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Abstract
There is a constant effort from aluminium producers to reduce energy consumption of the
Hall-Héroult cells in order to decrease cost and environmental fingerprint. Among others,
slotted anodes were introduced in order to promote faster evacuation of the electrically
isolating anode gas bubbles and thus diminish their contribution to the total cell voltage.
A bubble layer simulator was developed to reproduce cell voltage fluctuations, caused by
the dynamics of anode bubbles. Results of simulations show that the slots cut in the right
position and direction can reduce both the amplitude of fluctuations and the average cell
voltage. This impact is even higher for new, almost horizontal flat anode bottoms. It is also
revealed that the slots are acting mainly as a simple bubble sink, but they also contribute to
the acceleration of the bubble layer as well and thus their role in the momentum exchange
between liquid and gas must be taken into account.
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Introduction

The reduction of energy consumption and green house gas
emission is a priority for aluminum producers. As alu-
minium smelters are using very high forced current to
increase the production rate, even a small decrease in elec-
trical resistance (and thus cell voltage) can be advantageous.
For this reason, among others, they introduced slotted
anodes, reduced anode-cathode distance (ACD) and in some
cases increased the bath conductivity.

Originally, slots were cut into the anode bottom in order
to prevent the cracking of cold anodes by thermal shock

when they are inserted into the hot molten cryolite based
bath. Later, it was observed that the slots have an additional
advantage. Namely, they promote the faster evacuation of
the electrically isolating anode gas bubbles and thus
diminish their contribution to the total cell voltage [1, 2].
However, this positive effect disappears gradually with time
as the carbon anodes are consumed by anodic reaction. Big
efforts have been made to optimise the design of the slots,
including their number, position and direction. The tests in
industrial cells are expensive, time consuming and can affect
the earlier well-established operations. Direct observation of
the phenomenon is not possible due to the high temperature,
corrosive environment and low transparency of the bath.
Effectiveness of the slots can be evaluated by the analysis of
the cell voltage recordings. However, the variation of some
other independent parameters (such as temperature, bath
height and composition, anode consumption etc.) can also
affect the readings. Mathematical modeling of the influence
of the slots can help to choose the most promising designs
before testing in real cell. Several CFD models were pub-
lished [3–6] which consider the two-phase fluid as a
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homogenous medium with average property values without
describing the details at the scale of individual bubbles.

The mathematical model development was supported in
many cases by different experimental setups, including big,
room temperature water tanks [3, 7–9] or reduced scale
see-through cells with molten cryolite bath [10–13]. In the
first approach, the gas is produced either by injection at high
pressure through a porous plate or by electrolysis. Due to the
difference in physical properties, water models can be used
mainly to validate mathematical models. The kinematic
viscosity of room temperature water is relatively close to that
of molten cryolite, but the difference in densities and espe-
cially in the wetting of the anode can make it difficult to
transfer experimental results directly to industrial cells.

On the other hand, the see-through cells went through a
great progress from the first graphite crucible of Haupin with
small sapphire window [10] to the latest multi-chamber
quartz containers [12]. Observations, using X-ray technique,
were published as well [11]. However, the small size with
different bubble dynamics remains a limitation to draw valid
conclusions for the real cells [12]. However, the experiments
confirmed the effectiveness of appropriate slots in the
reduction of average cell voltage as well as its fluctuations
[12].

A bubble layer simulator has been developed and pre-
sented in an earlier paper [7] that can reproduce the evolu-
tion of the structure of the bubble laden layer around the
anodes and predict the additional cell voltage and stirring
effect caused by the presence of those bubbles. This tool can
effectively support anode design, including the optimisation
of the slot’s geometry. There are a few published attempts to
create similar models [5, 14], but according to the knowl-
edge of the authors, they do not describe the whole bubble
layer and its impact on the cell voltage with the same details
and precision. In this paper, some revelations obtained by
our bubble layer simulator are presented, concerning the
mechanism of the bubble evacuating effect of the slots.

Simulations

Bubble Layer Simulator

The bubble layer simulator deals with one single anode. It is
using a Lagrangian approach where each and every bubble
are followed from the nucleation, through the growth,
detachment, gliding under the anode bottom and rising until
it disappears either by coalescence with other bigger bubbles
or by escaping into the air [7, 15]. The evolution of the
bubble shapes along their travel is better described by this
simulator than those mentioned by other publications, where
only spherical and hemi-spherical shapes were used. The
simulator does not try to solve the Navier-Stokes equation

for the typical number of several thousand bubbles dispersed
in the bath around an anode as some other tried without
success, despite the powerful computation tools they used.
Instead it uses a simplified momentum balance between the
bubbles and the surrounding liquid as well as the viscous
momentum transfer between the dominant liquid layers as
well as between the liquid and the solid surfaces in contact.
The development of the simulator was supported by obser-
vations made in a large scale, low temperature liquid-
liquid-gas experimental setup. The graphical output of the
simulator helped greatly the understanding of the behaviour
of the bubble laden layer and the comparison between the
model and the experimental. The excess cell voltage caused
by bubbles is determined by an original mathematical model
as function of the structure of the bubble layer [16]. More
details about the simulator were published earlier [7].

Anode Geometry and Simplifications Used
for the Simulation

A hypothetical anode with bottom size of 1 m � 0.5 m
immersed 15 cm into the bath was considered in this study.
These dimensions are similar to the ones used by most of
aluminium producers but does not fit exactly any existing
technology for confidentiality reasons. Both planar and
rounded bottoms with 5 cm radii of curvature at the corner
(Fig. 1) were examined. The first represents a new anode
while the last corresponds to an anode after a short period of
electrolysis because of erosion and higher reaction rate due
to higher current density at the corners. The shape of the
rounded bottom is approximated by two circular arcs of
different radii, connected smoothly at 5° slope.

As anodes are symmetrical, only half anodes were used
for the simulations in order to decrease computation time.
Anodes with and without slots were compared. The slotted
half-anodes contained one slot at the middle, parallel either
to the longer or the shorter sides (longitudinal and
transversal cases respectively). The top of the slots was
horizontal and they were 1 cm wide with 10 cm in height.
Both the size and position of the slots were hypothetical and
did not correspond to any existing technology.

As only one anode is modelled, redistribution of indi-
vidual anode currents due to any local increase of resistivity,
observed in the real cells [17], cannot be considered here.
The impact of MHD on the bath velocity was not taken into
account neither. Generally, most of the bubbles escape at the
side that is closest to their nucleation sites, which is the most
often the longer side. The vertically escaping bubbles in the
inter-anode gaps accelerate the liquid by drag force and this
creates a certain suction effect in the same direction for the
other bubbles situated under the anode bottom. For this
reason, the simulation was carried out with unidirectional
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two-phase fluid flow in the direction perpendicular to the
longer side.

The ACD and anode-anode gap were 4 and 20 cm
respectively. The temperature of bath is 960 °C and its
composition corresponds to that used in modern RTA plants.

Results and Discussion

Table 1 presents the average values and the amplitude of
fluctuations of anode covering by bubbles (henceforth called
covering), the excess voltage drop due to the bubble layer

Fig. 1 Profile of rounded anode,
inserted into the electrolytic bath,
as used for simulation

Table 1 Average values of
anode covering by bubble (italic),
excess voltage drop due to the
presence of bubble layer and bath
velocity computed with different
anode geometries for a period of
30 s

Covering
Voltage [V]

Horizontal planar Rounded corner

Simple sink Sink + acceleration Simple sink Sink + acceleration

Without slot 0.592 (0.2–0.88)
0.453 (0.05–1.19)

0.376 (0.3–0.45)
0.131 (0.06–0.21)

0.573 (0.3–0.6)
0.244 (0.06–0.3)

0.501 (0.35–0.62)
0.188 (0.09–0.3)

0.37 (0.3–0.41)
0.074 (0.06–0.11)

0.34 (0.29–0.38)
0.072 (0.05–0.1)

0.579 (0.28–0.86)
0.385 (0.09–1.08)

0.571 (0.27–0.75)
0.358 (0.07–0.82)

0.376 (0.29–0.46)
0.127 (0.08–0.27)

0.373 (0.29–0.45)
0.125 (0.09–0.23)

Average
velocity [cm/s]

Horizontal planar Rounded corner

Simple sink Sink + acceleration Simple sink Sink + acceleration

Without slot 3.75 9.95

2.63 3.9 8.29 9.36

3.56 3.81 9.83 9.85
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(henceforth called bubble voltage drop) and the average bath
velocity, computed by the simulator with different anode
geometries for a period of 30 s. The covering and voltage
data shown in the brackets indicate the minimum and
maximum values. In a simplified approach, the slots can be
treated as simple sinks that swallow the bubbles. In reality,
the gas entering the slots contributes also the acceleration of
the bubble layer.

The average voltage drop varies between 72 and 453 mV,
depending on geometry. The biggest computed gain was
obtained with perfectly horizontal anode. This range is in
good accordance to the literature [2], except that the maxi-
mal bubble voltage drop is smaller in a real cell due to the
possibility of current redistribution toward other anodes. The
results confirm the observations reported in the literature,
obtained both at industry and laboratory scale; namely the
appropriate slots reduce significantly both the average value
and the amplitude of fluctuations of the voltage drop. The
simulator suggests that the slots decrease strongly the
amplitude of fluctuations but only slightly the average value
of the covering. In fact, the slots reduce both the average
path length of evacuation for the bubbles and their maximal
possible size. The strong fluctuations of covering and of
bubble voltage drop are caused by the huge bubbles formed
by coalescence, which can occupy and then sweep off a big
portion of the anode bottom when released. Huge bubbles
deviate more the current lines than a large number of small
coexisting bubbles [16]. Consequently, even if the covering
is reduced only slightly, the prevention of the formation of
huge bubbles itself can decrease significantly the bubble
voltage drop (Fig. 2).

Maximum values of bubble voltage drop—obtained when
a large bubble formed by a series of consecutive coales-
cences can be seen overestimated by the model. However,

the reader must keep in mind that this is a single anode
model and in a real cell, increased local resistance will
redistribute the current toward the other anodes and thus
prevents the creation of such a high bubble voltage drop
even for a short period.

Impact of the Shape of Anode Bottom

Rounded anode bottom promotes the evacuation of the
bubbles as the accelerating buoyancy force increases with
anode slope. Consequently it increases the velocity of bub-
bles and the bath, while decreases the covering and bubble
voltage drop by decreasing average residence time and
maximal possible size of the bubbles. All those tendencies
can be seen when analysing the results shown in Table 1. As
the rounded shape itself accelerates evacuation and decrea-
ses the maximal bubble size, the presence of slots (which
have similar effects) gives a smaller additional gain for
rounded anode bottom, compared to the horizontal one
(Table 1 and Fig. 3).

It must be mentioned that anode consumption decreases
gradually the height and thus the impact of the slots. This
phenomenon is not investigated in this paper.

Impact of the Direction of the Slot

The direction of the slot has much bigger impact on the
bubble voltage drop than on the covering or the bath
velocity. Especially for the rounded anode bottom, its
influence is very limited on the covering. This observation
suggests that the role of the slot to limit the biggest possible

Fig. 2 Impact of a longitudinal slot on the covering and the bubble voltage drop for curved anode bottom, computed with the simulator
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size of the bubbles is the key design factor when the optimal
slot geometry must be chosen (Table 1 and Figs. 4 and 5). In
the simulated case, the slot parallel to the longer side seems
to be more efficient as it greater reduces the maximal pos-
sible size of the bubbles.

Contribution of the Slot to the Momentum
Balance Between the Liquid and the Gas

Slots can be seen as simple sinks, which decrease the
average evacuation path length and the biggest possible size

Fig. 3 Impact of a longitudinal slot on the bubble voltage drop for horizontal and curved bottom anodes, computed with the simulator

Fig. 4 Bottom view of the computed distribution of bubbles under a horizontal anode with longitudinal (right) and transversal slots (left). Arrows
show the dominant direction of fluid flow
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for the bubbles. However as water modeling showed, bub-
bles rising inside the slot and then exiting under the effect of
buoyancy force exert a “suction” effect on the other bubbles
still residing under the anode bottom [8]. In fact, they con-
tribute also to the acceleration of the liquid under the anode
through the coupling by the drag force. This phenomenon is
considered by a separate subroutine in the simulator. By
omitting this subroutine, the relative importance of the
simple sink effect versus contribution to the acceleration of
the bath can be investigated. Results show that the sink effect
is dominant but the acceleration term cannot be neglected in
certain cases (Table 1 and Fig. 6). In fact, if the contribution
of the bubbles entering into the slots, to the acceleration of
the two-phase layer under the anode bottom is neglected, the
average velocity of the bath will be lower, which in turn
slows down the evacuation of the bubbles as well. However,
this affects the covering more than the bubble voltage drop.

Role of the Size of the Anode

As see-through cells are often used to investigate the
dynamics of bubble layer under slotted and non-slotted
anodes, a 5 � 5 cm anode, inserted 15 cm deep into the
cryolite based bath was analysed with the simulator as well.
Such systems do not work long enough to create rounded
corners; therefore only planar, horizontal anode bottom was
examined. Results obtained with this geometry were com-
pared to the horizontal anode of 1 � 0.5 m with the same
immersion and without slot (Fig. 7). Table 2 resumes the
two cases.

Strongly reduced anode size results in some decrease of
covering but in a very strong diminution of bubble voltage
drop. For the latest, both the average value and the amplitude
of fluctuations fall drastically. This is related to the reduction
of the biggest possible bubble that can exist under the anode.

Fig. 5 Impact of the orientation of the slot on the bubble voltage drop for horizontal and curved anodes as computed by the simulator

Fig. 6 Impact of slots on the computed bubble voltage drop for horizontal and curved anodes if the slot considered as a simple sink or a sink with
a contribution to the global momentum exchange between the bath and the bubbles
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The same tendency must be valid for curved or inclined
anodes but with smaller difference.

Conclusions

The simulator presented earlier was used to investigate the
effect of slots with different geometries on square and
rounded bottom anodes, representing new and used anodes
respectively. Analysis of the results permitted to draw the
following conclusions:

• Anode slots definitely decrease the voltage drop created
by the presence of bubbles. The gain varies between 71
and 453 mV with the simulated geometries for a single
anode system. The biggest computed gain was obtained
with perfectly horizontal anode but this gain should be
smaller in a real cell due to the possibility of current
redistribution toward other anodes.

• The slots reduce the bubble voltage drop by three
mechanisms:
– Reducing average path length for bubble evacuation
– Limiting the maximal possible size of individual

bubbles

– Similarly to the anode-anode gaps, they accelerate the
bath by the drag force of the rising bubbles

The second mechanism seems to be the most important as the
amplitude of fluctuation of the covering decreases generally
stronger than the average value in the presence of a slot. By
preventing the formation of very big bubbles, which deviate
more the current, the bubble voltage drop will decrease sig-
nificantly even when the average covering does not.
• The role of the slot to limit the biggest possible size of

the bubbles is the key design factor when the optimal slot
geometry (orientation, number) must be chosen. In the
examined cases, the slot parallel to the longer side was
more efficient.

• Both the slot and the slope of the anode bottom reduce
the average residence time for the bubbles and the big-
gest possible size. For this reason, a bigger gain of
voltage can be obtained by the slots for a perfectly hor-
izontal anode bottom than for a curved or inclined one.

• The use of small, laboratory scale anodes results in a
drastic reduction of bubble voltage drop, due to the
limitation of the biggest possible bubble that can strongly
increase ohmic resistance. For this reason, the effect of
anode size is more important on the voltage than on the
gas covering.

Table 2 Impact of the anode
size on covering, bath velocity
and bubble voltage drop,
computed with the simulator

1 � 0.5 m2 0.05 � 0.05 m2

Average covering 0.592 0.37

Amplitude of fluctuations of covering 0.68 0.65

Average velocity of the bath (cm/s) 3.75 5.48

Average bubble voltage drop (V) 0.453 0.048

Amplitude of fluctuations of bubble voltage drop (V) 1.14 0.078

Fig. 7 Impact of anode size on covering and bubble voltage drop in case of horizontal bottom, computed with the simulator
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