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� Natural convection in a LME displays
the typical Bénard cells.

� The flow organizes due to the Lorentz
force.

� Ohmic heating also contributes to
changes in the flow.

� Good agreement is observed between
numerical and the reported
experimental results.
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The liquid metal battery is a novel grid-scale electricity storage technology; it operates at elevated tem-
perature and consists of three horizontal liquid layers in stable density stratification. Due to the elevated
temperature to keep the batteries liquid, thermal convection appears, also, during the charging/discharg-
ing processes a large electrical current density interacts with its own magnetic field generating a Lorentz
force that induces motion in the stratified system. In this article, the natural convection in a liquid metal
electrode (LME) candidate for LMBs is studied from a numerical point of view. Additionally, it is of inter-
est to investigate the effect of the electrical current density on the natural convection through the Lorentz
force, whose effect is called MHD natural convection. The mathematical modelling for this problem
involves the solution of mass, momentum, energy and electromagnetic equations for an incompressible,
viscous and electrically conducting fluid. A 3D numerical solution is implemented using the open source
CFD library OpenFOAM. Numerical results indicate that the convective flow organizes due to the current.
Results are compared as far as possible with experimental data.

� 2016 Elsevier Ltd. All rights reserved.
1. Introduction

The growing role of renewable energy to satisfy the energy
demand and its intermittent nature associated to the fact that
the power grid was designed around the concept of large and con-
trollable electric generators drive one to conclude that an impor-
tant enabler for a sustainable energy future is the ability to store
vast quantities of energy for grid servicing and intermittents
enabling. Batteries have long been considered strong candidate
solutions owing to their small spatial footprint, mechanical sim-
plicity and flexibility in siting [1]. Recently, a novel technology
has been proposed: the liquid metal battery (LMB) [2,3]; designed
for storing large amounts of energy coming from renewable
sources, such as wind, solar, and tidal power.

The combinations of materials and features of the currently
pursued designs for the LMBs can be found in the work by Arguss
[4] and Wang et al. [5]. In a simplified way a LMB can be viewed as
a cylindrical container filled with three liquid layers in stable den-
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sity stratification; in the configuration proposed by Bradwell et al.
[2], they used antimony (Sb) at the bottom layer, magnesium (Mg)
at the top layer and a molten salt electrolyte layer
(MgCl2—KCl—NaCl) in the middle, see Fig. 1. During the charging
and discharging, strong electrical current density (up to
2000 A m�2) flows between the top and bottom walls serving as
current collectors. The sidewalls are electrically insulating.

The LMB technology is designed to operate at elevated temper-
ature to keep the layers in liquid state. Adjacent layers are immis-
cible in each other and they swell or shrink as ions pass between
them, storing or releasing energy; because everything is liquid,
there is nothing that could crack after thousands of cycles, as solid
electrodes might. The liquid-liquid interfaces show very fast
charge transfer kinetics facilitating high current and power densi-
ties [6]. Additionally, since the LMBs are virtually self-assembling,
they allow for an extremely simple and therefore cost-efficient
design [7] increasing their attractiveness for stationary
applications.

Transferring the attractive concept to an industrial scale means
to first understand and then address a number of issues mainly
rooted in fluid mechanical instabilities. These instabilities can
destroy the stable density stratification thereby causing battery
failure. Depending on the batterie’s cross section, which is deter-
mined by the achievable current density and the projected
charge/discharge time; LMBs can be classified in two types: tall
and shallow cells, in each one different instabilities will occur. Tall
cells are most susceptible to a Magnetohydrodynamic (MHD) phe-
nomenon, the Tayler instability (TI) [8–11]. On the other side, shal-
low cells are dominated by the interfacial regions; it is to be
expected that interface instabilities related to those observed in
aluminum reduction cells (ARCs) have to be taken into account
[12–14].

This work presents the numerical research on the MHD natural
convection flow in a layer of the eutectic alloy of lead and bismuth
(ePbBi) studied by Kelley and Sadoway [15] as a good liquid metal
electrode (LME) candidate for the LMBs. Essentially in their exper-
imental configuration, the flow can be driven by various processes.
First, keeping the LME liquid requires maintaining elevated tem-
peratures and unavoidably introduces thermal gradients and
therefore natural convection. Second, this electrode accommodates
a large electrical current (from 0 to 4000 A m�2) which interacts
with its own magnetic field generating a Lorentz force (MHD
effect) that modifies the mixing flow behavior. Additional thermal
gradients can arise locally from ohmic and entropic heating. Previ-
ous transport phenomena are studied from a numerical point of
view and the obtained results are compared as far as possible with
experimental data.
Fig. 1. Sketch of the LMB prototype developed by Bradwell et al. [2].
The paper is organized as follows. In Section 2, we describe the
physical model under study. In Section 3 we provide a brief
description of the MHD natural convection flow and the assump-
tions under which our problem will be set, including all the gov-
erning equations and boundary conditions. This is followed in
Section 4 with the numerical results as well as some discussions
are presented. The paper is closed in Section 5 with concluding
remarks.
2. Physical model

This study is focused on the flow behavior into a LME, a key
component of the LMBs. Actually, very few experimental work
has been done on this kind of configurations under designs and
operating conditions viable for commercial development. In partic-
ular, it is of interest the work by Kelley and Sadoway [15]; where
they built an experimental LME prototype, it consists of a ePbBi
positive electrode confined in a stainless steel cylindrical vessel
which also serves as a positive current collector, maintaining elec-
trical contact with the (liquid) positive electrode and thereby
allowing current flow to a load or supply. A separate negative cur-
rent collector, made of nickel-iron foam, provides the second ter-
minal. To hold the ePbBi near 423 K the vessel is heated from
below through copper plate and insulated around its sides, see
Fig. 2.

The authors consider a temperature difference along the LME of
DT ¼ 10 K; in our case we define such difference as DT ¼ TH � TC ,
where TC and TH are the cold and hot temperatures on the top
and bottom walls, respectively. By using an ultrasound probe con-
nected to Ultrasonic Dopler Velocimeter equipment (UDV) they
measured velocity profiles in the radial direction. The diameter,
D, (x—z plane) and height, L, (y-direction) of the LME are:
D ¼ 8:89� 10�2 m and L ¼ 1:6� 10�2 m, respectively.

Experimental velocity measurements without currents indicate
that the flow is driven by natural convection and since L is small
compared to D; the typical Bénard cells are expected to be
observed. In particular, from the UDV measurements up to four
vortices distributed in the radial direction can be observed. When
a direct electrical current density is injected in the LME, experi-
mental measurements show that the convective flow organizes
in a different way. Fig. 3 illustrates the expected flow pattern
and the directions of the applied direct electrical current density
and its associated static magnetic field, simulating the charging
process for the LMBs.
Fig. 2. Sketch of LME experimental configuration studied by Kelley and Sadoway
[15].



Fig. 5. Temperature and Uy velocity component vs. time at x ¼ 0; y ¼ 8� 10�3 m
and z ¼ 0.

Fig. 3. Sketch for the expected convective flow pattern due to DT; as well as, the directions for the applied direct electrical current density, j
!
0 and its associated static

magnetic field, B
!
0 in the LME configuration studied by Kelley and Sadoway [15].
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Due to the high temperature at which the experiments are con-
ducted, very few physical variables can be measured in the previ-
ously described system. Experimentally only de temperature
difference, DT, and velocity profiles along the radial direction are
reported. On the other side, mathematical modelling and 3D
numerical simulations (under certain assumptions) are capable
to address multiple physical effects and to obtain values for the
variables in the whole domain; in fact, through the numerical
study of the LME, it is possible to study hydrodynamic and thermal
variables like velocity and temperature fields, respectively; as well
as, electromagnetic variables like the electric potential and the
induced electrical current density. Through the study of these vari-
ables and its interactions, it is possible to understand the hydrody-
namic and thermal behavior. Next section is focused on this
subject.

3. Mathematical model

Even in its simplified form the LME is a complex electro-
magneto-hydrodynamic system. Assuming the ePbBi eutectic alloy
as a Newtonian, incompressible and electrically conducting fluid,
the dynamics and heat transfer (using the Boussinesq approxima-
tion) in the LME can be described by the mass conservation,
Navier-Stokes, energy and electromagnetic equations:
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induced and applied electrical current density and the static mag-
netic vector fields, respectively; T the temperature field, u is the
electric potential, jin and j0 the induced and applied electrical cur-
rent densities magnitude and g is the gravity of Earth. The physical
properties for the ePbBi alloy are: density q, dynamic viscosity l,
electrical conductivity r, thermal conductivity k, specific heat Cp
and thermal expansion coefficient b. Third and fourth terms in the
numerical study of the LME.
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RHS of Eq. (2) represent the Lorentz and buoyancy forces, respec-
tively; while the second and third therm in the RHS of Eq. (3) rep-
resent the volumetric heating rate due to the Joule’s and viscous
dissipation, respectively. The state equation for the density is
q ¼ q0ð1� bðT � TCÞÞ, where q0 is the density for TC . The rest of
the physical properties are assumed to be constant.

Eq. (4) represents the Ohm’s law for moving conductors. Apply-
ing the divergence operator to Ohms law and demanding charge

conservation, r � j
!

in ¼ 0, we arrive at the Poisson equation for
the electric potential,

r2u ¼ r � ðU
!
�B

!
0Þ; ð5Þ
Fig. 6. Temperature and velocity magnitude distributions in th

Fig. 7. Temperature and velocity magnitude distributions in th
Given j0 (e.g. the battery charging current) the associated static
magnetic field can be calculated using:

B
!
0ðx; y; zÞ ¼ l0j0

2
ðẑi� xk̂Þ: ð6Þ

where l0 is the vacuum permeability. Eq. (6) is used as a first
approximation (considering the LME as an infinitely long vertical
cylinder).

The boundary conditions for our LME configuration consider on
the bottom wall T ¼ TH and u ¼ 0; on the top wall T ¼ TC and
u ¼ 0; while the lateral wall is assumed to be adiabatic, dT

dn ¼ 0,

and non-conducting du
dn ¼ 0, an explanation for the electric
e x—y plane at z ¼ 0, for both j0 ¼ 0 A m�2 and t ¼ 1000 s.

e z—y plane at x ¼ 0, for both j0 ¼ 0 A m�2 and t ¼ 1000 s.
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potential boundary conditions on the top and bottom walls can be
seen in Weber et al. [11]. The no-slip condition for the velocity is
assumed at all boundaries, see Fig. 4. The physical properties are
kept constant (at TC ¼ 423 K): l ¼ 2:94� 10�3 kg=ms; r ¼ 9:26�
105 s3 C2=ðm3 kgÞ; k ¼ 9:6 kg m=ðK s3Þ; b ¼ 4:24� 10�5 K�1; Cp ¼
Fig. 8. Temperature and velocity magnitude distributions in the x
148:76 m2=ðs2 KÞ and q0 ¼ 10540 kg=m3, values reported by Kelley
and Sadoway [15].

A 3D numerical solution is implemented using the open source
CFD library OpenFOAM [16]. The coordinate system is located at
the center of the vessel and at the bottom wall, the y direction is
—z plane at y ¼ 0:08 m, for both j0 ¼ 0 A m�2 and t ¼ 1000 s.



Fig. 9. For three different instants of time (a) Ux velocity profile vs. x at y ¼ 6� 10�3 m and z ¼ 0; (b) Uz velocity profile vs. z at y ¼ 6� 10�3 m and x ¼ 0.

Fig. 10. Temperature and Uy velocity component vs. time at x ¼ 0; y ¼ 8� 10�3 m
and z ¼ 0 for j0 ¼ 490, 1250 and 3500 A m�2.
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measured along the LME width (axial direction), the x and z direc-
tions in the bottom wall. For all calculations, a grid of
100� 80� 100 volume elements is used in the x; y and z direction,
respectively; while for the Crank-Nicholson time-marching proce-
dure a time step of 5� 10�3 s is used. Simulations run a total of
2:4� 105 time steps; for all simulated cases, an absolute tolerance
of 10�6 was fixed at each time step as convergence criteria for the
mass and charge conservation.
Fig. 11. Temperature and velocity magnitude distributions in the
4. Numerical results

The main interest is to understand from a numerical point of
view the MHD natural convection flow in a LME. In order to vali-
date our results we compare as far as possible with the experimen-
tal observations reported by Kelley and Sadoway [15]. Firstly, we
analyze the isolated effect of thermal convection (without current,
j0 ¼ 0), for this case, the flow is driven by just a temperature differ-
ence imposed across the top and bottom walls of the LME. In our
model the Lorentz force term in Eq. (2) and the Joule’s dissipation
term in Eq. (3) are neglected. Experimentally the flow is assumed
to be kept at TC ¼ 423 K and subject to DT ¼ 10 K, under these con-
ditions a time dependent flow is observed through the UDV mea-
surements; assuming same conditions in our simulations, a
similar flow behavior is observed as depicted in Fig. 5, where mea-
surements of the temperature field and the velocity component in
the gravity direction at the mid-height of the layer are shown.

As can be seen in Fig. 6a and b, the temperature distribution, T,
and the velocity magnitude, U, in the mid-planes of the LME
domain clearly show the typical thermal plumes and Bénard cells,
respectively. It is important to remember that since the flow is
time dependent the number of vortices varies; furthermore, since
the flow is 3D, a perpendicular plane to the previous one will show
different structures for the temperature and velocity fields, see
x—y plane at z ¼ 0, for both j0 ¼ 1250 A m�2 and t ¼ 1000 s.



Fig. 12. Temperature and velocity magnitude distributions in the z—y plane at x ¼ 0, for both j0 ¼ 1250 A m�2 and t ¼ 1000 s.
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Fig. 7a and b. Interestingly, in Fig. 6b up to four vortices are shown,
similar number to the one reported in the experiments.

Additionally, Fig. 8a and b confirms the non-symmetrical flow
behavior.

In order to compare with the experimental observations from
the ultrasound probe, located slightly below half width of the
LME, velocity profiles are extracted from the 3D numerical solution
along the axes, they can give us information about the exact num-
ber of vortices present in the flow configuration. For three different
instants of time, Fig. 9a and b shows the Ux and Uz velocity compo-
nents along the x and z axes (at y ¼ 6� 10�3 m), respectively. Due
to the time dependent flow behavior a direct comparison with
experiments is not possible; but, interestingly numerical results
are in the same order of magnitude, 10�3 m=s, and predict the same
number of vortices than those reported in the experiment.

To simulate experimentally the charging/discharging processes
in the LMB, an external direct electrical current density is applied
in the LME, this current interacts with its own magnetic field and
generates a Lorentz force that modifies the existing flow. To under-
stand the effect of this force, numerical simulations were per-
formed but now assuming a uniform current density in the axial

direction, j
!
0 ¼ j0 ŷ, with a magnitude in the range of

0 < j0 6 4000 A m�2, similar to the one reported in the
experiments.

Results for all the current values show that the time dependent
flow behavior is preserved; as an example see Fig. 10, where the
temperature and Uy velocity component were monitoring at the
center of the LME for three different current values.

It should be pointed out that, the effect of the Lorentz force can
be clearly appreciated by taking a look on the temperature and
velocity distributions at different planes, for instance see Figs. 11–
13 where different temperature and flow patterns for
j0 ¼ 1250 A m�2 are shown. A direct comparison with those
observed without current (Figs. 6–8) shows that a small number
of vortices is observed, situation that resembles a more ordered
flow.

In Fig. 14a and b the velocity profiles for j0 < 1250 A m�2 are
less curved than those without current, which is an additional indi-
cator of the presence of a different number of vortices; while for
j0 P 1250 A m�2 velocity profiles are similar. Additionally, in the
z-direction slightly higher vales for j0 ¼ 3500 A m�2 compared to
j0 ¼ 0 can be seen in Fig. 14b, previous statement is in agreement
with the reported experimental measurements.

Finally, to see the effect of j0 on the flow and thermal patterns,
the typical Nusselt number, Nu, is calculated at the bottom wall,
the higher the Nu number the better the heat transfer rate, which
in the LME case is associated to the flow convection. To evaluate
the Nu number the following expression is used:

Nu ¼ L
TH � TC

Z
S

dT
dy

����
y¼0

dS ð7Þ

where S is the area of the bottom wall.
Based on the time dependent flow observed in all simulated

cases, this Nu number is a function of time, NuðtÞ, and is calculated
every 50 s for 0 6 j0 6 4000 A m�2 in intervals of 250 A m�2.
Fig. 15a shows the NuðtÞ for four different j0 values.

In terms of the NuðtÞ, a time average Nusselt number, Nu, can be
defined as:

Nu ¼ 1
Nt

XNt

t¼1

NuðtÞ ð8Þ

where Nt is the number of time intervals at which the Nu was cal-
culated for each j0 value. Fig. 15b shows the Nu as a function of j0. As
can be seen, the higher Nu value corresponds to j0 ¼ 0, and it
decreases as j0 increases; however, it is important to notice that
for the 2750 6 j0 6 4000 A m�2 interval, the Nu value increases to
reach almost the same value than that for j0 ¼ 0; interestingly, in
this same interval the experimental results show a slight increase
in mixing time [15]. Our results would confirm that ohmic heating
may also contribute to changes in the flow.

Horanyi et al. [17] report correlations for the calculation of Nu
for some liquid metals as a function of Ra number, defined as
Ra ¼ qgbDT L3=lk; for the case of mercury:

Nu ¼ 0:147Ra0:257 ð9Þ
Previous expression is valid for 1� 103 6 Ra 6 5� 105; in their

experiments Kelley and Sadoway [15] report Ra ¼ 1� 104, using
Eq. (9) a value of Nu ¼ 1:5678 is obtained, quite similar to
Nu ¼ 1:6948 for j0 ¼ 0.



Fig. 13. Temperature and velocity magnitude distributions in the x—z plane at y ¼ 0:08 m, for both j0 ¼ 1250 A m�2 and t ¼ 1000 s.
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It should be mentioned that the fluctuation of the Nu number
shown in Fig. 15a is in qualitative good agreement with other
reported experimental and numerical results. For instance, veloc-
ity profiles measurements performed by Kelley and Sadoway
[15], indicate the presence of time dependent flow structures,
situation that would imply a temperature time dependent
behavior and therefore a time varying Nu number. On the other
side, numerical simulations by Verzicco and Camussi [18] show
that for a cylindrical cavity with aspect ratio (diameter/height)
1, heated from below, cooled from above and filled with mer-
cury, several transitions from steady up to turbulent convection,
passing through periodic and chaotic flow regimes are observed



Fig. 14. For three different current values and t ¼ 1000 s: (a) Ux velocity profile vs. x at y ¼ 6� 10�3 m and z ¼ 0; (b) Uz velocity profile vs. z at y ¼ 6� 10�3 m and x ¼ 0.

Fig. 15. (a) Nusselt number vs. time. Comparison for the case without and three different electrical current density values; (b) Time average Nusselt number vs. electrical
current density.
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depending on the Ra number. In particular, their calculations for
the time evolution of the Nu number in the range of
2:2� 104 6 Ra 6 3:75� 104, show that it goes from an oscilla-
tory state up to chaos behavior.

5. Summary and conclusions

In this paper, the MHD natural convection in a LME was ana-
lyzed using the open source CFD library OpenFOAM. Through
numerical simulations, the temperature, velocity, pressure, electric
potential and induced electric currents fields were obtained. Con-
clusions are summarized as follow:

1. Natural convection in a LME displays the typical Bénard cells
observed in similar configurations with other working fluids.

2. Velocity profiles for the case without current are in the same
order of magnitude than those reported experimentally.

3. When a direct electrical current density is injected in the LME,
two flow behaviors are observed: for the interval
0 < j0 < 2750 A m�2 the velocity profiles are less curved than
those without current, this is an indication that the flow is more
ordered and represented by a small number of vortices and by
smaller values of the Nu number than that for j0 ¼ 0; while
for the 2750 6 j0 6 4000 A m�2 interval, velocity profiles with
and without current are similar (for instance see profiles for
j0 ¼ 0 and j0 ¼ 3500 A m�2 in Fig. 14a) and the Nu number
increases to reach almost the same value than that for j0 ¼ 0,
a possible indication that ohmic heating also contributes to
changes in the flow.
4. The Nu value for j0 ¼ 0 is quite similar to the one obtained by
using a correlation for mercury reported in the literature. Fur-
thermore, the observed Nu time evolution is in agreement with
other experimental and numerical studies for liquid metals,
where it goes from an oscillatory state up to chaos behavior.

5. In general, good qualitative agreement is observed between
numerical and the reported experimental results for a LME
configuration.

Although a more detailed exploration of the flow, thermal and
MHD behavior is necessary, this study provides a theoretical basis
for further research on the numerical simulation of MHD natural
convection in LMBs. And based on the study in this paper, a more
complicated configuration can be researched; for instance, to con-
sider the temperature, electric potential and induced current dis-
tributions in the stainless steel cylindrical vessel.
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