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The effects of different cell design and operating parameters on the gas–liquid
two-phase flows and bubble distribution characteristics under the anode bot-
tom regions in aluminum electrolysis cells were analyzed using a three-
dimensional computational fluid dynamics-population balance model. These
parameters include inter-anode channel width, anode–cathode distance
(ACD), anode width and length, current density, and electrolyte depth. The
simulations results show that the inter-anode channel width has no signifi-
cant effect on the gas volume fraction, electrolyte velocity, and bubble size.
With increasing ACD, the above values decrease and more uniform bub-
bles can be obtained. Different effects of the anode width and length can
be concluded in different cell regions. With increasing current density, the gas
volume fraction and electrolyte velocity increase, but the bubble size keeps
nearly the same. Increasing electrolyte depth decreased the gas volume frac-
tion and bubble size in particular areas and the electrolyte velocity increased.

INTRODUCTION

During the aluminum electrolysis process, the
anodic bubbles are mainly generated under the
anode bottom surfaces as a result of electrochemical
reactions.1 Then they move horizontally and
upward to the top surface of the electrolyte, con-
sisting of complex gas–liquid two-phase flows driven
by both the anodic gas and electromagnetic forces
(EMFs). Meanwhile, different sized-bubbles show
some typical bubble mesoscopic dynamic character-
istics, such as nucleation, growth, coalescence, and
breakup phenomenon. Both of the above two phys-
ical phenomena have an important influence on the
overall thermal balance and alumina mixing and
distributions, as well as on the cell design, opera-
tional efficiency, and energy saving.2 Therefore,
further research of such key issues is beneficial for
the efficient design and scale-up of the electrolysis
reactors.

In the past few decades, there has been significant
development related to the design, operation, scale-up,
and application of the industrial test to the industrial-
production cells. Nevertheless, some key technolo-
gies are waiting to be further studied because of the
complex flows and bubble distributions and their
unknown behavior under different sets of design and
operating conditions. So far, the design and optimum
operation of these electrolysis reactors have been
primarily based on empiricism. For a reliable design,
it is desirable to understand and obtain detailed two-
phase flow distributions.

It is almost impossible to conduct the industrial
measurements in real cells as a result of the high
temperature and hostile environment. Therefore,
both the experimental and simulation approaches
have been extensively performed.3–8 The experi-
mental approach mainly includes small-scale, high-
temperature electrolytic models3,4 and both large-
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Fig. 1. Effect of ACD on the simulated results: (a–b) gas volume fraction, (c–d) electrolyte velocity, and (e) BSD.
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Fig. 2. Effect of anode width on the simulated results: (a–b) gas volume fraction, (c–d) electrolyte velocity, and (e) BSD.
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scale, air–water5,6 and low-temperature electrolytic
models.7,8 As demonstrated in these experimental
investigations, although many of the mesoscopic
bubble dynamic behaviors and macroscopic flow
patterns have been obtained, some key issues and
the relevant affecting factors remain somewhat
limited because of the descriptive information or
qualitative analysis resulting from restriction on
the various experimental conditions, especially for
the regions under the anode bottom.

As an alternative, the computational fluid dynam-
ics (CFD) has been proved to be a powerful tool for
the performance prediction, design, and scale-up of
cells. Specifically, the well-known Euler–Euler
model is favored to model and evaluate the gas–
liquid flows in cells.9–12 Most of the earlier simula-
tions of gas–liquid, two-phase flows were focused on
the bulk flow properties. A more detailed review of
these investigations is given in our previous work,13

and the reasonable closure of the two-fluid approach
depends heavily on the appropriate selection of
interphase forces, turbulence, and bubble size dis-
tribution (BSD). As a result of lack of experimental
data for validation, most CFD predictions only
considered drag force, standard k–e model, and a
constant bubble diameter.9–12,14 Encouragingly,
more systematic investigations were conducted by
Feng et al.15 based on the innovative experiment
framework implemented by Cooksey and Yang.6

Nevertheless, the strict prediction performance of
different interphase forces and turbulence models
has not been quantified or characterized ade-
quately. Thus, the detailed effects of the above
two key elements have been investigated systemat-
ically by Zhan et al.,16 and a good quantitative
agreement with the reliable experimental data has
been obtained. Moreover, the further numerical
simulations of coupling behavior of bubble distribu-
tion characteristics and overall two-phase flows
have been originally presented based on a coupled
computational fluid dynamics-population balance
model (CFD-PBM) in our recent work.17 The well-
validated macroscopic gas–liquid flows and more ac-
ceptable bubble distribution characteristics within
cells, especially in the anode–cathode distance
(ACD) regions, have been predicted by considering
appropriate bubble coalescence and breakup mech-
anisms. The detailed CFD-PBM coupled model and
its widespread applications can be referred to the
available literatures.18,19 It should be noted, how-
ever, that the effect of varying different cell design
and operating conditions on both the hydrodynam-
ics and BSDs has not been addressed in the open
literature extensively.

Based on the former progress and confirmed
reliability of the CFD-PBM coupled approach, the
objective of this work is to investigate the effects of
different cell design and operating parameters on
the gas–liquid, two-phase flows and bubble distri-
bution characteristics in aluminum electrolysis
cells. The influence of bubble breakup behavior is

also discussed and compared in the simulated
results in the ACD regions. This would help to
better understand some of the design and scale-up
considerations for the modern aluminum electroly-
sis cell.

MODEL DESCRIPTION AND SIMULATION
DETAILS

Computational Fluid Dynamics-Population
Balance Model Coupled Description

Based on our prior numerical exercises,16,17 the
numerical simulations are carried out using a 3D
CFD-PBM coupled model. The CFD model is used to
investigate the bulk gas–liquid, two-phase flow
fields and the PBM is proposed to model the BSDs
by solving the population balance equation (PBE).
The drag force with Grace correlation, turbulent
dispersion force with Somonin correlation, dis-
persed standard k–e model, a bubble-induced tur-
bulence (BIT) model of Sato’s eddy viscosity, and
bubble coalescence and breakup mechanisms pro-
posed by Luo and Svendsen20,21 are considered. The
coupling between the CFD and the PBM is achieved
through the calculation of the bubble Sauter mean
diameter d32. The detailed model equations and
descriptions, the coupling strategy, and algorithms
can be found in our previous work,16,17 and there-
fore, they are not shown here because of space
limitations. The simulation details can be seen in
the Supplementary Material.

RESULTS AND DISCUSSION

Based on our previous work,16,17 the cell design and
operating parameters similar to the experimental
conditions were selected as the basis to perform
different analyses. The details of the comparisons
between the CFD-PBM simulations with and without
bubble breakup process are presented and shown in
the Supplementary Material (see supplementary
Fig. S1). The overall and local comparisons for the
gas–liquid flows and BSDs under the anode bottom
regions will be presented and discussed. Since the
overall two-phase flow patterns do not change signif-
icantly for different cell design and operating param-
eters, the qualitative comparisons of the basic flow
patterns are not shown here and only the quantitative
comparisons at a typical position (z = 0.03 m) for
different cases are conducted. Note that it is not
possible to run the simulation of an industrial oper-
ation cell for the current comparison and analysis.
Therefore, the predicted results influenced by the
EMFs for the two computational models are ignored.

Effect of Inter-Anode Channel Width

The predicted results along the length and width
centerlines of Anode-B2 for three different inter-
anode channel widths and the detailed discussion
can be seen in the Supplementary Material (see
supplementary Fig. S2).
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Fig. 3. Effect of anode length on the simulated results: (a–b) gas volume fraction, (c–d) electrolyte velocity, and (e) BSD.
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Fig. 4. Effect of current density on the simulated results: (a–b) gas volume fraction, (c–d) electrolyte velocity, and (e) BSD.

Zhan, J. Wang, Z. Wang, and Yang234



Effect of Anode—Cathode Distance

The simulation results for three different ACDs
are shown in Fig. 1. Generally, with decreasing
ACD, the gas volume fraction increases along both
centerlines. The main reason is that there is a
smaller electrolyte volume available in the anode–
cathode space with smaller ACDs, and conse-
quently, it may cause difficulties for the bubble
movement inside the electrolyte domain. In other
words, the gas velocity can be actually lower. Also,
the volume of the generated gas bubbles remains
the same at a given current density for different
cases. Therefore, the gas volume fraction would
certainly increase with decreasing ACD. The elec-
trolyte velocity would also increase. A possible
reason is that the momentum exchange is enhanced
and the liquid energy dissipation caused by the
anode gas evacuation should decrease.

Figure 1e demonstrates that the larger bubbles
can be observed in the boundary regions near the
inter-anode channels with smaller ACDs. Mean-
while, although the bubbles become smaller as the
ACD increases, the more uniform bubbles can
be obtained. This is also mainly due to the higher
gas volume fractions, as mentioned above, resulting
in higher bubble coalescence rates.

Effect of Anode Width and Length

Different anode widths and lengths were consid-
ered and compared for the one-anode model as
shown in Figs. 2 and 3. From Fig. 2, the gas volume
fraction increases with increasing anode width
along both centerlines and the trend is more obvious
along the width centerline. This is because more
bubbles are generated with increasing anode width
and the bubbles have to travel a longer path.
Therefore, more and more bubbles cannot effec-
tively escape from the anode bottom regions, leading
to an increase in the number of large bubbles. As a
result, the predicted electrolyte velocity increases
with increasing anode width in most regions as a
result of the enhanced momentum exchange with
higher gas volume fractions. Nevertheless, in the
regions near the side and central channels, the
electrolyte velocity appears to be an opposite trend,
possibly as a result of the electrolyte backflow as
stated before.

Figure 3 shows the gas volume fraction increases
with increasing anode length along the anode
length centerline, but it keeps nearly the same
along the anode width centerline. The electrolyte
velocity decreases as the anode length increases in
most regions along both centerlines, and these pre-
sent an opposite trend compared with the effects on
the gas volume fractions. The main reason, how-
ever, may be that the electrolyte backflow can cause
more turbulent energy to be dissipated, resulting in
lower velocity magnitude.

Figures 2 and 3 also show that the bubble size
increases with increasing anode width nearly in the
whole regions but that it increases with increasing
anode length in only a small part of central regions.
As known, the bubble coalescence chance can be
more obvious when increasing anode width because
of the increase of gas volume fraction for the whole
regions. Instead, since the gas volume fraction
increases obviously only in the regions along the
anode length centerline when increasing anode
length, the bubble coalescence process can only be
strengthened and it may keep nearly the same in
other regions.

Effect of Current Density

The predicted results for different anode current
densities are shown in Fig. 4. With increasing
current density, the gas volume fraction increases.
This is expected because the total amount of anode
gas produced should be higher and is proportional to
the current density based on Faraday’s law, which
means that more bubbles gradually accumulate
under the anode bottom regions. As a result, the
electrolyte velocity increases with increasing cur-
rent density. The reason is that the bubble-driven
electrolyte flows can be enhanced because of higher
bubble-driven forces caused by bubble evolution
with higher gas volume fractions.

Figure 4e indicates that the simulated current
densities have no significant effect on the BSDs.
This is may be because, on the one hand, the bubble
coalescence rate may increase with increasing gas
volume fraction at higher current density. On the
other hand, however, more smaller sized bubbles
are generated under the whole anode bottom sur-
face based on the assumption that the size of all
inlet-bubbles is 1 mm at the mass-flow-inlet bound-
ary. If readers are interested in more details,
please refer to our previous work.17 Therefore,
these two main factors together contribute to the
similar BSDs from our current CFD-PBM
simulations.

Effect of Electrolyte Depth

The supplementary Figure S3 illustrates the
predicted results for different electrolyte depths. It
is obvious from Fig. S3a that the gas volume
fraction decreases with increasing electrolyte depth
along the anode length centerline near the side
channels. In addition, the gas volume fraction
decreases slowly with increasing electrolyte depth
mainly along the anode width centerline near the
anode central regions (Fig. S3b). Nevertheless, the
electrolyte velocity variation shows an oppo-
site trend to that of the gas volume fractions along
both centerlines (Fig. S3c and d). This is because
more fluid space for the bubbles have to accelerate
and to induce the electrolyte flows by the drag force
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effect with larger electrolyte depth. Hence, the gas
velocity can be increased and the bubbles can
become smaller with larger electrolyte depths. The
unexpected prediction can be attributed to the fact
that the stronger electrolyte backflow from both the
side and central channels to the ACD regions has a
bigger effect than does the momentum exchange
induced by the gas evacuation, especially for the
larger electrolyte depth.

Figure S3e shows the simulated BSDs for differ-
ent electrolyte depths. The bubble size becomes
smaller as the larger electrolyte depths are used,
especially in the anode edge regions near the inter-
anode, side, and central channels. Obviously, the
higher bubble coalescence rates from the higher gas
volume fractions are just the main reason for such
BSD characteristics.

CONCLUSION

The bubble breakup behavior has little effects on
the gas–liquid, two-phase flows and BSDs under the
anode bottom regions and hence can be ignored. The
inter-anode channel width has no significant influ-
ence on the electrolyte velocity and gas volume
fraction along the anode width centerline, while it
has some differences along the anode length cen-
terline. The predicted BSDs are nearly the same for
different inter-anode channel widths. Both the gas
volume fraction and the electrolyte velocity increase
with decreasing ACD. The bubbles become smaller
as the ACD increases and the more uniform bub-
bles can be obtained. With increasing anode width,
the above simulation results increase in most of
regions. When the anode length increases, the gas
volume fraction increases along the anode length
centerline and keeps nearly the same along the
anode width centerline, while the electrolyte veloc-
ity decreases in most regions. The bubble size
increases slightly with increasing anode length in
only a small part of the central regions. With
increasing current density, both the gas volume
fraction and the electrolyte velocity increase, but
the BSDs have little difference. With increasing
electrolyte depth, the gas volume fraction decreases
along the anode length centerline near the side
channels and along the anode width centerline near
the anode central regions, while the electrolyte
velocity shows an obviously opposite trend. The
bubble size becomes smaller with larger electrolyte
depths, especially in the anode edge regions near
the inter-anode, side, and central channels.
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