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ABSTRACT 

  Liquid metal batteries are considered a 
competitive alternative for grid-level stationary energy 
storage. In this study, we investigated the effects of 
external magnetic fields on the charge and discharge 
performance of this all-liquid battery composed of three 
layers of fluids. Experimental results indicate that, at the 
current density of 500 mA cm-2, the application of a 100 
mT magnetic field increases the discharge voltage by 
34.64% compared to the case without a magnetic field. 
At a higher current density of 1000 mA cm-2, applying a 
50 mT magnetic field results in a 74.5% increase in 
discharge voltage, demonstrating significant effects. 
Furthermore, we develop a numerical model using a 
multiphysics simulation software to uncover the 
underlying mechanisms. The Lorentz force generated by 
the interaction of the external magnetic field and 
discharge current induces a swirling flow in the phi 
direction. At sufficiently high flow velocities, turbulent 
flow with a notable |z| direction component is formed, 
assisting the transport of Li atoms in the positive 
electrode, reducing concentration polarization, and 
thereby enhancing the discharge voltage. 
 
Keywords: liquid metal battery, external magnetic field, 
turbulence, concentration polarization, discharge 
voltage 
 

NONMENCLATURE 

Abbreviations  

LMB Liquid metal battery 
EVF Electro-vortex flow 
MHD Magnetohydrodynamic 
MF Magnetic field 

Symbols  

a Activity 
B Magnetic induction (T) 
c Concentration (mol m-3) 
cp Heat capacity (J kg−1 K−1) 
D Diffusion coefficient (cm2 s-1) 
E Voltage (V) 
fL Lorentz force (N) 
F Faraday’s constant (C mol-1) 
J Current density (A m-2) 
k Thermal conductivity (W m-1 K-1) 
kt Turbulent kinetic energy (m2 s-2) 
N Flux (mol m-2 s-1) 
p Fluid pressure (Pa) 
R Source term (mol m−3 s−1) 
t Time (s) 
T Temperature (K) 
u Flow velocity (m s-1) 
z Charge number 
φ Potential (V) 
σ Electrical conductivity (S m−1) 
μ Dynamic viscosity (Pa·s) 
μm Electrical mobility (s mol kg−1) 
μt Turbulent viscosity (Pa·s) 
ρ Density (kg m-3) 
ε Turbulent dissipation rate (m2 s-3) 

Subscripts  

el Electrolyte 
ed Electrode 
neg Negative electrode 
pos Positive electrode 
ref Reference value 
0 Initial value 

 

1. INTRODUCTION 
With the transition of the power system towards 

renewable energy sources, large-scale electrochemical 
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energy storage will play a crucial role in future power 
systems [1]. However, Li-ion batteries face challenges in 
meeting the requirements for grid-level energy storage 
in terms of cycling life, safety, and cost-effectiveness [2]. 
Liquid metal batteries (LMBs) depart from the 
conventional battery structure and innovatively adopt a 
fully-liquid design [3]. Both the negative and positive 
electrodes in LMBs consist of liquid metals, with an 
inorganic molten salt serving as the electrolyte. Due to 
immiscibility, the three liquid layers stratify based on 
density differences [4]. Liquid metal batteries completely 
circumvent issues such as dendrite growth, electrode 
structural collapse, and parasitic reactions at the 
electrode-electrolyte interface [5]. LMBs exhibit 
exceptionally long cycle life [6], high safety 
characteristics, and low energy storage costs, making 
them a highly competitive choice in the field of large-
scale stationary energy storage [7–12]. 

Different from conventional batteries, liquid metal 
batteries possess a unique all-liquid structure that 
renders fluid flow a significant influencer on their 
performance and stability. A certain degree of flow can 
effectively enhance mass transport, elevating the 
discharge voltage and energy efficiency. However, too 
violent flow can destabilize the liquid-liquid interface, 
triggering short-circuits [13]. Therefore, a 
comprehensive understanding and utilization of fluid 
flow are of paramount significance for the performance 
optimization of LMBs [14,15]. 

Researches have indicated that during the charging 
process of LMBs, violent solutal convection 
spontaneously forms within the positive electrode, 
effectively mitigating concentration polarization [16,17]. 
This phenomenon arises because, during charging, Li 
atoms strip from the upper surface of the positive 
electrode, leading to an unstable density stratification 
with higher density in the upper layer and lower density 
in the lower layer, thus triggering convection. However, 
during the discharging process, as the lower-density Li 
atoms deposit onto the high-density surface of Bi and 
diffuse downwards, a stable density stratification 
emerges in the positive electrode with lighter alloy in the 
upper layer and denser alloy in the lower layer. This 
stable stratification suppresses all fluid flow in the 
positive electrode, resulting in a larger concentration 
polarization [18,19]. 

Therefore, some researchers have proposed the 
concept of generating swirl flow through an external 
magnetic field to facilitate mass transfer in the positive 
electrode during the discharge process. For instance, in 
2021, Herreman et al. simulated the application of an 

external vertical magnetic field of 1~10 mT to a liquid 
metal battery, generating swirl flow that disrupted stable 
density stratification and significantly reduced 
concentration polarization [20]. In 2022, P. A. Davidson 
found through simulations that only a small external 
magnetic field is needed to trigger turbulence in the Bi 
positive electrode [21]. In 2023, Declan Finn Keogh et al. 
conducted a comparative study on the interplay 
between swirl flow generated by the external magnetic 
field and thermally stratifying buoyancy and 
compositional buoyancy force [22]. However, all 
research about the application of an external magnetic 
field on liquid metal batteries has been based on 
numerical simulations. To date, no one has 
experimentally validated this approach. 

In this study, we have established, for the first time, 
the experimental platform for applying external 
magnetic fields to liquid metal batteries and unveiled the 
significant enhancement of discharge performance 
caused by external magnetic fields. Additionally, we 
developed a comprehensive and realistic model using 
COMSOL Multiphysics. The accuracy of the model was 
validated by comparing simulated discharge curves with 
measured ones. Finally, the model was employed to 
elucidate the mechanisms by which the external 
magnetic field improves discharge performance. This 
work lays the foundation for applying magnetic field 
technology in future LMB modules. 

2. EXPERIMENT  

2.1 Battery assembly 

The type of LMB used in this study is Li|LiCl-KCl|Bi. 
For details regarding the battery assembly process of the 
battery, please refer to [23]. 

2.2 Applying external magnetic fields 

The experimental setup, as presented in Fig. 1, 
consists of five components: 

1. Helmholtz coils: Employed to apply a uniform 
magnetic field in the horizontal direction (x direction). 

2. Liquid metal battery: Positioned in the heating 
furnace (3) and centrally located within the Helmholtz 
coils. 

3. Heating furnace: Provides the suitable operating 
temperature (450 oC) for the LMB. 

4. Thermocouple: Used for calibrating the 
temperature of the LMB. 

5. Magnetic field control system: Automatically 
adjusts the current in the coils based on the set magnetic 
induction. 
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Both the heating furnace and the liquid metal 
battery are made by non-magnetic materials to avoid 
additional influences. 

3. MODEL DEVELOPMENT 

3.1 Overview 

A 2D rotational axisymmetric model was developed 
by the finite element method (FEM) software (COMSOL 
Multiphysics 6.0). The model incorporated four physical 
fields: Tertiary Current Distribution, Transport of Diluted 
Species, Turbulence (Realizable k-ε), and Heat Transfer in 
Fluids. The dimensions of the model are illustrated in Fig. 
2a. The extremely fine free quadrilateral mesh was 
employed, with dynamic meshing set in the fluid domain 
(electrolyte and positive electrode). The mesh consisted 
of 25,059 quads with the average element quality of 
0.9912. Material properties are provided in Table 1 [24]. 

The main assumptions of the model are as follows: 
1. The 2D axisymmetric model was utilized rather 

than the 3D model to reduce computational complexity. 
The model included the negative electrode domain, 
positive electrode domain, and electrolyte domain, 
excluding components like battery leads, the heating 
furnace, and Helmholtz coils (Fig. 2a). 

2. The MF environment in which the liquid metal 
battery operates was assumed to be uniform (in x 
direction). 

3. Neglecting self-induced magnetic fields of the 
battery and the geomagnetic field, as they are 
significantly weaker compared to the applied magnetic 
field. 

4. Liquid Li is adsorbed in the Ni-Fe foam and its flow 
is strictly limited. Therefore, the flow of the negative 
electrode was not considered. 

5. Electrochemical polarization was ignored due to 
the ultra-fast dynamic of the liquid-liquid interface [25]. 
Electrochemical reaction heat was also neglected [26]. 

6. Volume expansion of the positive electrode was 
disregarded due to the short simulation time (300 s). 

3.2 Governing equations and boundary conditions 

The equilibrium potential of the negative and 
positive electrodes (φeq,neg, φeq,pos) can be expressed by 
the Nernst equation: 
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+
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In Eq. 1-2, φΘ  represents the reference electrode 
potential for the reaction. Since this work involves only 
one electrochemical reaction, we assume φΘ  = 0 V. R is 
the ideal gas constant (R = 8.314 J mol-1 K-1), T is the 
temperature, n is the number of transferred electrons (n 
= 1), and F is Faraday's constant (F = 96485 C mol-1). Lia  
in Eq. 1 represents the activity of Li in the negative 

 
Fig. 1. Experimental platform for applying external magnetic fields to liquid metal batteries 
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electrode. Since the negative electrode is a pure 
substance, =Lia 1 . +Li

a  represents the activity of Li 

ions in the molten salt electrolyte. The activity of ions in 
the molten salt is challenging to determine 
experimentally; therefore, we set it as the ratio of the 
local Li ion concentration ( +Li

c ) to the reference Li ion 

concentration +ref, Li
c  (the initial Li+ concentration +0, Li

c , 

Eq. 3). Lia  in Eq. 2 denotes the activity of Li in the 
positive electrode. Since the equilibrium voltage (Eeq,cell) 
of the battery can be obtained through Coulometric 
titration [25], the value of Lia can be calculated using Eq. 
4. 

The current density (Jed) and potential (φed) 
distributions in electrodes can be calculated by Eq. 5-6: 

= − ∇ed edσ φedJ                                (5) 

∇⋅ = 0edJ                                    (6) 
Where, σed is the electrode conductivity (Table 1). 
The electrolyte current is generated by the 

movement of ions. The current density (Jel), potential 
(φel), and the ion concentration (ci) in the electrolyte 
satisfy the mass conservation equation (Eq. 7) and the 
charge conservation equation (Eq. 8): 
∂

+∇⋅ =
∂

i
i

c
R

t iN                                (7) 

∇⋅ = ∑ i i
i

F z RelJ                               (8) 

= − ∇ − ∇ +i i i m i i el iD c z μ Fc φ c,iN u                   (9) 

= ∑ i
i

F zel iJ N                                (10) 

+

+ =
locLi

Li

v i
R

nF
                                (11) 

In Eq. 7, Ni represents the flux of ion i (see Eq. 9). Ri 
represents the source term. For K+ and Cl-, there are no 
sources or sinks. For Li+, taking the discharge process as 
an example, Li+ is generated at the negative electrode-
electrolyte interface and consumed at the positive 
electrode-electrolyte interface. At the electrode-
electrolyte interface, +Li

R  can be solved using Faraday's 

law (Eq. 11). zi denotes the charge number of ion i, Di is 
the diffusion coefficient [27], μm,i is the electrical 
mobility, which can be solved using the Nernst-Einstein 
equation. u is the flow velocity, which will be discussed 
further in the following. +Li

v  is the stoichiometric 

coefficient ( +Li
v =1). iloc represents the current density at 

the electrode-electrolyte interface. 

The Li concentration (cLi) in the positive electrode is 
solved by the mass conservation equation (Eq. 12): 

∂
+∇⋅ =

∂
Li

Li
c

R
t LiN                             (12) 

= − ∇ +Li Li LiD c cLiN u                           (13) 

 − −
=  + + 

Li
Li

Li Li

x
D

x x2
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exp

3.076 0.5039
               (14) 

=
+
Li

Li
Li Bi

c
x

c c
                                (15) 

NLi represents the flux of lithium in the positive 
electrode (Eq. 13), where RLi denotes the source term, 
calculated using Faraday's law similar to Eq. 11. DLi is the 
diffusion coefficient of lithium (Eq. 14), and xLi is the 
molar fraction of lithium (Eq. 15). 

The boundary conditions for the electric field are as 
follows: the left boundary is an axisymmetric boundary. 
The upper surface of the negative electrode is grounded 
(φ = 0 V), and the bottom surface of the positive 
electrode is set to a constant current density (500 mA cm-

2 or 1000 mA cm-2). A potential step is defined at the 
negative electrode-electrolyte interface and positive 
electrode-electrolyte interface (Eq. 1,2). All other 
boundaries are set to be electrically insulated ( − ⋅ = 0n J ). 

For the concentration field, the boundary conditions 
are as follows: the left boundary is an axisymmetric 
boundary. The negative electrode-electrolyte interface 
and positive electrode-electrolyte interface are treated 
as flux boundaries ( − ⋅ =Rn N ), while all other 
boundaries are considered no-flux boundaries 
( − ⋅ = 0n N ). 

The temperature distribution (T) within the battery 
can be obtained by solving the heat transfer equation: 

∂
+ ⋅∇ +∇⋅ − ∇ =

∂p p
T

ρc ρc T k T
t σ

2

( )
J

u              (16) 

Where ρ is the density (Eq. 20-21), cp is the constant-
pressure heat capacity, u is the fluid flow velocity, k is the 
thermal conductivity, J is the current density, and σ is the 
electrical conductivity. The initial temperature (T0) is 450 
oC. 

The boundary conditions for the temperature field 
are as follows: the left boundary is axisymmetric. The 
upper surface, sidewalls, and lower surface of the 
battery are set as natural convection boundaries with an 
external temperature of 450 oC, and the external fluid is 
air. Both the electrodes and electrolyte are defined as 
heat sources (Joule heating). 
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The velocity u and pressure p of fluids are solved 
using the Realizable k-ε model: 
∂

+ ⋅∇ =∇⋅ − + + +
∂

ρ ρ p ρ
t

( ) [ ] L
u
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=
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In Eq. 17-18, ρ is the density. The material's density 
decreases with increasing temperature (Eq. 20, where i 
represents Li, salt, or Bi). The density of the positive 
electrode depends not only on temperature but also on 
composition (Vegard’s Law, Eq. 21). In Eq. 17, I is the 
identity matrix, g is the acceleration of gravity, fL is the 
Lorentz force. As shown in Eq. 19, we assume that the 
magnetic field has only the x direction component. The 

expression for K is given by Eq. 22. Here, μ is viscosity 
(Table 1), μt is turbulent viscosity (Eq. 23). In Eq. 23, kt is 
turbulent kinetic energy (calculated by Eq. 24), and ε is 
the turbulent dissipation rate (calculated by Eq. 25). In 
Eq. 23-25, σk = 1, σε = 1.2, C2 = 1.9, A0 = 4. The 
determination of C1 and Cμ can be referred to [28]. 

Boundary conditions for the flow field are as follows: 
the left boundary is subject to axisymmetric conditions, 
the positive electrode-electrolyte interface is defined as 
a fluid-fluid interface, and all other boundaries are no-
slip. 

3.3 Model validation 

Due to the inability to measure the internal flow 
velocity in liquid metal batteries, in this study, we 
validate the model by comparing experimental discharge 
curves with simulated discharge curves. Fig. 2b illustrates 
the comparison of discharge curves under different 
external magnetic field strengths (20 mT and 50 mT). It 
can be observed that the experimental and simulated 
values exhibit a high degree of similarity, with a voltage 
error not exceeding 2%, indicating the accuracy of the 
model. 

 
Fig. 2. (a) Dimensions of the 2D axisymmetric model. 

(b) Model validation through the comparison of the measured and simulated discharge curves 
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Table 1. Material properties 

Proper-
ty Unit Li LiCl-KCl Bi 

ρref g cm-3 0.4913 1.648 9.843 

β 10-4 K-1 1.80 3.20 1.24 

cp J kg-1 K-1 4237 1330 136 

v 10-7 m s-2 7.13 19.8 1.33 

k W m-1 K-1 51.9 0.69 14.2 

σ 105 S m-1 27.25 0.0015 7.19 
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4. RESULTS AND DISCUSSION 

4.1 The effects of external magnetic fields 

Fig. 3a illustrates the discharge curves of the Li|LiCl-
KCl|Bi battery under different magnetic inductions 
(discharge current density: 500 mA cm-2). In the absence 
of an external magnetic field (0 mT), although the battery 
can deliver its full capacity, there is significant fluctuation 
in the discharge curve in the late discharge process. This 
is attributed to insufficient mass transfer rate in the 
positive electrode, leading to the accumulation of 
discharge products at the interface. When a 20 mT 
magnetic field is applied, the voltage fluctuation in the 
late discharge process is eliminated. The discharge curve 
becomes very smooth, and the voltage is further 
increased. Continuing to increase the external magnetic 
field intensity results in a further enhancement of the 
discharge voltage, but beyond 80 mT, there is no 
substantial improvement. Fig. 3b presents the average 
discharge voltage under different magnetic inductions 
(discharge current density: 500 mA cm-2). Compared to 
the case without an external magnetic field, the average 
discharge voltage under 100 mT has increased by 
34.64%. When calculated in terms of discharge energy, 
the enhancement reaches an impressive 37.94%. 

In Fig. 3c, the charge curves under different magnetic 
fields are presented. It can be observed that the charge 
curves exhibit no significant differences. According to the 
literature, during the charge process, vigorous solutal 
convection spontaneously occurs in the positive 
electrode, enhancing mass transfer sufficiently. 
Therefore, there is no need for an external magnetic field 
during the charge process. 

Fig. 3d shows the discharge curves under different 
magnetic inductions at 1000 mA cm-2. Without an 
external magnetic field, the battery cannot deliver its full 
capacity. When a 5 mT external magnetic field is applied, 
the battery can release its full capacity. Increasing the 
external magnetic field to 20 mT results in remarkably 
smooth discharge curves. However, when the magnetic 
induction exceeds 40 mT, the discharge curves remain 
essentially unchanged. At higher current densities, the 
effects of the external magnetic field become more 
pronounced. Compared to no magnetic field, the battery 
exhibits a 74.5% increase in discharge voltage under 50 
mT, and the discharge energy under 50 mT is 2.67 times 
that of 0 mT. Further experiments reveal that at a current 
density of 1000 mA cm-2, when the applied magnetic 
induction exceeds 350 mT, the battery operation will be 
unstable. As shown in Fig. 4f, the charge curve becomes 

 
Fig. 3. (a) Discharge curves under different magnetic inductions (500 mA cm-2). (b) Average discharge voltage under different 

magnetic inductions (500 mA cm-2). (c) Charge curves under different magnetic inductions (500 mA cm-2). (d) Discharge curves 
under different magnetic inductions (1000 mA cm-2). (e) Average discharge voltage under different magnetic inductions (1000 

mA cm-2). (f) Charge curves under 1000 mA cm-2, 350 mT. 
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highly erratic, indicating the occurrence of circuits. 
Please note that such instability is more likely to occur 
during the charge process due to the flow suppression 
effect during the discharge process. However, 
encountering such a high magnetic induction is difficult, 
and we will investigate this phenomenon in subsequent 
research. 

Based on the above discussions, the following 
conclusions can be drawn: (1) External magnetic fields 
have a significant enhancing effect on the discharge 
performance of LMBs. (2) External magnetic fields have 
a relatively minor impact on the charge performance. (3) 

Very high current densities and magnetic inductions will 
cause the operation instability. 

4.2 Mechanism 

Using simulation software (COMSOL), we simulated 
the fluid flow and mass transfer inside the liquid metal 
battery. As shown in Fig. 4a, in the absence of an external 
magnetic field, there is internal heating flow in the 
molten salt electrolyte [24,29]. This is because the 
conductivity of the molten salt electrolyte is low (2-3 
orders of magnitude lower than the positive and 
negative metal), leading to substantial Joule heating 
during discharge and generating thermal convection. The 

 
Fig. 4. (a) Flow field under 0 mT. (b) Flow field under 50 mT. 

(c) Deformation of the positive electrode under 50 mT (current density: 500 mA cm-2). 

 
Fig. 5. (a) Average flow velocity of the positive electrode under 50 mT. (b) Average flow velocity in the |z| direction within the 

positive electrode under 50 mT. (c) Average flow velocity in the |z| direction within the positive electrode during charging 
process. (d) Average flow velocity of the positive electrode under 0 mT. 
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maximum flow velocity in the molten salt is 
approximately 1.6 mm s-1. Due to the high conductivity 
of the positive electrode and the stable density 
stratification during discharge, there is essentially no 
flow in the positive electrode. 

When a 50 mT magnetic field is applied, the 
magnetic induction B in the x direction interacts with the 
current (J) in -z direction, generating a Lorentz force in 
the azimuthal (phi) direction. This induces a swirling flow 
within the battery, as illustrated in Fig. 4b. The velocity 
of the swirling flow is extremely fast, exceeding 25 cm s-

1, rendering the internal heating flow in the molten salt 
negligible. Furthermore, the rapid swirling flow causes 
deformation in the fluid domain, resulting in a 
morphology where the positive electrode exhibits a 
lower central region surrounded by higher regions (Fig. 
4c). However, due to the presence of a certain distance 
between the positive and negative electrodes (Fig. 2a), 
this deformation is insufficient to cause instability in the 
operation of the battery. 

It is worth noting that the flow in the phi direction 
does not assist in the transport of Li atoms within the 
positive electrode. The truly effective flow is in the |z| 
direction, aiding the transport of Li from the electrode-
electrolyte interface to the bulk of positive electrode. 
However, due to the extremely fast velocity of the 
swirling flow, the flow within the LMB has long 
transitioned from laminar to turbulent. The presence of 
turbulence ensures the existence of a certain degree of 
|z| direction (including the z and -z directions) flow 
within the positive electrode. 

As shown in Fig. 5a, under the application of a 50 mT 
external magnetic field, the average flow velocity in the 
positive electrode reaches 21.5 cm s-1. Due to the 
presence of turbulence, the average flow velocity in the 
|z| direction reaches 3.05 mm s-1 (Fig. 5b). For 
comparison, during the charging process, intense solutal 
convection occurs in the positive electrode of LMBs, 
significantly reducing concentration polarization, but the 
average flow velocity in |z| direction is only around 0.8 
mm s-1 (Fig. 5c). Therefore, although the primary 
direction of the swirling flow is in the azimuthal phi 
direction, its |z| directional component is sufficient to 
significantly reduce concentration polarization and 
enhance the discharge performance. Fig. 5d illustrates 
the evolution of flow velocity without an external 
magnetic field (0 mT), showing that the flow velocity in 
the positive electrode during discharge process is 
negligible, at only 5.3 μm s-1. 

Fig. 6a illustrates the evolution of Li concentration at 
the positive electrode-electrolyte interface under 

external MF (50 mT) and no MF (0 mT). It is observed that 
the Li concentration at the interface is significantly lower 
under 50 mT compared to 0 mT. This is attributed to the 
flow generated by the external magnetic field, 
particularly the |z| directional flow, aiding in the 
transport of Li atoms from the interface to the positive 
electrode bulk. A lower interfacial Li concentration 
implies reduced concentration polarization (Eq. 1-2). 
Consequently, the discharge voltage of the battery under 
50 mT is notably higher than that under 0 mT (Fig. 6b). 

5. CONCLUSIONS 
In this study, we established, for the first time, an 

experimental platform for applying external magnetic 
fields to liquid metal batteries. We measured the 
charge/discharge performance of the Li|LiCl-KCl|Bi 
battery under the influence of external magnetic fields. 
The experiments revealed a significant enhancement in 
the discharge performance of the LMB due to the 

 
Fig. 6. (a) Variation of Li concentration at the positive 
electrode-electrolyte interface under 0 mT and 50 mT 

(b) Discharge curves under 0 mT and 50 mT 
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external magnetic field, particularly at high current 
densities, while its influence on the charging 
performance was relatively minor. A multi-field coupled 
model, incorporating electrochemical reactions, mass 
transfer, and fluid flow, was developed using COMSOL 
software to elucidate the underlying mechanisms. The 
fluid inside the battery generated swirling flow in the 
azimuthal direction under the influence of Lorentz 
forces, transitioning to turbulent flow with a certain |z| 
directional velocity when the flow rate was sufficiently 
high. This turbulence effectively reduced concentration 
polarization at the positive electrode-electrolyte 
interface, thereby increasing the discharge voltage of the 
battery. 

In subsequent work, methods such as the design of 
the positive electrode current collector can be employed 
to enhance the |z| directional flow, thereby reducing the 
required external MF intensity. When combined with 
low-temperature LMB systems [23], permanent magnets 
capable of operating at temperatures between 300 to 
350 oC can replace Helmholtz coils, facilitating the 
application of external magnetic field technology in LMB 
modules [30]. 
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