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Abstract
A fully coupled model is proposed to investigate the influence of flow on electrochemical mass transfer at the interface between
the electrolyte and an electrically conductive droplet. The electric current flows through the droplet, and consequently the droplet
acts as both anode and cathode. Computations of flow, concentration of reactant, and electric current density fields were carried
out. Various droplet sizes (0.5, 2, 4 mm) under different flow regimes considering Reynolds number (Re = 0.2, 2, 20, 40 and 80)
were investigated. An iterative numerical method is proposed to determine the concentration of reactant and electric current
density at droplet-electrolyte interface considering the reaction kinetics (Butler-Volmer) formula and the diffusion-advection of
the reactant through the hydrodynamic boundary layer around the droplet. With the increase of Reynolds number, the amount of
electric current density which flows through the droplet increases. It is found that the mass transfer at droplet-electrolyte interface
is controlled by reaction kinetics for the small droplet (0.5 mm). However, the diffusion of the reactant governs the efficiency of
mass transfer with the increase of the droplet size (2 and 4 mm). With the increase of Reynolds number, the anodic area on the
surface of droplet is enlarged.

1 Introduction

Many metallurgical processes make the use of strong electric
currents through electrolytes. The aim is either heating/melting
the metal or promoting electrochemical mass transfer at
electrolyte-metal interface [1]. As an example, heating is used
to melt large metallic electrodes in the electroslag remelting pro-
cess [2]. In this process, very high AC or DC electric current in
the range between 40 to 200 kA.m−2 are passed through the
electrolyte as known as slag. Thanks to Joule heating, the tem-
perature in the slag raises to 2300 K that results in the melting of
the immersed metallic electrode and formation of droplets of

various sizes (0.1–10 mm). Smaller amount electric current den-
sity (<15 kA.m−2) are used in the production of liquid aluminum
in Hall-Heroult process where small droplets (<<1 mm) are gen-
erated as soon as electric current flows through the cryolite-
aluminum interface [3]. Those droplets are generated as a conse-
quence of a very violent phenomenon associated with the metal
pad and short circuiting noise [3, 4]. In copper refining processes
with the presence of copper droplets, a peculiar phenomenonwas
observed in which small copper droplets behave as insulating
while larger ones are fully conductive [5, 6]. Apparently, suspen-
sion of metallic droplets in electrolytes is a common phenome-
non in electrometallurgy.

Generally, the aforementioned processes involve a strong
convection within the electrolyte due to the interaction between
the flow and electric current through Magnetohydrodynaimcs
(MHD). Thus, it is impossible to avoid the generation of rela-
tively small metallic droplets at the liquid metal-electrolyte inter-
face [7].

The role of such droplets, isolated or in the form of clouds, on
the performance of those processes is a major scientific and
technical question. The presence of a cloud of droplets
(conducting or not) will deflect the electric current that in turn
promotes new kinds of interfacial instabilities. Furthermore, the
electrochemical mass transfer at the droplet-electrolyte interface
plays a decisive role on the overall refining process of the metal.
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In fluid dynamical systems, the flow field and concentra-
tion field are always interdependent. As such, the variation in
the intensity of flow (more precisely hydrodynamic boundary
layer) impacts the concentration field (more precisely concen-
tration boundary layer) that in turn determines the mass trans-
fer at interfaces.

Far too little attention has been paid in the literature to
suspension of metallic droplets in electrolytes although it is
a common phenomenon in electrometallurgy. The present pa-
per aims in studying the influence of the flow of electrolyte on
the ability of a metallic droplet to conduct a DC Current, and
consequently to determine the mass transfer at droplet-
electrolyte interface. Customarily, the flow is characterized
using Reynolds number that is dependent on the size of the
droplet and the relative velocity between the droplet and the
surrounding fluid. Herein, different droplets sizes and electro-
lyte velocities, corresponding to Reynolds numbers up to 80
are investigated.

2 Modeling

The well-established Finite Volume Method (FVM) is ap-
plied for numerical simulation of flow, concentration of
cupric ion (Cu2+), and electric fields. The commercial
CFD software, ANSYS FLUENT v.14.5, was utilized to
carry out simulations. Several User-defined functions
(UDF) are implemented for special modeling equations
e.g. to model Butler-Volmer reaction kinetics, Poisson-
Boltzmann distribution, etc. The configuration of the sys-
tem is schematically illustrated in Fig. 1. A 2D axisym-
metric computational domain is considered. In the present
study, the system is composed of a copper droplet and the
copper sulfate-sulfuric acid electrolyte for which kinetic
and hydrodynamic properties (e.g. exchange current den-
sity, viscosity, etc.) are well-known [8]. All symbols are
listed in “Nomenclature”. In the bulk of electrolyte, the
concentration filed (c∞), the velocity field (u∞), and the
electric field (E∞) are prescribed. Note that, the droplet
acts as both cathode and anode. Thus, the cathodic/
anodic area on the surface of droplet must be computed
that in turn depends on the intensity of the flow and the
droplet size (more precisely Reynolds (Re) number).
Cupric ion is injected into the electrolyte at the anodic
part of droplet, whereas it is consumed at the cathodic
part.

2.1 Governing eqs

A summary of all governing equations and corresponding
boundary conditions are listed in Table 1.

2.1.1 Flow field

As described in Table 1, The Navier-Stokes continuity, Eq.
(1), and momentum, Eq. (2), equations are used to calculate
the velocity field. The fluid (electrolyte) is regarded as
Newtonian and incompressible under isothermal condition.
The velocity field in the bulk of electrolyte is specified to
u∞. The characteristic of the hydrodynamic boundary layer
which develops around the droplets depends on u∞ and the
droplet size through Reynolds number. The boundary condi-
tions related to flow are summarized in Table 1.

2.1.2 Concentration field of Cu2+

Following the conventional approach to neglect the migration
flux in the presence of the excess of supporting electrolyte, the
diffusion-advection equation is solved to obtain the concen-
tration field (c) of cupric ion [9] as described in Table 1 using
Eq. (3). Accordingly, the boundary conditions to determine
the concentration field are described in Table 1. The boundary
condition at droplet surface is completely dependent on the
electric current density that will be further elucidated in the
following section.

2.1.3 Electric current density field

The conservation of electric current density (j) is obtained
through Laplace equation, Eq. (4) in Table 1, where electric
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Fig. 1 Configuration of the computational domain and boundaries are
schematically illustrated. The droplet acts as both the anode and
cathode where cupric ion (Cu2+) participates in Faradaic reactions
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current density is calculated using Ohm’s law ( j
!¼ −σ∇φ ).

Boundary conditions to calculate the electric current density
are also described in Table 1.

Special care must be taken to assign boundary conditions at
droplet surface where electric current density and concentra-
tion of Cu2+ are fully coupled. The flux of electric potential (≈
electric current density) is assigned at droplet surface where
the calculated concentration of Cu2+ is set as boundary condi-
tion for Eq. (3). In modeling point of view, the droplet surface
is a conjugate wall where the influence of the formation of
electric double layer (EDL) at electrolyte-metal interface is
implicitly modeled. Here the electrochemical kinetic at the
interface is taken into account, whereas charge accumulation
is neglected. The jump in electric potential at the interface (η)
as a conjugate wall appears in Butler-Volmer formula (Eq.
(5)). Of note, the sign of j is positive at anodic part of droplet.
In contrast, it is negative at the cathodic part of droplet. The
sign enables us to distinguish the anodic and cathodic part of
the droplet throughout calculations. At the cathodic part, the
contribution of diffusion in the potential drop across EDL is
taken into account through Eq. (6). On the other hand, the
electric current density is obtained using Eq. (7) at the anodic
part of droplet where the concentration is assigned based on
Poisson-Boltzmann.

An iterative procedure is executed to calculate j and c as
follows: Firstly, the sign of j is used to determine the cathodic/
anodic area on the droplet. Secondly, j is calculated through
Butler-Volmer formula using Eq. (5). Thirdly, the calculated j
is used to obtain c at the interface for cathodic part through Eq.
(6) or for the anodic part through Eq. (7). Finally, the newly
calculated value of c is inserted back to Butler-Volmer formu-
la, Eq. (5), to re-calculate j. The procedure continues until the
convergence criterion (e.g. here residuals below 10−6) is
satisfied.

2.2 Model verification

To best of our knowledge, there exists no direct experimental
measurements or an analytical solution for the system (con-
ductive droplet in an electrolyte) modeled in this paper. The
ability of our developed code to model electrochemical sys-
tems has been successfully validated numerous times [10, 11].
Additionally, we examined our developed code as the infra-
structure of the presented model in this manuscript against
classical electrochemical systems such as flow between planes
as known as channel flow cells or cathodic rotating disc elec-
trode (RDE). Herein, we noticed that mass transfer phenome-
non in the presented study involving a conductive droplet
inside an electrolyte behaves in accordancewith classical elec-
trochemical systems. Based on our modeling results, we will
show that the system reaches to a limiting current density [9].

As an example, herein, we briefly present our investigation
on the behavior of cathodic rotating disc electrode (RDE)
system to demonstrate our verification procedure of the pre-
sented model. Marathe and Newman [12] conducted a series
of experiment to study transport phenomena in an electro-
chemical cell involving the cathodic rotating disc electrode
(RDE). For the simulations, we used the identical geometry,
material (an electrolyte made of 0.1 M copper sulfate and
0.1 M sulfuric acid), and operational parameters [12]. The
cathodic RDE spins with the rotation rate of 300 rpm. As
shown in Fig. 2, a comparison is made between our simulation
results and their experimental measurements. The electric cur-
rent distribution along the surface of the rotating cathode is
assessed. Two distinct applied voltages (0.2 V and 0.4 V) are
examined. Apparently, the amount of the average electric cur-
rent density increases with the enlargement of the applied
voltage. Satisfactory agreements between the aforementioned
methods are achieved.

2.3 Other settings

A total number of 40,000 mesh elements are initially used to
generate the grid within the computational domain. However,
the grid is adapted (refined) in the vicinity of droplet electro-
lyte interface during calculations to ensure capturing hydro-
dynamics and concentration boundary layers. The third-order

Table 1 Governing equations and corresponding boundary conditions
of flow, concentration of reactant, and electric current density fields

Flow field

∂ρ
∂t þ ∇ � ρ u!� � ¼ 0 (1)

∂ ρ u!� �

∂t þ ∇ � ρ u! u!� � ¼ −∇pþ ∇ � μ ∇ u!þ u!T
� �h i

þρ g! (2)

Concentration field of Cu2+

∂c
∂t ¼ −∇ � u!c−DCu2þ∇c

� �
(3)

Electric current density

∇ ·(−σ∇φ)=0 (4)

Boundary conditions

Upstream: u=u∞, − ∂φ
∂n ¼ E∞, c=c∞

Downstream: Pressure-outlet, φ=0, ∂c∂n ¼ 0

Insulator: Free-slip, ∂φ∂n ¼ 0, ∂c∂n ¼ 0

Droplet surface: No-slip,

j ¼ j0
c
c∞

� �
e

αz
Cu2þ Fη

RT

� �
−e −

1−αð Þz
Cu2þ Fη

RT

� �� 	
(5)

DCu2þ
∂c
∂n ¼ j

zCu2þ F (Cathodic part) (6)

c ¼ c∞e
−
z
Cu2þ Fη

RT

� �
(Anodic part) (7)
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MUSCL scheme is utilized for spatial discretization of
governing equations that enables us to accurately handle var-
iable grid sizes [13, 14]. The temporal numerical discretization
is according to first-order implicit method [13, 14]. Transient
calculations were made to achieve steady-state solutions.
Therefore, the equations were solved by means of the
pseudo-transient computation technique in which the transient
terms (temporal derivatives) were retained [13]. Capturing the
transient behavior of the system is not the objective as the
steady state problem is embedded in a space-time setting.
Thus, the temporal accuracy is sacrificed in favor of rapid

convergence to the steady state. This technique is effective
for non-linear problems when the initial solution is far from
the final steady state [10, 15].

The steady state results were further evaluated. The mate-
rial properties of electrolyte and droplet as well as operating
conditions are listed in Table 2. The properties are extracted
from Ref. [8]. Several droplet sizes (0.5, 2, 4 mm) under
different flow regimes (Re = 0.2, 2, 20, 40 and 80) were
examined.

3 Results and discussions

Computed field structures including velocity, concentration of
cupric ion (Cu2+), and electric current density fields for the
droplet with the size of 2 mm at different Reynolds number are
shown in Fig. 3. A recirculating zone as known as vortex ring
is observed close to the rear stagnation point of the droplet at
Re = 80 as shown in Fig. 3(a). Taneda [16] pointed out that the
vortex ring starts to develop at Re = 24. Experimental analysis
and measurements indicated that the vortex ring expands as
Reynolds number increases [16]. The diameter of vortex ring
reaches to that of the droplet at about Re = 130. At this point,
the flow close to the stagnation point becomes unstable and
consequently the vortex ring begins to oscillate [16]. As an-
ticipated, the flow remarkably influences the distribution of
concentration of Cu2+. The concentration boundary layer di-
minishes as Reynolds number increases as illustrated in Fig.
3(b). Thereby, the amount of electric current density which
flows through the droplet is significantly impacted as shown
in Fig. 3(c). In the absence of the vortex ring, a region of low
concentration of Cu2+ is observed in the front part of the drop-
let where the droplet acts as a cathode. In contrast, a region
enriched in Cu2+ is noticed in the rear part of the droplet where
the droplet acts as an anode. The enriched region forms a tail
in the rear part of droplet indicating that the injected Cu2+ from
the anodic part of droplet is carried by the flow. Furthermore,
the thickness of the tail decreases as Reynolds number in-
creases. The presence of the vortex ring remarkably influences
the concentration field of Cu2+ around the droplet as shown in
Fig. 3(b) for Re = 80. The aforementioned tail disappears that
leads to the formation of a very narrow region enriched in
Cu2+ adjacent to the droplet. Apparently, the amount of elec-
tric current density which flows through the droplet increases
as the Reynolds number increases that is illustrated in Fig.
3(c).

An extensive series of simulation were performed to ex-
plore the effect of droplet size on the electrochemical be-
havior of the system considering different values of
Reynolds number i.e. Re = 0.2, 2, 20, 40 and 80. The
amount of electric current density is plotted versus the po-
sition on the surface of droplet that is demonstrated using
the angle coordinate. Furthermore, each plot is labeled

Fig. 2 A comparison is made among the theoretical current distribution
obtained from Newman’s theory [12], experimental measurements [12],
and our numerical results considering two different applied voltages:
firstly, Vapp=0.2 V for which jave = 125 A. m−2, and secondly,
Vapp=0.4 V for which jave = 320 A. m−2

Table 2 Parameters used in our calculations. Thematerial properties are
extracted from Ref. [8]

Parameter

R [J K−1mol−1] 8.314546

g [m s−2] 9.81

T [K] 293

F [A s mol−1] 96,485

E∞[V m−1] 35

σe [S m−1] 5.1

σd [S m−1] 1×107

ρ [kg m−3] 1030

μ [kg m−1 s−1] 0.00103

α 0.5

j0 [A m−2] 10

c∞[mol m
−3] 10

DCu2þ m2 s−1½ � 0.61×10−9

n 2

zCu2þ
+2
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Fig. 3 Field structures are illustrated at different Reynolds number (Re =
0.2, 20, and 80) for the droplet with the size of 2 mm. Each contour is
labeled using the magnitude of Reynolds number. a Velocity field; b

normalized concentration field in logarithmic scale; c Electric current
density field. Equisized vectors are used in (a) and (c) to indicate the
direction
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according to the size of droplet as shown in Fig. 4. The small
droplet with the size of 0.5 mm is almost insensitive to the
variation of the intensity of the flow. The electric current
density on the surface of droplet slightly increases as
Reynolds number increases. Additionally, the surface area
of the anode is nearly equal to that of the cathode as the sign
of electric current density is switched from positive (anode)
to negative (cathode) at the angle of ca. 90°. This implies

that mass transfer is dominantly governed by the reaction
kinetics for the small (0.5 mm) droplet. With the increase of
droplet size (2 and 4 mm), the amount of surface electric
current density is notably influenced by the flow. The area
of anode as well as the amount of electric current density
which flows through the droplet increases as Reynolds
number increases. This implies that the mass transfer is con-
trolled by the mechanism of diffusion for large droplets (2
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Fig. 4 The electric current
density is plotted along the
surface of droplet. Each plot is
labeled using the droplet size.
Directions of bulk electric field
and bulk flow field are indicated
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and 4 mm). Furthermore, the area of cathode/anode on the
surface of droplet is dependent on the droplet size regardless
of Reynolds number. The ratio of anodic area to cathodic
area of the surface of droplet decreases as the droplet size
increases at constant Reynolds number.

The distribution of the concentration of Cu2+ on the
surface of droplet considering different droplet size is il-
lustrated in Fig. 5. The concentration of Cu2+ and electric

current density are correlated through Eq. (5)–(7). As
such, the variation in concentration of Cu2+ on the surface
of droplet follows the same trend as the electric current
density. The front part of the droplet acts as the cathode.
The limiting current density is acquired on a portion of
the cathodic region for the large droplet with the size of
4 mm. In this case, the magnitude of concentration of
Cu2+ becomes nearly zero above the angle of ca. 140°.
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Fig. 5 The concentration of Cu2+

is plotted along the surface of
droplet. Each plot is labeled using
the droplet size. Directions of
bulk electric field and bulk flow
field are indicated
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The relationship between Reynolds number and the
total amount of electric current which flows through
the droplet for different droplet size is shown in
Fig. 6. An exponential relationship is noticed among
the aforementioned parameters regardless of the droplet
size. This implies that there exists a maximum allow-
able (limiting) current although the total amount of elec-
tric current through the droplet increases as the flow
intensifies.

4 Summary

The electrochemical mass transfer at a droplet-electrolyte in-
terface is investigated by the help of computational fluid dy-
namics tools. The transport phenomena including flow,

concentration of reactant (here cupric ion), and electric current
density fields are computed. The concentration of the reactant
and electric potential are fully coupled so that the interplay
between the reaction kinetics at the droplet-electrolyte inter-
face (Butler-Volmer formula) and the diffusion-advection of
reactant through the hydrodynamic boundary layer around the
droplet is taken into account. The condition of the presences of
excess of supporting electrolyte is assumed to ignore the mi-
gration transport of the reactant. The droplet acts as both the
cathode and anode. Thus, the cathodic/anodic area on the sur-
face of droplet is computed that in turn depends on the inten-
sity of the flow and the droplet size (more precisely Reynolds
(Re) number). Numerous droplet sizes (0.5, 2, 4 mm) under
different flow regimes (Re = 0.2, 2, 20, 40 and 80) were eval-
uated. Expectedly, the amount of electric current (~ mass
transfer) which flows through the droplet increases as the flow
intensifies. We found that the mass transfer at droplet-
electrolyte interface is controlled by reaction kinetics for the
small droplet (0.5 mm), whereas the role of diffusion becomes
more potent with the increase of the droplet size (2 and 4 mm).
Furthermore, the anodic area on the surface of droplet grows
as Reynolds number increases.

Nomenclature Cu2+ , Cupric ion; c , Concentration of cupric ion / mol
m−3; c∞ , Bulk concentration of cupric ion / mol m−3;DCu2þ , Diffusion
coefficient of cupric ion / m2 s−1; E∞ , Bulk electric field / V m−1; F ,
Faraday constant / A s mol−1; g , Gravity constant / m s−2; j , Electric
current density / A m−2; j0 , Exchange current density / A m−2; jave ,
Average current density on RDE cathode / A m−2; n , Number of ex-
changed electrons; p , Pressure/ Pa; R , Universal gas constant / J
K−1 mol−1; t , Time / s; T , Temperature / K; u , Velocity vector / m s−1;
Vapp , Applied voltage of RDE / V; r , Distance along the surface of RDE
cathode / m; r0 , Radius of RDE cathode / m; Re , Reynolds number;

zCu2þ , Charge number of cupric ion; α , Charge transfer coefficient in
Butler-Volmer (BV) formula; ρ , Density / kg m−3; μ , Dynamic viscosity
/ kgm−1 s−1;φ , Electric potential / V; η , Activation overpotential / V; σe ,
Electrical conductivity of electrolyte /S m−1; σd , Electrical conductivity
of droplet /S m−1; ∂

∂n , Derivative along the outward-drawn normal to the
boundary surface /m−1
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Fig. 6 The relationship among the total amount of electric current density
which flows through the droplet and Reynolds number considering
different droplet size (0.5, 2, and 4 mm) is shown. a Electric current
density; b Electric current
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