initial perturbation large, we conclude that such short-wave instabilities are rather un-
likely to occur in reality. Moreover, we have shown that they do not lead to a localised
short-circuit, but only to a droplet detachment and transfer.

Secondly, we considered an LMB, where the Li is contained in a current collector
made of metal foam. Assuming that due to insufficient wetting small Li-droplets form
below of this foam, we studied the influence of the cell current on this droplet. Here
again, we found a critical current, which leads to droplet detachment caused by the
pinching Lorentz force. At cell currents slightly below of the threshold, we observed
a droplet-oscillation leading finally to a stable, stretched shape of the Li-drop. If the
electrolyte is sufficiently thin, even a direct metal bridge from the negative to the pos-
itive electrode may appear. We believe that such effects offer a plausible explanation
for the experimental observations described in the introduction.

An extension of this work would be the study of a larger range of contact angles
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in order to understand its impact on the destabilisation, and of thicknesses of the elec-
trolyte in order to find a minimal height of the electrolyte from which the destabilisation

does not occur anymore.
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Appendix A. Nonphysical droplet oscillations

When validating the model, and simulating a single droplet, we often observed
strong oscillations of the interface shape — even if we did not apply any Lorentz force.
Such oscillations are clearly nonphysical, and have been observed by others, before [92,
93]. The reason for their appearance might be related to the poor interface curvature
calculation of the CSF model, together with interFoam’s contact angle model [94-98].

The simplest remedy to suppress the oscillation is increasing the viscosity, as al-
ready reported by Guilizzoni [92, 93]. Further, a relaxation of the phase fraction or
pressure, as well as a strong interface compression will help to damp the oscillation.
However, the interface compression will deform the drop such that it fits less perfectly
to its analytical shape.

It has turned out that the very best solution to suppress the oscillation is computing
the curvature by a smoothed phase-fraction field [99]. In our simulations, two smooth-

ing iterations were sufficient.
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