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A multiphase numerical model based on the volume of fluid (VOF) method is proposed to simulate the transient,
electrochemically-generated Marangoni flow in a system comprising a NaOH electrolyte and a eutectic gal-
lium-indium (EGaln) metal droplet. The model incorporates appropriate equations to accurately represent the
transport phenomena, including flow, electric potential, and electric current density, within the entire system.
The model includes the transient variation in the interfacial tension as a function of electric current density at the

interface, leading to the generation of Marangoni flow and enabling the tracking of droplet shape evolution.
Notably, the model successfully captures the elongation of the droplet towards the cathode, which is validated
through comparison with available experimental data.

1. Introduction

Within the realms of fluid mechanics, magnetohydrodynamics
(MHD), and electrochemistry, the understanding of fluid instabilities
and interfacial dynamics in electrochemical systems involving liquid
metals and electrolytes, subject to the influence of electric and magnetic
fields, is of utmost importance. These phenomena have significant im-
plications in various processes such as drop casting [1], liquid metal
batteries [2], electroslag remelting [3], aluminium electrolysis [4],
welding [5], and, in general, electrolytic processes involving hydrogen
bubbles [6].

Active control of interfacial dynamics with diverse applications in
prosthetics, soft robotics, tunable electronics, and electrochemical sen-
sors has prompted extensive interest in studying and harnessing the
unique characteristics of the eutectic gallium-indium alloy (EGaln),
which possesses high surface tension, high electrical and thermal con-
ductivities, low toxicity, and a melting point below room temperature
[7-10]. Specifically, the substantial modulation of interfacial tension in
EGaln through the application of electric fields provides a fertile ground
for studying and exploring a wide range of fascinating physical phe-
nomena, including electrohydrodynamic [11] and Marangoni effects
[12-14].

In this study, we focus on the phenomenon of Marangoni flow, which
emerges due to the gradient in the interfacial tension resulting from the
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electrochemical oxidation of gallium at the surface of an EGaln droplet
[15]. This gradient in interfacial tension exerts stress on the metal-
—electrolyte interface, thereby driving the movement of the electrolyte
(e.g., NaOH) from regions of lower tension to regions of higher tension
[11,16,17].

Herein, we propose a novel multiphase framework based on the
volume of fluid (VOF) method [18] to accurately simulate the transport
phenomena in the EGaln droplet and NaOH electrolyte system. The
framework utilizes the finite-volume method (FVM) for discretization
[19], ensuring the conservation of mass, momentum, and current den-
sity. The VOF-based model effectively represents a sharp interface,
enabling the capture of the complex shape evolution of the droplet
across different process sizes and geometries. By investigating the effect
of applied potential on the system, our aim is to gain fundamental in-
sights into the electrochemically-generated Marangoni flow. These in-
sights can be leveraged by industry professionals to optimize their
practices and improve operational efficiency.

2. Modeling

All symbols are defined in Appendix A. The electrolyte and the metal
are considered as two incompressible and immiscible liquid phases. All
governing equations are listed in Table 1.

The volume of vluid (VOF) method [18] is used to recognize the two
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Table 1
All governing equations.
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phases by incorporating a marker function () that depends on spatial
and temporal factors, as stated in Eq. (1). To model the interface
transport, an advection equation is solved for f on a fixed Eulerian grid,
as described in Eq. (2). In the context of the continuum surface force
(CSF) model [20], the unit normal vector (m) at the interface is
computed using Eq. (3), while the interface curvature is determined
using Eq. (4).

The flow field is determined by applying continuity, Eq. (5), and
momentum, Eq. (6), conservation principles. The density, p = fp,, +
(1 —p)p., and viscosity, p = pu, + (1 —p)u,, of the mixture are
calculated as weighted averages of the respective properties of the two
phases within each computational cell.

The force of surface tension, Eq. (7), depends on the interfacial
tension [20]. § is one at the interface and zero elsewhere. Herein, we
investigate the electrochemical oxidation of eutectic gallium-indium
(EGaln), which results in a modification of its surface tension. The
anodic droplet undergoes faradaic reactions, leading to the generation of
Ga®" ions [15]. The electrochemical oxidation of gallium creates a
gradient of electric potential and interfacial tension across the droplet’s
surface that induces Marangoni flow, where the electrolyte flows from
low to high interfacial tension regions [15].

Despite the electrochemical oxidation process, the alteration in
interfacial tension exhibits complete reversibility, accompanied by
minimal hysteresis effects [16]. Therefore, it becomes feasible to
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characterize the interfacial tension as a function of electric potential or
electric current density [15-17], with the objective of modeling the
Marangoni flow induced by electrochemical reactions. The study con-
ducted by Hillaire et al. [17] presents the observed changes in interfacial
tension as a function of electric current density at the metal-electrolyte
interface, as shown in Fig. 1(a). By employing a curve-fitting approach,
we effectively model this relationship, which is expressed by Eq. (8).

Considering primary current distribution to determine the electric
potential field of the electrolyte [21,22], the Laplace equation, Eq. (9),
must be solved. The electrical conductivity of the metal surpasses that of
the electrolyte by several orders of magnitude. As a result, to accurately
model the minimal electric field within the metal, a sink term for electric
potential (S, = —% @) is implemented solely within computational cells
fully occupied by the metal [23,24]. This modification transforms the
original Laplace equation into an elliptic Helmholtz-type equation. By
using a small value for the permeability parameter (e.g., K = 10719), the
electric potential within the metal effectively diminishes to zero [23]. It
should be noted that employing an excessively small value (e.g., 10720)
could result in numerical instability and convergence issues. The electric
current density is subsequently calculated utilizing Ohm’s law, as
described in Eq. (10).

The models were configured based on the study conducted by Li et al.
[25]. Considering a 2D symmetrical model in this study, the computa-
tional domain and boundaries are schematically shown in Fig. 1 (b). The
boundary conditions for the flow encompass symmetrical conditions and
no-slip conditions at the anode, cathode, and insulating wall. Zero flux
of potential is enforced at the insulating and symmetry walls. At the
anode, the electric potential is set to zero, while at the cathode, the
potential is either —0.5 V or —5 V, depending on the operating param-
eters of the system.

The finite-volume method (FVM) was employed to discretize the
governing equations listed in Table 1. The FVM employs a first-order
implicit temporal discretization scheme along with a third-order
MUSCL spatial discretization scheme [19]. The Geo-Reconstruct-based
explicit scheme was used to discretize the volume fraction equation
[26]. A set of user-defined functions (UDFs) was implemented into the
ANSYS FLUENT v.17.1 commercial software. These UDFs were metic-
ulously designed to account for critical aspects related to surface tension
force and electric potential. Transient simulations were performed to
dynamically capture and monitor the temporal deformation of the
droplet. The computational domain was filled using a total of 5500
quadrilateral mesh elements. To achieve a converged solution, the CFL
number, (“4%), is kept below 1 using a time-step size of ca. 102 s. The
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Fig. 1. (a) Interfacial tension dependence on the electric current density; (b) schematic presentation of the computational domain and boundaries. Experimental

results are reproduced from ref. [17].
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Table 2

Parameters used in our calculations.
Parameter
R,[mm] 0.5
R.[mm] 1
Ry [mm] 25
Ry[mm] 8
Vapp [V] 0.5and 5
O [Sm’l] 2.0
O[S 3.4 x 10°
pelkgm~3 2130
plkgm™3] 6250
o [kgm 7] 0.004
i [kgm™!s7!] 0.002

GHz ranges from one to two hours. All of the parameters used in the
calculations are listed in Table 2, where material properties are obtained
from ref. [27].

3. Results and discussions

We adopt the same set of geometrical and operational parameters as
Li et al. [25] to investigate the temporal evolution of droplet shape. Due
to the inherently transient nature of the system, it is challenging to
effectively demonstrate field structures. As a result, transient simulation
results are presented as Supplementary Material, namely “Droplet
oscillation.avi” and “Droplet elongation.avi”. These animations offer a
dynamic representation of the evolving droplet behavior. Readers are
encouraged to utilize these resources to gain a deeper understanding of
the complex interplay between field structures. Additionally, we present
selected snapshots at different times, shown in Figs. 2 and 3, to provide
insights into the dynamics of the system.

In the study of Li et al. [25], it was observed that when a very low
applied DC voltage (e.g., 0.5 V) was utilized, the droplet failed to reach
the cathode and instead flattened and ceased motion after a certain
period of time. In line with these findings, our simulation results,
including volume fraction, velocity, electric potential, and electric cur-
rent density, as shown in Fig. 2(a),(b),(c), exhibit similar behavior. The
magnitude of vortical flow generated within the droplet, resulting from
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Marangoni effects, is insufficient to induce substantial deformation or
sustain persistent deformation of the droplet.

On the other hand, Li et al. [25] reported an interesting observation
indicating that, under the application of a relatively moderate DC
voltage of 5V, the droplet exhibited a smooth and continuous flow from
the anode, situated at the center of the chamber, towards the cathodes
positioned at the side walls. As shown in Fig. 3(a),(b),(c), the elongation
of the liquid metal protrusions towards the cathodes can be ascribed to
the spatial distribution of the electric current density field, which in-
duces significant variations in the interfacial tension. Consequently, a
vigorous vortical flow emerges throughout the interface within the
droplet, exerting a continuous propulsive force that drives the liquid
metal towards the cathodes.

To facilitate a more detailed analysis of the findings, the contour plot
of the normalized current density (j* = ij—) at the metal-electrolyte
interface is illustrated in Fig. 4(a) and represents a valuable tool for
tracking and visualizing the temporal evolution of the system. jm. rep-
resents the maximum current density (ca. 850 A m~2), beyond which the
surface tension remains consistently minimal and invariant (see Fig. 1
(@).

At very low applied potential (0.5 V), the change in normalized
current density and, consequently, the interfacial tension is less than
5%, as shown in Fig. 4(a). This indicates that the surface tension is
sufficiently high to maintain the overall shape of the droplet, irre-
spective of any existing gradients. Conversely, as the normalized current
density and, consequently, interfacial tension undergo variations
ranging from 1 to 100% along the interface, a substantial gradient in
interfacial tension force emerges, under an applied voltage of 5 V, as
shown in Fig. 4(a). This gradient exerts a significant influence on the
droplet’s behavior, affecting its deformation and overall dynamics.

Fig. 4(b) illustrates temporal evolution of the normalized maximum
width of the metal (W* = 2—‘&). Under a low applied voltage (0.5 V), we

observe small fluctuations initially, followed by a relatively constant W",
indicating minimal variation in the maximum width of the metal.
However, under a high applied voltage (5 V), the increase in W" initially
progresses at a slow rate, but later undergoes a significant acceleration,
resulting in a substantial growth in the droplet spreading rate.

Our simulation result concurs with the experimental observation of
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v

Time advancement

Fig. 2. With an applied voltage of 0.5 V, snapshots of the field structures at different times showing volume fraction, velocity, electric potential, and electric current
density. Vectors of velocity, isolines of electric potential, and current density streamlines are provided. The arrow indicates time advancement.
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Fig. 3. With an applied voltage of 5 V, snapshots of the field structures at different times showing volume fraction, velocity, electric potential, and electric current
density. Vectors of velocity, isolines of electric potential, and current density streamlines are provided. The arrow indicates time advancement.
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Fig. 4. (a) The contour plot of normalized current density captures the evolution of the droplet shape for applied voltages of 0.5 and 5 V; (b) temporal evolution of
the normalized maximum width of the metal; (c) calculated droplet elongation is compared with experimental result reproduced from ref. [25], which is available

under Creative Commons By Attribution 4.0 (CC BY 4.0) license.

Li et al. [25], as shown in Fig. 4(c), which clearly illustrates the elon-
gation of the liquid metal protrusion towards the cathodes. The 2D
symmetrical nature of our simulation model may introduce differences
compared to the referenced experiment [25]. Neglecting gravitational
effects, thermal effects [28,29], droplet flattening, and droplet wetting
in our model could impact the droplet’s shape and dynamics during
elongation. Additionally, the experimental setup in [25] has some non-
symmetrical aspects, such as the droplet not being initially perfectly
centered, contributing to the observed discrepancies.

The current investigation sheds light on the transport phenomena
involved in the shape evolution of liquid metal under the influence of
Marangoni effects. Through the analysis of simulation results, valuable
insights can be gained regarding the underlying mechanisms driving the
electrolytic flow, particularly in relation to the interfacial tension
gradient. The proposed VOF-based model holds significant potential for
assisting industries to obtain a deeper understanding of the impact of
operational parameters on the overall performance of the process.

4. Summary

In this study, we propose a comprehensive multiphase model uti-
lizing the volume of fluid (VOF) method to simulate the
electrochemically-induced Marangoni flow phenomenon. We thor-
oughly investigated the transport phenomena, including flow, electric
potential, and electric current density, within a NaOH electrolyte and a
eutectic gallium-indium (EGaln) metal droplet. The electrochemical
oxidation of the anodic EGaln droplet generates a gradient of interfacial
tension along the metal-electrolyte interface, thereby inducing a flow.
To accurately capture the transient variation of interfacial tension as a
function of electric current density at the interface, we propose a novel
algorithm. The model is then applied to investigate the influence of
applied potential on the system behavior. At very low applied potential,
where the interfacial tension gradient is minimal, the droplet exhibits
slight oscillations while maintaining its original shape. However, with
the application of a moderate potential, the droplet undergoes
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elongation towards the cathodes. To complement our findings, transient
results are visualized in the form of animations in the supplementary

material (Appendix B).
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Appendix

Appendix A:. Nomenclature
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Mesh element size, m
Surface tension force, Nm—3
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Radius vessel, m

Radius droplet, m

Electric potential sink term,A m™~
Time,s

Velocity vector,ms™
Volume of computational cell,m?
Applied voltage,V

3571

1

Metal volume in computational cell,m?
Maximum width of metal, m

Vector coordinates, m

Volume fraction of deposit

Interfacial tension,N m~!

Dirac Delta function,m™!

Curvature,m !
Density,kgm 3

Metal density,kgm 3
Electrolyte density,kgm™
Dynamic viscosity,kgs~'m™
Metal viscosity,kgs m™!
Electrolyte viscosity,kgs™
Electric potential,V
Electrical conductivity, S m
Electrical conductivity of electrolyte, S m™
Electrical conductivity of metal, S m~!
Time step size, s

A normalized parameter

3

1

1 1

m-

1
1

Appendix B. Supplementary material

Supplementary data to this article can be found online at https://doi.org/10.1016/j.elecom.2023.107567.
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