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Numerical Simulation of Electrolyte TwoPhase Flow Induced by Anode Bubbles in an
Aluminum Reduction Cell
Naijun Zhou, Yuqing Xue, John J J Chen, and Mark.P. Taylor

Abstract
In the production process of aluminium reduction cells, the anode bubble laden layer has
several important influences on the performance of the aluminium reduction cells. Especially for a
"drained cathode cell", without the agitating of movement of the melted metal, the bath flow field
could be more important. In this paper, the electrolyte two-phase flow fields were studied by using
numerically simulation method based on a two-phase turbulence model combining the k - ε model
and the Discrete Random Walk model. The results show that: the motion of the bubbles mostly
exists within a thin layer under the anode, which results in inducing local electrolyte to flow
around the anode in various circulation flows; the flow field in the anode-cathode space can be
divided into three regions with different characters; the results also show the Driving action of
bubbles is closely related to the current density, inclination of anode and the anode-cathode
distance. In general, the increasing in the current density increases the electrolyte velocity and the
turbulent kinetic energy. The decrease in ACD significantly enhances the uniformity of the
electrolyte flow field in the anode-cathode space. The increase in anode inclination angle increases
the velocity of the electrolyte in the anode-cathode space, which would be beneficial to improving
the diffusion and dissolution of the alumina and reducing the resistance between the anode and
cathode.
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1.

INTRODUCTION

The anode bubble laden layer has several important influences on the performance of the
aluminium reduction cells. The bubble layer will increase the bath resistance and the
voltage drop of the cell, and promote the bath flow, etc.(Richards et al,2003). The flow
field developed has a crucial effect on the dissolution and distribution of the alumina feed
(Thonstad & Olsen, 2001).
Because of the corrosive nature and high temperature(~960 ) of the electrolyte, it is
either too costly or impossible to obtain information directly from the bath flow
field(Dias & De Moura, 2005). Room-temperature analogy experiments are often used
for studying the impacts of anode bubbles on the bath flow, and many researchers have
reported their finding(Such as Fortin et al,1984; Chesonis et al,1990; Chen et al,1996;
Poncsák et al, 1999; Alexandre et al,2005; Kiss et al, 2005).
However, there are discrepancies with the conclusions drawn by the various
researchers. For example, Chesonis & Lacamera(1990) considered that the anode bubbles
play the same role as the electromagnetic forces in promoting the bath flow. However
others considered that the bubbles’ role is more important (Purdie et al, 1993). There are
also variations in the maximum velocities in the bath reported (Solheim et al,1989;
Purdie et al,1993; Langon et al,1990).
In the other hand, Due to the development of suitable inert anode materials, a new
cell design known as “drained cell”, which has a sloped cathode and anode, has provided
some advancement in recent years (Brown et al,1998). The inclined anodes result in
increased bubble velocities and reduced bubble coverage under the anodes. The part
played by bubbles in this inclined-anode situation is therefore different compared to the
case of the horizontal anodes. It is therefore important to study the bath flow field caused
by anode bubbles. However, up to now, systemic research work is still limited.
There are several advantages in studying the bath flow field using numerical
simulation. For example, it is convenient to get its effects while any parameter involved
varies so that the experiment expenses can be saved to some extent. Furthermore, the
results obtained may be easily visualized. Therefore the numerical simulation method has
been applied extensively in recent years. In this paper we apply the method to analyze
firstly the electrolyte two-phase flow field under and around a single anode, and then we
investigate the possible effects when some parameters are changed.

2.

PHYSICAL MODEL

Because of the complexity of the bath flow fields, the following assumptions are made:
z The movement and influence of any undissolved alumina particles existing in the bath
is ignored;
z The bath flow field is incompressible; and only the steady-state situation is simulated;
z The bath is isothermal,
and any effect of the temperature gradient on the bath
movement is ignored;
z The electromagnetic effect is not considered (Actually, electromagnetic field has
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z
z

z

important impact on the electrolyte flow field. However it is related to the frame of the
bus bar and location of the anode in the reduction cell. The authors have analysed it in
another paper (Zhou et al,2006). As we emphasize on study of the flow field structure
around an anode, to adopt the assumption will be convenient);
The bath flow field is turbulent;
There is no chemical reaction between the anode bubbles and the bath and the bubbles
are spherical in shape with a diameter of 5mm (Suppose the dimension to be the
thickness of bubble layer (Zoric & Solheim,2000));
The break and coalescence of bubbles are ignored.

3.

COMPUTATION MODEL AND PARAMETERS

As the anode gas can not be dissolved in the electrolyte, the flow of the anode gas and
electrolyte are layered two-phase turbulent flow. Where, the electrolyte is treated as
continuous phase, and we use the standard k − ε two-equation models to close the
turbulence movement equations. Here,
is the turbulent kinetic energy and
is the turbulence dissipation rate. In this paper, the bubbles
are treated as particles to be dispersed within the continuous phase, and the Discrete
Random Walk model is used for solving their velocities and tracks. The authors used the
software FLUENT to solve the problem. The relevant coupled equations can be found in
the user manual.
The computational zone is the domain under and around a single anode as shown in
Figure 1. The top boundary of this domain is bath top surface, and the bottom boundary is
the bath-carbon cathode interface. The other boundaries are the cell sidewall, the midposition of the centre channel, and the mid-section of the inter-anode gap on either side of
the anode under consideration.
Inter-anode Gap
Side Channel

200mm

Location (A)

Centre Channel

420mm

Anode

Location B
Location (C)
Location (E)

Location (D)
Anode-cathode space

Figure 1. Analytic domain and grids
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(A)
(B)
(C)
(D)
(E)

The Locations as segregated in Figure 1 include:
Vertical plane at the mid-point of the anode under consideration;
The horizontal plane at the one-half height of the centre channel;
The horizontal plane at one-half height in the side channel;
The horizontal plane below the back surface of the anode at the first grids layer;
The bottom plane of the bath at the first grids layer from the cathode.
The various parameters in the analytic zone are shown in Table 1.
Table 1. Parameters of the analytic zone
Length of anode /cm
Width of anode /cm
Distance between anode and the vertical plane at the
mid-point of centre channel /cm
Distance between anode and the vertical plane at the
mid-point of inter-anode gap /cm
Side channel /cm
ACD /cm
Anode slope /°
Current density /A ⋅ cm-2
Temperature of bath /℃

150
70
20
2
30
3
6
0.78
960

Further simplification of the analytic zone is made by assuming that all the solid
surfaces are smooth, the influence on the bath flow field due to the shape of the cell
sidewall is ignored. Structured grids are used for the mesh employed in the domain, with
a denser mesh in the domain of the anode-cathode space. There are a total of 41443 nodes
and 37056 elements in the analytic domain (as shown in Figure.1).
There is no entrance or outlet boundary for the electrolyte, so all of the exterior of
surface in the analytic domain are “wall” or “symmetrical plan”. All the “walls” are
considered to be non-slip plane. The back surface of the anode is defined as the entrance
boundary, and the top surface of bath is defined as the outlet boundary for anode bubbles.
The flow rate of the anode bubbles is calculated according to Fortin et al (1984) and
the result is 0.0007kg ⋅ s-1 for a current density of 0.78 A ⋅ cm-2.
The physical properties of the electrolyte and the anode gas are obtained from
Solheim et al (1989).

4.

RESULTS AND DISCUSSION

The computed results of bath flow field are shown in Figure 2 to Figure 10, in which the
isolines show the distribution of the turbulent kinetic energy per unit mass.
Figure 2 shows the flow field in the anode-cathode space. The region in which the
velocities of bath exceed 10cm ⋅ s-1 is mainly at the upper layer of the anode-cathode
space, and the side channel. The region in which the turbulent kinetic energy is bigger is
mainly at the bottom of the side channel and the centre channel. The maximum and mean
velocity in the bath is 24.4cm ⋅ s-1 and 2.6cm ⋅ s-1 respectively.
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Figure 2． Flow field and turbulent kinetic energy in the anode-cathode space at Plane(A)

Central channel

Anode
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0.5cm/s

B
0.2cm/s

I

H

G

F

E

D

C

B

Figure 3. The velocity field and turbulent kinetic
energy at centre channel at Plane (A)

C
D
EF
HI

Figure 4. The flow field and kinetic
energy at Plane (B)

Figure 3 and Figure 4 show the bath flow field in the centre channel, from which we
can conclude that electrolyte in the centre channel flow mainly downwards and to the
anode, before entering the anode-cathode space. The velocity in this area is very small
and is less than 5mm ⋅ s-1. The maximum turbulent kinetic energy is 0.094m2 ⋅ s-2.
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Anode

6.0cm/s
5.0cm/s
Inter-anode gap

Figure 5. The flow field and turbulent kinetic
energy in the side channel at Plane (A)

Figure 6.
The flow field and
turbulent kinetic energy at Plane (C)

Figure 5 and Figure 6 show the bath flow field in the side channel. The velocity field
in this region resemble a whirlpool. In the region near the anode and the bath surface, the
electrolyte flow velocity is the highest.
According to above results, in the anode-cathode space, the movement of the bath
can be divided into two layers and three regions (Figure 2 and Figure7). In the upper
layer (Region I), the electrolyte movement follows the moving bubbles, and the velocity
is growing during its movement. The lower layer can be divided into two regions (Region
II and Region III). In Region II, the lower layer near centre channel, the electrolyte flow
into the side channel in the same way as the bath in the upper layer, and the velocity is
below 1mm ⋅ s-1. In Region III, the lower layer near the side channel, and the maximum
velocity is about 7cm ⋅ s-1. The turbulent kinetic energy in the anode-cathode space is very
small.

Side channel

Centre channel
Region I

Region III
Region II

Anode-cathode space

Figure 7. Schematic depiction of the bath flow field at Plane(A)
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The electrolyte in the upper layer of the anode-cathode space flows primarily into
the side channel. However, the flow of the electrolyte in the lower layer is more complex.
It flows from the side channel towards the bottom of the anode, and some of the flow
form spiral vortex or flow into the inter-anode gap. The detail velocity profile is shown in
Figure 8. Generally, the velocity is small, and maximum value is below 8.5cm ⋅ s-1.
The view filed of anode

Central channel

Inter-anode gap

10cm/s

Side channel

G F E DC B
H
I

Figure 8. The flow field and turbulent kinetic energy at Plane(E)

Figure 9 is the bath flow profile in the inter-anode gap. From this figure we can see
that the bath flow mostly from the side channel into the centre channel. However, some
bath flow out the anode-cathode space and into the inter-anode gap near the side channel,
while some other bath of flow out the inter-anode gap and into the anode-cathode space
near the centre channel. The maximum velocity in this region reaches 18cm ⋅ s-1, and the
region near the surface of bath has relatively faster velocity.
Central channel

Flow in inter-anode

18cm/

Side channel

Anode-cathode

Figure 9. The flow field and turbulent kinetic energy at the inter-anode gap
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Based on the analysis above, a schematic diagram is shown in Figure 10 to describe
the overall bath flow field.
Flow in the inter-anodes gap

Flow in the side channel
: Flow in the lower layer
Flow in the centre

Flow in the anode-cathode space

: Flow in the upper layer

Figure 10. The sketch of electrolyte flow field at different regions around an anode

From Figure 10, it can be seen that the upper layer electrolyte in the anode-cathode
space flows from the left to the right along the inclined channel with its being driven by
anode bubbles, and with increasing velocity gradually. With the anode bubbles’ releasing
from the bath near the anode in the side channel, the electrolyte carried by the anode gas
forms an approximately horizontal vortex in the side channel. Some electrolyte returns
into the lower layer of the anode-cathode space. The other flows backwards the centre
channel in the inter-anodes gap along two sides of the anode. However, there is a part of
electrolyte to enter directly into the right inter-anodes gap from the anode-cathode space,
which shows that some anode bubbles may release at these positions. At the same time,
there is also a part of electrolyte to enter into the left anode-cathode space from the interanodes gap. The electrolyte coming from the inter-anodes gaps of the two sides comes
together in the centre channel, and then flow downwards into the anode-cathode space. It
should be noticed that there are different movement directions of the electrolyte from the
left to the right in lower layer of the anode-cathode space.
It should be pointed out that the movement image of the electrolyte around an anode
has been confirmed by a series of analogous room-temperature electrolysis experiments
using bluestone solution which the authors undertook (Xue et al,2006).

5.

EFFECTS OF CHANGING THE PARAMETERS

5.1 Effects of the current density
The first parameter to examine is the current density which changes the mass flow rate of
the anode gas. It was found that the structure of the bath flow field remains unchanged,
but the maximum and mean velocity are different as expected. The results are
summarised in Table 2.
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Table 2. The effect of the main parameters on the electrolyte flow field
Maximumv
elocity
/cm·s-1

Averagev
elocity
/ cm·s-1

Maximum
turbulent
kinetic
energy
/m2·s-2

Average
turbulent
kinetic
energy
/ m2·s-2

Proportion of
velocity over
average value
/%

Poportion of
velocity over
10cm·s-1
/%

0.56
0.78
1.00
2
3
4

21.0
24.4
27.5
27.2
24.4
21.5

3.2
3.6
4.2
6.9
3.6
3.7

0.08
0.18
0.24
0.33
0.18
0.05

0.008
0.019
0.023
0.001
0.019
0.006

37.5
37.4
37.3
32.1
37.4
34.7

2.9
5.7
6.8
19.0
5.7
5.0

5

21.1

3.5

0.04

0.006

26.7

4.5

1.5
3.0
6.0
8.0
10.0

12.2
20.0
24.4
25.3
28.1

2.4
3.9
3.6
5.0
3.9

0.48
0.22
0.18
0.08
0.06

0.082
0.025
0.019
0.009
0.006

44.8
42.6
37.4
28.7
20.9

1.8
7.0
5.7
6.8
4.5

Results

Parameters
Current
density
/A ⋅ cm-2
Anodecathode
distance
(ACD)
/cm
Anode
inclinatio
n angle
/°

From Table 2, it may be concluded that the velocity and turbulent kinetic energy
would increase with increasing current density. However, the magnitude of the area
where velocity is higher than the mean velocity decreases slightly. As a result of
increasing current density, the mass flow will increase. However, the bubbles only
promote the bath within a finite layer. Thus, when the velocity of bath is increased, the
unevenness of the flow field becomes more pronounced.
5.2 Effects of the ACD
The results for varying the anode-cathode distance (ACD) are also summarised in Table 2.
From the data listed in the Table, it may be deduced that the velocity and kinetic
energy of the bath decreases when the ACD is increased, and the proportions of region in
which the bath velocity exceeds the mean velocity and 10cm ⋅ s-1 are gradually reduced.
Thus, decreasing the ACD can improve the bubble-bath interaction.
It should be noticed that when the ACD is decreased to 2cm, the electrolyte flow
pattern will change drastically. As the ACD is small, there is little back-flow layer at the
bottom of the anode-cathode space, and Region III can hardly be found as shown in
Figure 2 and Figure 7. At the same time, the velocity of the electrolyte is higher at the
inter-anodes gaps.
5.3 Effects of the anode inclination angle
The results obtained by changing anode inclination angle are also shown in Table 2,
which shows the changes in the velocity of the electrolyte and the turbulent kinetic
energy.
Here, it should be pointed out that the total mass of the electrolyte is different when
the inclination is changed, owing to the maximum depth being kept constant in
calculation. Thus, with the angle increasing, though the maximum velocity increases, the
average velocity does not always increase. In addition, when the inclination angle is 1.5°,
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the maximum velocity in the centre channel is less than 0.05cm ⋅ s-1, and the velocity in
Region II is about 0.3cm ⋅ s-1. Whereas the inclination angle is 10°, the maximum
velocity in the centre channel is about 2.8cm ⋅ s-1，and the velocity in Region II is about
3cm ⋅ s-1, which is closer to the average velocity of the electrolyte. This shows that an
increase in anode inclination angle helps to make the electrolyte flow in the anodecathode space much more uniformly.

6.

CONCLUSIONS

The movement and flow fields of the electrolyte induced by the anode gas bubbles
around an anode have been modelled numerically. Based on the results obtained, the
following conclusions can be drawn:
z The movement of the electrolyte induced by anode gas mainly is various circulation
flows around the anode.
z The electrolyte's velocity and the kinetic energy distribution are not uniform, and the
high velocity are located mainly in the region near down surface of the anode, the upper
layer of the inter-anode gap, and the area near the end of the anode in the side channel.
z The electrolyte flow field in the anode-cathode space can be divided into two layers and
three Regions. The velocity of the upper layer electrolyte in the anode-cathode space
increases gradually along the direction of anode inclination.
z The current density, the anode-cathode distance (ACD) and the anode inclination angle
all influence how the anode gas induces the flow of the electrolyte. Change in the
current density merely changes the electrolyte velocity and the turbulent kinetic energy,
but not to change uneven distribution of the electrolyte flow field. The decrease in
ACD significantly enhances the uniformity of the electrolyte flow field in the anodecathode space. The increase in anode inclination angle increases the velocity of the
electrolyte in the anode-cathode space, which would be beneficial to improving the
diffusion and dissolution of the alumina and reducing the resistance between the anode
and cathode.
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