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Abstract: A transient three-dimensional (3D) model was established to understand the bubble motion in an industrial electrolytic
process. An anode with a new design was tested. It incorporates two slots that allow an efficient removal of gas bubbles. The
electromagnetic fields were described by solving Maxwell’s equations. The bubble movement was studied with two-way coupling
Euler—Lagrange approach. The interplay of current density and bubble nucleation rate was included. The collision and coalescence of
bubbles were considered. Random walk module was invoked for involving the chaotic effect of the turbulence. The numerical results
were validated by experimental measurements. The results indicate that the current distribution and the bubble nucleation
periodically change. Due to the slot, the bubble elimination heavily increases. The contribution of the slot to the bubble removal
exceeds 50% in the case of three currents, and the promotion of the slot decays with increasing the current.
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1 Introduction

Gas generation occurs in various electrochemical
reactions. Small bubbles are nucleated on the anode
surface, then glide along the surface under the action of
various forces, and meanwhile grow up through
coalescence. These bubbles will detach from the surface
once its size over a certain value, which forms a bubbly
two-phase flow in the electrochemical reactor. The
behaviors of bubbles such as nucleation, growth,
coalescence and detachment significantly affect the
current distribution and increase the energy consumption
due to the ohmic drop [1]. Changes in the structure of the
anode therefore have occurred so as to promote the gas
bubble release. Figure 1 shows a novel anode which has
been widely used in the industrial aluminum electrolysis
process. A direct current (DC) passes through conductive
electrolyte and molten aluminum between anode and
cathode, and gas bubbles would be formed at the anode
bottom and side wall because of the electrochemical

reaction. In order to reduce the gas holdup, two vertical
slots are incorporated in the anode.

Many researchers have experimentally studied the
bubble migration in the electrolytic cell by using
air—water models [2—4]. One or two anodes were
suspended within a transparent tank. Gas evolution was
simulated by injecting air. A high speed camera was
employed to observe the two-phase flow, and a particle
image velocimetry (PIV) technique was used to measure
the velocity field. However, the electric current, which is
a critical part of the process, was not taken into account.
ALAM et al [5] implemented a low temperature
electrolytic experiment. CuSO, solution was adopted as
bath solution. A lead alloy and a stainless steel were used
as the anode and cathode, respectively. A DC power
supply was utilized to supply the current, and O, bubbles
were generated underneath the anode. They found that
the bubble movement and bubble layer thickness were
sensitive to the anodic current density. With increasing
computational resources, some researchers numerically
investigated the bubbly two-phase flow in the cell [6—8].
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Fig. 1 Photo of novel anode

WANG et al [9] developed a mathematical model to
investigate the effect of gas bubble on cell voltage
oscillations. The results showed that higher bubble
release frequency has a greater effect on the cell voltage
oscillation, especially when the frequency is larger than
0.4 Hz. The volume of fluid (VOF) approach was widely
invoked to understand the bubble behavior, because it is
an efficient and robust algorithm for the multiphase flow.
WANG et al [1] calculated the bubble morphology in the
cell with slotted anode using the VOF method. Their
results indicated that the slot provided an alternative for
gas bubbles to escape. Nevertheless, the force acting on
the bubbles and the coalescence of the bubbles were not
included. Euler-Euler model was also employed to
consider the motion of bubbles [10,11]. The interaction
and the coalescence between the bubbles were taken into
account. However, the coupling between the bubble
nucleation and current density on the anode surface was
not factored. Because it is difficult to couple the
magnetohydrodynamic (MHD) model with the
Euler-Euler model. Euler-Lagrange model, which could
better cooperate with the MHD model, was then
employed. HREIZ et al [12] used a two-way coupling
discrete phase model to calculate the bubble movement
in a vertical plane electrode reactor. The effect of the
anodic current density on the bubble nucleation was
included. The simulated results were in good agreement
with the PIV measurement data.

As discussed above, there have been few attempts to
numerically investigate the electromagnetic fields and
bubbly two-phase flow in the aluminum electrolytic
process. Because of this, we were motivated to establish
a 3D comprehensive model to understand the impact of
the slot on the bubble movement in the electrolytic cell.
The current distribution and the Lorentz force field were
described by solving Maxwell’s equations. With the two-
way coupling Euler—Lagrange approach, the bubble
migration behavior was demonstrated. Moreover, the
relationship between the current density and the bubble

nucleation rate was included. Besides, an experiment was
carried out to validate the model.

2 Experimental

An experiment was carried out using two glass
containers at room temperature as shown in Fig. 2.
CuSOy solution was serviced as the electrolyte, and the
concentration was around 0.4 mol/L. A cooper plate,
which was used as the cathode, was placed at the tank
bottom [5,13]. The anodes without and with the slots,
which were produced by graphite, were then immersed
into the electrolyte in the two tanks, respectively. The
distance between the anode and the cathode was fixed at
40 mm. A DC power was implemented to supply a
constant 375 A current for the two electrolytic processes,
ie.,, the average current density on anode was
0.3 A/cm® [14]. A high speed camera was employed to
observe the bubble morphology, and a multimeter was
utilized to measure the voltage drop between the anode
and the cathode [15].
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Fig. 2 Schematics of experimental setup: (a) Cell with
traditional anode; (b) Cell with novel anode

3 Mathematical modeling

3.1 Electromagnetism
The current in the cell was governed by the
equations of charge conservation and Ohm’s law:

V-J=0 (D
J=0(E+vxB) 2)
The magnetic Reynolds number, which expresses
the ratio of the magnetic convection to magnetic
diffusion, remained very low in this process [16]. Thus,
Eq. (2) was simplified as
J=cE 3)
The Ampére’s circuital law was adopted to describe
the magnetic field:
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VxH=J+ ob 4)
ot
The current displacement, 0D/0t, was much lower
than the electrical conduction, which was valid if the
electrical conductivity was not too small, and hence this
term was neglected here [17].
The constitutive equation for the magnetic field was

B=uH (5)

The electrical potential approach was employed to
solve the governing equations mentioned above. It
consists of simultaneously solving for the electrical
potential ¢, as well as the magnetic potential vector 4:

E=—-V 6
5 Ve (6)
At the same time, the magnetic potential vector was
related to the magnetic field by [17]

B=VxA @)

With appropriate boundary conditions, can obtain
the time average Lorentz force:

F=J*B (8)

3.2 Electrolyte hydrodynamics

The electrolyte was assumed to be incompressible,
and the flow was supposed to be Newtonian and
unsteady. Besides, the heat transfer was ignored in the
present work. Following these assumptions, the flow was
modeled by the conservation equations of mass and
momentum [12]:

V-(pr) =0 ©)
{—a(a/;v)w-(pv@v)}=—Vp+ueffV2v+F (10)

The force F was the coupling term with the discrete
phase solver, and represented the momentum exchange
due to bubbles passing through each computational
element. Given the characteristic of fluid flow in the
process, the RNG k—¢ turbulence model was adopted to
calculate the turbulent viscosity. The standard k—¢
turbulence model has been developed for flows with a
high Reynolds number, but the RNG k—¢ turbulence
model is able to capture the behavior of flows with lower
Reynolds number with an appropriate treatment of the
near-wall region. An enhanced wall function therefore
was employed to work with the RNG k—¢ turbulence
model.

3.3 Bubble hydrodynamics

The motion of the bubble suspended in the
electrolyte was determined by gravity, buoyancy, drag,
lift and added mass forces [10]. And furthermore, a

pressure gradient was created in the electrolyte due to the
Lorentz force. According to the law of action and
reaction, the bubble endured an electromagnetic pressure
force, whose direction was opposed to that of the Lorentz
force [18,19]. The added mass force was induced by the
acceleration difference between the bubble and the
electrolyte. Besides, we used an equivalent diameter to
represent the bubble size in the calculation, because the
gas bubbles were observed to be non-spherical in the
experiment.

The Newton’s second law was used to calculate the
velocity of each bubble [20,21]:
3 dv,

b?ng+Fb+Fd+Fl+Fa+FlD (11)

T
P 6 d
where F; was the drag force, and was solved by Haider
and Levenspiel’s correlation. F, was the electro-
magnetic pressure force:
3 nd;

F, = _ZTb F, (12)

The random walk model was invoked to include the
chaotic effect of the turbulent motion on the bubble
trajectory. A random velocity was added to the time
average velocity to obtain the bubble transient velocity at
each time step. Each random component of the bubble
transient velocity was proportional to the local turbulent
kinetic energy of the electrolyte:

— , , —2 2k
Yy =Vy + Vs Yy =G =§‘/? (13)

where ( is a random number, normally distributed
between —1 and 1 and varied at each time step.

As described above, the bubbles grow by collision
and coalescence with other bubbles in the cell. Here, we
considered three collision models of bubbles, which
included the Brownian, Stokes and turbulent collisions as
indicated in Fig. 3 [22,23]. The number of collisions per
unit volume and unit time between two bubbles with
sizes r; and r; was defined as

Ny = p(;,r;)n(r)n(r;) (14)

where f(r;, r;) was the collision rate constant with a
dimension of volume/time, also called the “collision
volume” which represented the probabilities of collision
and coalescence for bubbles.

Bubbles would contact, collide and coalesce each
other due to the Brownian movement. The collision rate
constant of the Brownian collision was given as

211 1
ﬂl(ri,rj):a[erZ](riHj) (15)

Due to a greater buoyancy, larger bubble floats
faster than the smaller one. As a result, the bigger and
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faster bubble swallows up the smaller and slower bubble.
The collision rate constant of the Stokes collision was

_2ngAp| 52 5 2
ﬂz(n,rj)—w‘ri —rj‘(ri +r;) (16)

Bubbles collide each other under the effect of the
turbulent flow. The collision rate constant of the
turbulent collision was

B (r;,1;) = 1.3(r; +rj)3\/% (17)
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Fig. 3 Collision and coalescence of bubbles: (a) Brownian
collision; (b) Stokes collision; (c) Turbulent collision

3.4 Boundary conditions

The current density and the bubble nucleation at the
anode bottom and side walls were supposed to influence
each other. The local current density decreases when the
bubble starts to grow, and then increases once the bubble
leaves the nucleation site. The bubble nucleation rate in
turn depends on the local current density. In the
calculation, we imposed a current density at the anode
bottom and lateral walls [24,25], and moreover the
volume flow rate of the bubbles on the surfaces was
related to the current density [4]:

_ |J| ARy, T

4pF (18)

q

where A is the area of the surfaces for the nucleation, and
T is the room temperature. Meanwhile, a zero potential
was applied at the bottom. Other walls were assumed to
be insulated where there was no electric current going
through the boundaries. The initial diameter of the
nucleated bubble was actually small. We assigned a
constant diameter, 1 mm, for the nucleated bubble
according to our experimental observation. As for the
motion of the bubble, it would be rebounded once
touching the lateral wall and the bottom of the cell, and
escape from the top surface of the cell. A no-slip wall
was imposed at all boundaries except on the top surfaces
of the slot and cell, where a zero shear stress was
employed. All the physical properties remained constant.
The detailed geometrical and physical properties are
listed in Table 1.

Table 1 Geometrical and physical properties

Parameter Value
Electrolyte density/(kg-m ) 1195
Electrolyte viscosity/(Pa-s) 0.0011
Electrolyte electrical conductivity/(Q'm™) 0.42
Surface tension/(N-m ") 0.098
Bubble density/(kg-m ) 0.38
Length of cell/m 0.505
Width of cell/m 0.26
Height of cell/m 0.09
Length of anode/m 0.41
Width of anode/m 0.165
Height of anode/m 0.1
Width of slot/m 0.005
Anode cathode distance/m 0.04
Current/A 375

4 Numerical treatment

The commercial software ANSYS FLUENT 12.1
was employed to implement the simulation. The
governing equations for the electromagnetism, fluid flow
and bubble movement were integrated over each control
volume and solved simultaneously, using an iterative
procedure. The electromagnetic fields were solved by the
magnetohydrodynamic module, and the introduction of
the magnetic potential vector was executed by
user-defined functions. The Lorentz force was updated at
each iteration as a function of the bubble distribution,
and was then incorporated into the momentum equation.
The widely used SIMPLE algorithm was employed for
calculating the electrolyte hydrodynamics equations. All
equations were discretized by the second order upwind
scheme for a higher accuracy. Before advancing, the
iterative procedure continues until all normalized
unscaled residuals were less than 10™°. The computation
domain was discretized with a structured mesh, as shown
in Fig. 4. Mesh independence was thoroughly tested.
Three families of meshes were generated, respectively
with 950000, 761000 and 520000 control volumes. After
a typical simulation, we compared velocity of some
points in the cell. The deviation of simulated results
between the first and second mesh was about 10%, while
was approximately 4% between the second and third
meshes. Furthermore, the value of y+ within the first
layer grid of the three meshes was equal to ~I.
Considering the expensive computation, the second mesh
was retained for the rest of the present work. The time
step, 0.01 s, was kept small to ensure that the above
convergence criteria were fulfilled. At the initial state,
the cell was filled with stagnant electrolyte. We imposed
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a constant current density at the bottom and lateral walls
of the anode. The electrolyte then began to move, and the
bubble was simultaneously generated. It was typically
approximately 360 CPU hours for performing one case
using 8 cores of 4.0 GHz.
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Fig. 4 Computational domains and boundaries: (a) Cell with
traditional anode; (b) Cell with novel anode

5 Results and discussion

Figure 5 demonstrates the distributions of the
current line and gas volume fraction at 45 s with a
current of 375 A. The electric current enters the cell from
the bottom and lateral walls of the anode, and meanwhile
the bubbles begin to nucleate and grow due to the
electrochemical reaction. As expressed by the Faraday’s
law, the quantity of electro-generated gas bubble is
directly related to the current applied to the cell. Higher
gas volume fraction is actually observed at high current
density. A higher gas volume fraction induces a larger
resistance, and impedes the current migration.
Subsequently, the current at the bottom and lateral walls
of the anode then reselects its motion path according to
the electrical resistance. The current density at the place,
where few bubbles are generated, rapidly increases, and
in turn promotes the bubble nucleation. It is supposed
that the current density distribution as well as the bubble
nucleation in the cell periodically changes.

Volume fraction of gas

0.90
0.80
0.70
0.60
0.50
0.40
0.30
0.20
0.10

(b)
Fig. 5 Distributions of current line and gas volume fraction at
45 s with current of 375 A: (a) Cell with traditional anode;
(b) Cell with novel anode

Figure 6 displays the flow pattern in the two cells at
the same moment. A circulation cell and an upward flow
are observed at the side channel and the slot, respectively.
Tiny bubbles are formed at the anode bottom and expand
through collision and coalescence, and then glide toward
the outer edge of the anode bottom, and eventually
detach from the anode bottom. It can be noticed that the
circular flow at the side channel of the cell using the
anode without slot is stronger than that of the cell using
the anode with slot. Because the side channel in the cell
using the anode without slot is the only release path for
the bubbles, whereas in the cell using the anode with slot,
the bubbles could escape from both slot and side
channel.

(b)

Fig. 6 Velocity field at 45 s with current of 375 A and
maximum velocity of about 0.11 m/s: (a) Cell with traditional
anode; (b) Cell with novel anode
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Figure 7 represents the bubble distribution in the
two cells at 45 s. In the cell with novel anode, bubbles
escape from the slot and side channel. These bubbles
could depart from the anode bottom and rise up with a
small volume, since these bubbles receive less resistance
during releasing. The bubbles in the cell with traditional
anode are obviously bigger than that in the cell with
novel anode. The maximum equivalent diameter of
bubble in the cell with traditional anode reaches around
20 mm.

Equivalent diameter of bubble/mm

20.0
n 18.2

Fig. 7 Bubble distribution at 45 s with current density of
0.3 A/cm?: (a) Cell with traditional anode; (b) Cell with novel
anode

Figure 8 displays the experimental observed bubble
morphology in the two cells. It is clear that the bubbles
under the anode without slot is much bigger than that
below the anode with slot. Because the slot provides
more opportunities for the bubble to release, and as a
result the bubbles could escape before growing too large.
Figure 9 illustrates the comparison of the variation of the
cell voltage drop between the simulation and the
experiment. The simulated result closely agrees with the
experimental result, which indicates the model reliability.
It is clear that the ohmic drop periodically changes in the
two cells. The frequency of the voltage variation of the
cell using the anode without slot is around 0.63 Hz, and
is lower than that of the cell using the anode with slot
whose frequency is about 1.0 Hz. The voltage change is
caused by the regular movements of bubbles at the
bottom and lateral walls of the anode such as nucleation,

coalescence, growth and detachment. Since the slot
promotes the bubble movement, the bubbles release
frequency in the cell with the new type anode is higher
and the bubble size is smaller, which could effectively
reduce the voltage fluctuation.

Fig. 8 Photos of bubble morphology in experiment: (a) Cell
with traditional anode; (b) Cell with novel anode
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= Novel anode, experimental .
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Fig. 9 Comparison of cell voltage drop between simulated
results and experimental data

In the simulation, we have respectively counted up
the total volumes of the new generated and the escaped
bubbles within 30 s. The removal ratio of the bubbles is
defined as the ratio of the total volume of the escaped
bubbles to that of the new generated bubbles within the
30 s. Figure 10 indicates the removal ratio of the two
cells in the case of three currents. The removal ratio
significantly increases with the help of the slot, which
increases by 14%, 20% and 8% respectively when the
current ranges from 250 to 500 A. And the contribution
of the slot to the removal ratio exceeds 50% in all
cases. The increase amplitude of the removal ratio is the
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Fig. 10 Removal ratio of bubble in two cells within 30 s in case
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smallest when the current is 500 A. Because the new
generated bubbles underneath the anode without slot
could grow big enough for the release. The influence of
the slot therefore decays. Besides, the minimal removal
ratios of the two cells are observed when the current is
375 A. Because both the nucleation rate and the bubble
size increase with the stronger current. The increasing of
the bubble size however falls behind that of the
nucleation rate. The undersized new generated bubbles at
the anode bottom thus cannot escape in time, causing the
decrease of the removal ratio.

Figure 11 shows the distribution of the equivalent
diameter of the escaped bubble within 30 s. In the two
cells, the peak gradually moves to the right side with the
increasing current, which indicates that higher current
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Fig. 11 Distributions of equivalent diameter of escaped bubble with traditional (a, c, ) and novel (b, d, f) anodes within 30 s:

(a,b) 250 A; (c, d) 375 A; (e, f) 500 A
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promotes the bubble growth. It can be seen that the
proportion of the big bubble in the cell with the
traditional anode is larger than that in the cell with the
novel anode. Moreover, the equivalent diameter of the
bubbles in the cell with the traditional anode mostly
ranges from 9 to 15 mm, while the bubble size
distribution has a better dispersion in the cell with the
novel anode. Because the bubbles in the cell with the
traditional anode can only escape when their size is over
a certain value. The introduced slot however makes
bubble release easier as mentioned above. Therefore, the
initial volume for bubble release decreases and the range
of the equivalent diameter increases.

6 Conclusions

1) Higher current density promotes the bubble
nucleation and growth, and in turn the active bubble
motion hinders the current flow and increases the ohmic
drop. The current distribution and the bubble nucleation
in the cell periodically change.

2) The removal ratio heavily increases due to the
induction of the slot. The contribution of the slot to the
removal ratio exceeds 50% in the case of three currents.
The promotion of the slot decays with the increasing
current.

3) The equivalent diameter of the bubbles in the cell
with the traditional anode mostly ranges from 9 to
15 mm, while the bubble size distribution has a better
dispersion in the cell with the novel anode. The
proportion of the big bubble in the cell with the
traditional anode is larger than that in the cell with the
novel anode.

List of symbols
A Area of surfaces for bubble nucleation, m?;
A Magnetic potential vector, V-s/m;

B Magnetic flux density, T;

D Electric flux density, C/m?;

dy Bubble diameter, m;

E Electric field intensity, N/C;

F Faraday’s constant, A/(mol-s);

F Coupling term with discrete phase solver in
Eq. (10);

F, Added mass force, N/m’;

F,  Buoyancy, N/m’;

Fy Drag force, N/m?;

F, Lorentz force, N/m’;

F, Gravity, N/m®;

F Lift force, N/m’;

F,  Electromagnetic pressure force, N/m?;

g Gravitational acceleration, m?/s;

H Magnetic field intensity, A/m;

i,j  Bubble sequence number;

J Current density, A/m?;

ker  Effective thermal conductivity, W/(m-K);

k Turbulent kinetic energy, m%/s’;

7 Number of collision per unit volume and per time,
m73-sfl;

n(r) Number density of the bubble with radius 7, m *;

p Pressure, Pa;

q Volume flow rate of the gas, L/min;
Ry Gas constant, J/(mol-K);

r Bubble radius, m;

T Temperature, K;

t Time, s;

y Velocity, m/s;

v, Bubble transient velocity, m/s;

v,  Bubble mean velocity, m/s;

v,  Bubble random velocity, m/s;

p(r;,r;) Collision rate constant of 7; and 7; bubbles, m’/s;

Ap  Density difference, kg/m®;

€ Bath turbulent kinetic energy dissipation rate,
m%/s’;

U Magnetic permeability, F/m;

e Effective viscosity, Pa-s;

Ly Dynamic viscosity, Pa‘s;
Random number used in Eq. (13);

p Density, kg/m?;

Pb Bubble density, kg/m3;

o Electrical conductivity, Qlm!;

0 Electrical potential, V.
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