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Abstract 

 

In order to understand more details of anodic bubble formation, 

coalescence and movement mechanism under the horizontal 

anode bottom, a population balance model (PBM) was used to 

calculate the anodic bubble size distribution (BSD) in aluminum 

reduction cells. The proposed PBM was numerically solved with a 

class method (CM) which has been provided in ANSYS FLUENT. 

A CFD-PBM coupled model that combines the PBM and CFD 

model was used to simulate more complex flow behavior with 

proper coalescence and breakage mechanism of anodic bubble. A 

modified k-ε turbulence model was used to describe liquid phase 

turbulence in the simulation. The effects of current density, anode 

width and the presence of slots on the BSD have been investigated. 

In addition, the relative influence of the bath flow induced by the 

cell magneto-hydrodynamic (MHD) on the BSD is also discussed. 

The predicted BSD is in accordance with a series of literature 

experimental results. 

 

Introduction 

 

During the operation of commercial aluminum reduction cells, 

anodic bubble (mainly carbon dioxide) is generated under the 

anode bottom, and move up through the bath under the influence 

of buoyancy, recirculation flows. The anodic bubble induces bath 

flow in the cell which plays an important positive role in 

homogenization of the alumina distribution and temperature field. 

Due to the large area of the anode, the anodic bubbles gradually 

gather under the anode bottom, therefore, the phenomenon of 

coalescence and breakage can often occur between bubbles, which 

can produce some bubble group with different sizes, forming a 

certain thickness of the bubble layer. Conversely, the bubbles 

increase voltage drop under the anode bottom which in turn 

results in high energy consumption during the electrolytic process. 

 

The previous studies of anodic bubble distribution characteristics 

are mainly focused on three aspects: the physical modeling, 

electrolytic test and numerical simulation. Fortin et al. [1] was the 

first to use a full-scale water model to study the effects of some 

key operating parameters i.e., current density, anode-cathode 

distance and anode inclination angle on the bubble layer, anode 

bubble coverage and bubble release frequency. Solheim et al. [2] 

found that bubble size decreased with the addition of propanol 

which inhibits the coalescence. It was reported that the small 

bubble results in high accumulated gas volume as well as high 

resistivity in the bubble layer. Xiang-peng L et al. [3] reported that 

bubble size increased with an increase in liquid surface tension 

and decreased at high anode inclination angle. Qian and Chen [4-6] 

presented a comprehensive review of the phenomenon of bubble 

formation, coalescence, breakage and movement mechanism 

under the horizontal anode bottom and found that there was a 

strong relationship between the anodic bubble size distribution 

and anode material, spatial position(anode bottom or side channel) 

and the operation parameters.  

 

In summary, it is clear that the initial bubbles generated under the 

anode bottom are very small and generally uniform in size. The 

existence of these small and uniform bubbles can form more and 

more large bubbles, which have an important influence on the 

electrolysis process. Physical modeling using the compressed air 

as the anode gas is not perfect due to restriction on experimental 

condition, where the mechanism of the generated gas is different 

from electrochemical reaction. On the other hand, the spatial 

bubble size distribution of electrolytic test system dose not apply 

to real industrial aluminum reduction cells because of small scale 

of the model (10-20mm) as compared with that of the real cells. 

Although there have already been more and more studies on the 

experiments, a lot of key problems are still remaining unsolved. 

Neither small scale electrolysis test nor real scale water-air model 

can reproduce correctly the morphology and the dynamics of the 

bubble size distribution in aluminum reduction cells.  

 

Many numerical simulations based on the prediction of complex 

gas-liquid flows were also used to study aluminum reduction cells 

system with different focuses. There are several methods available 

for the mathematical modeling of two-or multiphase flow, i.e., the 

volume of fluid (VOF) method, the Euler-Euler method and 

Euler-Lagrange method [7-10]. To some extent, these methods 

could predict the multiphase flow field and the bubble volume 

fraction or size distribution based on constant bubble size 

modeling, but could not obtain real bubble size distribution. 

Owing to the fundamental importance of bubble size in anodic 

bubble-bath flows, the predictions of bubble size distribution 

become very important for the understanding of the 

hydrodynamics of aluminum reduction cells. Moreover, the 

bubble size under the anode bottom is dependent on local 

turbulence intensities as they directly affect the bubble 

coalescence and breakage phenomena.  

 

In recent years, there have been a number of studies [11-14] using 

population balance model(PBM) to calculate the distribution of 

bubbles with gas-liquid two-phase Euler-Euler model by 

considering bubble coalescence and breakage phenomena. At 

present, the most widely used in industry is bubble columns, 

where many valuable conclusions have been provided. To date, 

however, we have yet to see any studies on taking into account the 

coalescence and breakage of anodic bubbles in aluminum 

reduction cells. We have used a two-fluid Euler-Euler model with 

constant bubble size for the calculation of interfacial forces in the 

governing equations of CFD previously [15]. In the present work, 

a CFD-PBM coupled model that combines the PBM and CFD 

model was used to simulate more complex anodic bubble/bath 
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two phase flow behavior with proper coalescence and breakage 

mechanism of anodic bubbles. And the effects of current density, 

anode width and the presence of slots on the bubble size 

distribution have been investigated. In addition, the relative 

influence of the bath flow induced by the cell magneto-

hydrodynamic (MHD) on the BSD is also discussed. 

 

Modeling approach 

 

CFD modeling of two-phase flow 

 

The Euler-Euler approach was employed to simulate gas-liquid 

two phase flow in aluminum reduction cells, whereby the 

continuous and disperse phases are considered as interpenetrating 

media, identified by their local volume fractions. In this work, the 

Euler-Euler model involving continuity and momentum equations 

for both phases is identical to that reported in our previous work 

[15]. The momentum exchange term used in our model was 

Schiller-Naumann-Pb. Here, due to the limited space, most of the 

model equations were listed as supplementary data. A modified k-

ε turbulence model was used to describe liquid phase turbulence 

in the simulation, using the standard k-ε model supplemented with 

extra terms that include the inter-phase turbulent momentum 

transfer and Tchen-theory correlations for the dispersed phase [16]. 

 

The population balance model  

 

The population balance equation (PBE) is the conservation 

equation of the number ni of the bubbles (per unit volume) of size 

i used computational fluid dynamics methods and added the 

population balance modeling. In this work, a class method(CM) is 

used to simplify the PBE so as to realize the combination of the 

CFD model and PBM model, which are then both solved 

interactively by the commercial CFD code ANSYS FLUENT. For 

coalescence and breakage only, the CM equation for the size i is 

given by: 
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where BB, DB, BC, and DC, respectively, represent the birth rate 

due to breakage of larger bubbles, the death rate due to the 

breakage into smaller bubbles, the birth rate due to the 

coalescence of smaller bubbles and the death rate due to the 

coalescence with other bubbles. These different rates can be 

expressed in [17]. By defining the bubble size fraction as 

 i i gf   and assuming that all size groups share the same 

density and velocity, so we can obtain the following equation: 
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where ρg, αi, αg , ug, Si, respectively, represent the density of 

anodic bubble, the volume fraction of bubble size i, the total 

volume fraction of bubble and the source of PBE. 

 

The closure used for PBM in the following study is the closure for 

aggregation and breakage by Luo and Svendsen model, 

considering the coalescence only induced by turbulence eddies 

and the breakage only due to isotropic turbulence. According to 

the electrolytic test results of Poncsak and Cassayre [18-19], the 

size of initial bubble and the largest bubble were about 1mm and 

40mm, so the diameters are divided into 16 classes with user 

customed size as described in Table1: 

 

Table 1 The sizes of discrete bubble classes 

Class Bin diameter (mm) Class Bin diameter (mm) 

1 1 9 10 

2 1.5 10 12 

3 2 11 14 

4 3 12 17 

5 4 13 20 

6 5 14 24 

7 6 15 29 

8 8 16 35 

 

Simulation conditions and CFD modeling strategy 

 

This study is mainly trying to solve the effects of current density, 

anode width and the presence of slots on the bubble size 

distribution which neglects the influence of electromagnetic force. 

Therefore, only a simplified geometric model (one anode) was 

established because it may take a lot of computing resource for 

the PBE. The widths of the inter-anode channel, the side one, the 

end one, the center one and anode-cathode distance are 40mm, 

250mm, 300mm, 200mm and 40mm, respectively. The main 

physical parameters used in this computation were shown in Table 

2. In the simulation, the top of the bath was treated as degassing 

boundary condition and anode bottom was treated as gas mass 

flow inlet boundary condition, where the size of initial bubbles 

was 1mm. No-slip wall was used for bath phase and free-slip wall 

was used for bubble phase. The basic assumption for coupling 

CFD and PBM is that bubbles of all sizes share a common 

velocity field through coupling the Sauter diameter (d32) to the 

drag term.  
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Table 2 The physical parameters of the computational model 

 Density(kg/m3) 
Dynamic 

viscosity(Pa·s) 

Surface 

tension( N/m) 

Bath 2130 2.51×10-3 0.134 

Bubble 0.398 5.05×10-5  

 

Results and discussion 

 

In the present work, the CFD-PBM model for predicting the 

bubble size distribution in aluminum reduction cells was 

established by using proper bubbles coalescence and breakage 

mechanism. In a given gas-liquid two phase system, bubbles 

coalescence and breakage rates are mainly affected by the local 

bubble volume fraction and bath turbulent dissipation rate. As the 

bubbles mainly exist under the anode bottom, actually, the bubble 

size distribution in those regions is one of the most concerning 

problems in aluminum industry, because it is closely related with 

function of cell design and operation parameters. So we choose 

three important parameters, i.e., current density, anode width and 
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slot configuration, all of which can affect the number and the size 

distribution of the bubbles. For description convenience, four 

different heights of z-section in ACD were defined, which stands 

for distance from the anode bottom. These z-sections were named 

as z-4mm, z-8mm, z-12mm and z-16mm, respectively. 

 

The effect of current density 

 

The bubble size distribution in ACD with different current 

densities is shown in Fig.1. It is can be seen that a large number of 

small size bubbles coexist with a few numbers of medium size 

and large size bubbles at certain current density. Not only this, the 

correlation between the number of bubbles and bubble diameter 

has nearly a hyperbolic shape. The size of the largest number of 

bubbles is less than 5mm, but the numbers of medium and large 

bubbles are 1 to 2 orders of magnitude lower than small bubbles. 

This is because in our CFD-PBM model the size of all the bubble 

is assumed to be 1mm at the gas inlet boundary, which was 

accordance with the size of initial bubble generated under anode 

bottom. The formation of large bubbles is due to a large number 

of coalescence of small and medium bubbles when bubbles move 

under anode bottom. This is in good agreement with the bubble 

size distribution found in the literature [6, 18, 20]. 

 

 
Fig.1 Bubble size distribution in ACD with different current 

densities 

 

As shown in Fig.2, the average bubble volume fraction increases 

in ACD with the increase of current density. According to 

Faraday's Law, with current density increases, gas flow flux 

would also increase, which results in a higher generation rate. 

Fig.3 shows that average bath turbulent dissipation rate decreases 

with the increase of current density. From Figs.2-3, it can be 

observed that the average bath turbulent dissipation rate decreases 

with the increase of average bubble volume fraction, due to 

complex flow field related with modified k-ε turbulence model. 

The farther away from the anode bottom, both lower are the 

average bubble volume fraction and the average bath turbulent 

dissipation rate. Unlike the average bubble volume fraction, the 

trend for the average bath turbulent dissipation rate is reduced.   

 

Fig.4 shows the average bubble Sauter diameter decreases with 

the increase of current density. It can also be seen from Fig.1 that 

the proportion of small bubbles will increase if current density 

increase. On the other hand, the coalescence and breakage of 

bubbles mainly occur under the anode bottom, where the bath 

turbulence intensity is very low. This fact indicates that the rate of 

coalescence of bubbles have not changed so much as the current 

density increases. When the current density is over approximately 

0.8A/cm2, the diminution of average bubble Sauter diameter 

becomes more obviously. 

 

 
Fig.2 Average bubble volume fraction in ACD with different 

current densities 

 

 
Fig.3 Average turbulent dissipation rate in ACD with different 

current densities 

 

 
Fig.4 Average bubble d32 in ACD with different current densities 

 

The effect of anode width 

 

The anode width is one of the most important parameters for 

aluminum reduction cells. To investigate the effect of anode width 

on the bubble size distribution, four anode widths are studies, i.e., 
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500mm, 550mm, 600mm and 650mm. The simulation results are 

shown in Figs.5-8.  

 

Fig.5 shows that the average bubble volume fraction at different 

z-sections increases with the increase of the anode width. The 

bubbles have to travel a longer path if the anode width is large. So 

more and more bubbles stay at the anode bottom, leading to an 

increase of the accumulated bubbles. At the same time, from Fig.6, 

the bath turbulent dissipation rate decreases with the increase of 

anode width. Because the bubble flow form has an effect on the 

bath flow field, as a result, a larger anode width will reduce the 

intensity of bath velocity field and turbulent dissipation rate will 

also decrease. Fig.7 shows the average bubble Sauter diameter 

increases with the increase of the anode width. As we know that 

the coalescence and breakage of bubbles are mainly due to the 

combination of volume fraction and turbulent dissipation rates in 

our CFD-PBM model. The chance of coalescence between 

smaller bubbles will increase if the bubble volume fraction is high 

and the chance of breakage from larger bubbles will decrease if 

the dissipation rate is low. 

 

Fig.8(a), (b), (c) and (d) shows the bubble Sauter diameter 

distribution at z-8mm in ACD with different anode widths. The 

large bubbles mainly stay at the middle compartment of anode 

bottom. As the anode width increases, the bubble Sauter diameter 

increases and the area of the large bubble region increases too; in 

addition, the large bubbles distribution seems to be more uniform. 

 

 
Fig.5 Average bubble volume fraction in ACD with different 

anode widths 

 

 
Fig.6 Average turbulent dissipation rate in ACD with different 

anode widths 

 

 
Fig.7 Average bubble d32 in ACD with different anode widths 

 

 
Fig.8 Bubble d32 distribution contours in ACD (z-8mm) with 

different anode widths 

 

The effect of slot configuration 

 

It is well known that the anodes with slots can reduce the voltage 

drop and noise due to anodic bubbles, which can escape more 

quickly from the anode bottom. In this work, the effect of slot 

configuration on the bubble size distribution in aluminum 

reduction cells has been investigated based on bubble volume 

fraction and turbulent dissipation rate in ACD.  

 

Figs. 9-11 show the effect of slot configuration on the average 

bubble volume fraction, the average turbulent dissipation rate and 

the average bubble Sauter diameter at different z-sections in ACD. 
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Because the slots are acting as an additional inter-anode gap, 

where the bubbles escape vertically from the anode bottom, and 

the bubble residence time gets short. Therefore, the average 

bubble volume fraction is lower under the bottom of anodes with 

slots than the ones without slots. Conversely, bath turbulent 

dissipation rate induced by the bubble increases more intensely in 

the anodes with slots. As a result, it is more likely that the chance 

of coalescence between smaller bubbles would reduce but the 

chance of breakage from larger bubbles increases. So the average 

bubble Sauter diameter is smaller in the model of anodes with 

slots. 

 

Fig.12(a), (b)and(c) shows the bubble Sauter diameter distribution 

at z-8mm in ACD under normal anodes, anodes with one slot and 

anodes with two slots respectively. We can see that the local 

bubble size distribution is more uniform and the proportion of 

large bubbles reduces obviously in the anodes with slots. It can be 

seen from Fig.12(b) and (c) that, as the larger the number of such 

slots, the above phenomenon is more obvious. From Fig.12(c), the 

size of Sauter diameter is about 5mm and the Sauter diameter 

assumes a uniform distribution under the anodes with two slots. 

 

 

 
Fig.9 Average bubble volume fraction in ACD with different 

types of slot configuration   

 

 

 
Fig.10 Average turbulent dissipation rate in ACD with different 

types of slot configuration 

 

 

 

 

 

 
Fig.11 Average bubble d32 in ACD with different types of slot 

configuration 

 

 
Fig.12 Bubble d32 distribution contours in ACD (z-8mm) with 

different types of slot configuration 

 

The effect of the MHD 

 

The MHD and bubbles driving forces both have an important 

impact on the bath flow in the real industrial aluminum reduction 

cells. We will see that the bath flow fields, i.e., the bubble volume 

fraction and the turbulent dissipation rate, have an important 

effect on the bubble size distribution under the anode bottom. 

Since the MHD can exist any location in a full cell model, some 

large eddies can be formed. But unlike the MHD, the bubbles 

generated on each anode move in separate regions and form a 

series of small eddies. The bubble volume fraction and the 

turbulent dissipation rate in the model with the MHD and bubbles 

forces could be different from that without the MHD. Therefore, 

bubble size distribution which has an important relationship with 

these two main flow factors should be different when considering 

the influence of the MHD. 
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Conclusions 

 

In this study, a CFD-PBM coupled model was developed to 

describe the bubble size distribution in aluminum reduction cells, 

in which the coalescence and the breakage of bubbles were 

considered. And the effects of current density, anode width and 

the presence of slots on the bubble size distribution have been 

investigated. 

 

It is found that a large number of small size bubbles coexist with a 

small numbers of medium size and large size bubbles at certain 

current density and the correlation between the number of bubbles 

and bubble diameter has nearly a hyperbolic shape. The numbers 

of medium and large bubbles are 1 to 2 orders of magnitude lower 

than small bubbles. 

 

The average bubble Sauter diameter decreases with the increase of 

current density and increases with the increase of anode width; 

and the average bubble Sauter diameter is smaller in the model of 

anodes with slots. 

 

The bubble volume fraction and the turbulent dissipation rate have 

an important effect on the bubble size distribution under the anode 

bottom. They help to determine the probability or rate of 

coalescence and breakage mechanism of anodic bubbles. 

 

The importance of the research on the MHD for the bubble size 

distribution is discussed. The model with the MHD and bubbles 

driving forces coupled could be further used to study the bubble 

size distribution. This will be next step in our study. 
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