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Fig.1: Sketch of the GY420 cell design

In recent years extensive computer mod-
elling work has tried to establish whether
using a profiled cathode surface modifies
the MHD stability of an aluminium reduc-
tion cell. Two types of studies have been
carried out: full 3D steady-state analysis,
and shallow layer 2D transient analysis.
Neither type of analysis is well suited to
examine the effect of a profiled cathode
surface on the cell stability. The present
work proposes a new method to model
relative MHD stability. Lateral gravity
waves were simulated in a 3D lateral slice
of an aluminium reduction cell. The mod-
el was solved by using the VOF formula-
tion of the OpenFoam code. Results of
the evolution of the bath-metal interface
are presented for a reduction cell having
different types of irregularity on the cath-
ode surfaces. That interface evolution is
compared to the flat cathode surface case;
irregular surfaces provided little extra
damping of the gravity waves.

The irregular cathode surface technology is
under continual development in China [1]. A
recent Chinese paper outlined a detailed 3D
model based on ANSYS and CFX solvers [2].
Steady-state solutions were presented for a
reduction cell with either a flat or an irregular
cathode surface. Both MHD and gas release
under the anodes were driving the fluid mo-
tion. The steady-state results of the 3D model
with irregular cathode surface clearly dem-

onstrated that the bath and metal flows were
three-dimensional in nature (see Fig. 12b of
(2]).

Studies using a 2D transient model (MHD-
Valdis, with bath and metal flows in two hori-
zontal shallow layers) could not identify any
significant impact of an irregular cathode sur-
face on the cell stability [3-6]. This suggests
either that using irregular cathode surface does
not affect cell stability, or that cell instability
depends on the three-dimensional flows in-
troduced by irregular cathode surface and not
taken into account by MHD-Valdis. Despite
that limitation, MHD-Valdis remains an effi-
cient stability analysis tool for standard cells
with a flat cathode surface, and where the
flows are essentially two-dimensional.

Since the bath-metal interface motion is a
time-dependant phenomenon, a cell stability
analysis should be based on a transient model.
The above remarks indicate that in the case
of an irregular cathode surface, the model
should also be in 3D, since this type of cathode
surface generates three-dimensional flows.

A new modelling approach

The variable Lorentz forces in the metal pad
of a reduction cell drive the fluid movements,
while viscous damping reduces the fluid move-
ments [7, 8]. The aim of an irregular cathode
surface would be to increase the viscous
damping in the metal and thereby to enhance
cell stability.

For a bath-metal interface wave to move
around the cell, both molten metal and the
bath volumes must move. Since the bath layer
thickness under the anodes is much less deep
than the metal pad thickness, the average
speed of the bath flow there has to be greater
than the average speed of the metal pad flow.
Hence viscous damping in the bath is very
important to the bath-metal interface wave
dynamic, and must also be considered.

In view of the limitations of the models
presently used for stability analysis of reduc-
tion cells with irregular cathodes surfaces, a
new modelling approach was developed and
tested. The new approach used a transient 3D
model consisting of a lateral slice through a re-
duction cell. The bath and molten metal were
subjected to lateral gravity waves by initially
inclining the bath-metal interface. The cath-
ode surface was either flat or with different
versions of irregularities. The speeds of the
bath and metal layers and the movement of
the bath-metal interface were calculated over
time.

Selection of a proper numerical code
to simulate a free interface wave

Only a few codes are able to cope with the
physics of the proposed model, which is a tran-
sient 3D multi-phase flow problem; the open
source code OpenFoam is one of them. Open-
Foam has become a popular code in many
applications due to its free surface modelling
capabilities [9], which are comparable to other
VOF solvers like CFX [10].

The motion of the free interface between
two immiscible liquids in a closed rectangular
container has been studied experimentally in
a physical model. Fig. 16 of [11] shows the
gravity-driven interface motion between two
liquids in a closed container. However, such
measurements are difficult to reproduce accu-
rately [12]. This type of free surface wave was
successfully modelled by using the OpenFoam
code [13]. Flows around obstacles like those
added to the cathode surface have also been
modelled successfully by using the OpenFoam
code [14].

A similarity between the problems de-
scribed above was successfully reproduced
by OpenFoam. The gravity driven bath-metal
interface wave in a reduction cell problem
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Fig. 2: Model geometries with eight continuous longitudinal ridges 160 mm
high and 125 mm wide
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Fig. 3: Model geometries with 16 discontinuous and alternated longitudinal

ridges 160 mm high and 125 mm wide
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Fig. 4: Model geometries with a single trapezoidal continuous longitudinal

ridge located under the centre channel

suggests that the use of OpenFoam code is
appropriate for solving the proposed lateral
slice model.

Setup and solution of
the lateral slice model

The lateral slice model geometry is based on
the cross-section of the GY420 cell design [15].
Different views of the cell design are shown
in Fig. 1, which was produced from the Pe-
ter Entner CellVolt application [16]. A fairly
standard bath composition was selected for
this study (see Fig. 4 of [17]).

The model depth (300 mm) extended from
the front frictionless symmetry plane (located
at half the anode width) to the back friction-
less symmetry plane (located at half the an-
ode width between two adjacent anodes).
The length (3,940 mm) of the slice model was
typical of a cell cavity width of a GY420 cell,
minus a 100 mm uniform ledge thickness at
both sides. The height of the slice model was
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composed of three lay-
ers: 200 mm for the
metal pad (for the flat
cathode surface case),
200 mm for the bath
layer, and 75 mm as an
air layer on top. The av-
erage anode-cathode
distance (ACD) was 40
mm. The cathode sur-
face was either flat or
with different types of
irregularities. Fig. 1 of
[17] shows the geom-
etry of the flat cathode
surface case, while Fig.
10 of [17] shows the
geometry of the first
type of cathode sur-
face irregularity stud-
ied, consisting of eight
continuous longitudi-
nal ridges, each 100
mm high and 200 mm
wide. Figs 2-4 show
the geometry of the
next three new types
of cathode surface ir-
regularities  studied,
namely eight continu-
ous longitudinal ridges
160 mm high and 125
mm wide, 16 discon-
tinuous and alternat-
ing longitudinal ridges
160 mm high and 125
mm wide, representing
a single trapezoidal continuous longitudinal
ridge located under the centre channel, so
leaving only 4 cm of metal pad thickness un-
der that channel. In all the cases studies, the
metal pad volume remained unchanged.

The different lateral slice model ver-
sions were modelled using a mesh of about
1,175,000 hexagonal
finite volumes of fairly 2
uniform size with an :v
orthogonal quality
of around 0.77 (see
Figs 3 and 11 of [17]).
The mesh density was
somewhat coarser than
the one used in a wind
engineering study [14].
However, it was fine
enough to resolve fair-
ly well the boundary
layer at the solid sur
faces (cathode, anode
and ledge). The mesh
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was perfectly aligned with the initial position
of the bath-metal interface in order to ensure
a smooth start of the transient solution.

The transient solution was started with a
sloped bath-metal interface of -20 mm on the
left side and +20 mm on the right side of the
lateral slice model. The motion of the fluids
was calculated using an explicit solver avail-
able in the OpenFoam 2.3.0 code [18]. The
multiphase Euler solver was used with a maxi-
mum Courant Number of 0.05 and maximum
time step of 0.02 seconds. Because of its dem-
onstrated ability to predict viscous drag fairly
well, the k-o SST (shear stress transport) tur-
bulence model was used in the flow calcula-
tion [19]. Continuity of the velocity was as-
sumed at the bath-metal interface.

The transient calculations were made for
a total of 60 seconds, which allowed about
three oscillations of the bath-metal interface.
The calculations were performed on a Dell
Xeon ES-2697 V3 computer having 128 GB of
RAM and 28 cores. The computer took about
30 CPU hours to calculate that transient solu-
tion using all 28 cores.

Solution of the ‘reference’
flat cathode surface model

The solution of the ‘reference’ flat cathode
surface model is presented in Figs 6-9 of [17].
The positions of the bath-metal interface are
shown at intervals of 15 seconds in Fig. 6 of
[17]. Fig. 7 of [17] shows the velocity field
at the front symmetry plane, which passed
through the anode centre, after 15 seconds.
The maximum bath velocity was about 30
mm/s. The bath flow entrained the top layer
of the metal, and flow reversal occurred in
the metal pad. There was a horizontal plane
of zero metal velocity about 40 mm below the
bath-metal interface. After 60 seconds the ve-
locities in the bath and metal layers were less
than 5 mm/s and the motion of the bath-metal

Elevation

001 0 001

0.02

Fig. 5: Position of the bath-metal interface every 10 seconds from 0 on top
to 30 seconds on bottom for the model with eight continuous rectangular
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interface was almost completely damped (see
Fig. 8 of [17]).

The maximum turbulent viscosity (Fig. 9 of
[17]) in the metal pad was 4.66 x 10-4 m?/s
at 15 seconds, and was located below the cen-
tre channel. This turbulent viscosity was 1447
times higher than the laminar viscosity of
molten metal at 3.22 x 10-7 m?/s.

Solution of the eight continuous
rectangular 100 x 200 mm ridges model

Apart from the shape of the cathode surface,
most of the model dimensions were kept the
same as those of the ‘reference’ flat cathode
surface model. However, the metal pad was
raised by 41.5 mm, in order to maintain the
same mass of metal, considering the extra vol-
ume of the eight continuous rectangular 100 x
200 mm ridges.

Figs 13-15 of [17] show the solution of this
first irregular cathode surface model Fig. 15 of
[17] shows the position of the bath-metal in-
terface every 15 seconds. Fig. 13 of [17] shows
the velocity field in the same front symmetry
plane as Fig. 7 of [17] also after 15 seconds.
Due to the presence of the cathode ridges,
which acted like flow obstacles, the bath flow
and especially the metal flow were now quite
different. The bath velocity was reduced in
most bath regions, and the metal pad had lo-
cal regions of high and low velocities near the
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cathode ridges. The horizontal plane of zero
metal velocity was raised towards the bath-
metal interface by about 40 mm. This modified
flow field could translate into higher current
efficiency.

The maximum turbulent viscosity (Fig. 14
of [17]) was reduced to 3.85 x 10-4 m?/s and
occupied a much smaller area beneath the
centre channel. These results seem to suggest
some stabilization of the bath-metal interface.

Solution for the eight continuous rec-
tangular 160 x 125 mm ridges model

Since [17] was written, three new cathode
models have been designed and solved to test
different types of cathode surface irregulari-
ties (see Figs 2-4). Fig. 5 shows the position
of the bath-metal interface at intervals of 10
seconds from 0 to 30 seconds for the design
with eight continuous rectangular 160 x 125
mm ridges. The bath-metal interface does not
move significantly after that.

Fig. 6 presents the velocity field in the front
symmetry plane after 10 seconds for that same
model. Due to the presence of the much higher
ridges, the maximum velocity is now located
in the metal pad, and the horizontal plane of
flow reversal has essentially moved to the
bath-metal interface. For that reason, this is
possibly an improvement over the previous
model solution with eight continuous rectan-
gular 100 x 200 mm ridges.

0.0556

Fig. 6: Velocity field in the front symmetry plane after 10 seconds for the
model with eight continuous rectangular 160 x 125 mm ridges
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Solution for the 16 discontinuous
alternating rectangular
160 x 125 mm ridges model

The next model serves to test whether using
discontinuous alternating ridges would consti-
tute an improvement over continuous ridges.
Fig. 7 shows the position of the bath-metal in-
terface for that model after 10 seconds, start-
ing from the same point as all the previous
cases. Fig. 8 shows the metal pad velocity field
after 10 seconds in a horizontal plane located
80 mm above bottom of the metal pad, which
is at the mid height of the ridges. The metal
flow zigzags around the discontinuous alter-
nating ridges, which might reduce sludge for-
mation. Fig. 9 presents the velocity field in the
front symmetry plane after 10 seconds for that
same model. The maximum velocity is locat-
ed in the bath, and the flow reversal has now
moved back down into the metal pad.

Solution for the single
trapezoidal continuous ridge model

The last model aims to test the metal pad flow
using a quite different type of cathode surface
obstacle inspired from the recent Alcoa patent
[20]. It is a single, continuous longitudinal ob-
stacle located under the centre channel. It has
a trapezoidal shape of which the top section
is almost as wide as the centre channel itself
and it leaves only 4 cm of metal pad thickness
above it (see Fig. 4).
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Fig. 8: Velocity field at the ridges mid height horizontal plane after 10 seconds
for the model with 16 discontinuous alternating rectangular 160 x 125 mm ridges
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Fig. 7: Position of the bath-metal in-
terface after 10 seconds for the model
with 16 discontinuous alternating
rectangular 160 x 125 mm ridges
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Fig. 9: Velocity field in the front symmetry plane after 10 seconds for the
model with 16 discontinuous alternating rectangular 160 x 125 mm ridges
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Fig. 10 shows the position of the bath-metal
interface for that model after 10 seconds, start-
ing from the same point as all the previous
cases. Fig. 11 presents the velocity field in the
front symmetry plane after 10 seconds for
that same model. The maximum velocity is in
the meal pad above the trapezoidal ridge.

Comparison of the damping rate

There was very little difference between the
evolution of the interface positions for all the
five cases modelled. Only the height of the
small ripples on the interface varies from case
to case. The amplitude of those small ripples
increases when the tops of continuous ridges
get closer to the interface position.

More revealing was the dynamic bath-
metal interface position at the front left cor-
ner for all five models presented in Fig. 12.
This clearly showed two families of curves.
The evolution of corner position of the single
trapezoidal continuous ridge case, as for the
case of 16 discontinuous alternating ridges, is
very close to the evolution of the ‘reference’
flat cathode surface case. For the two remain-
ing cases, namely the eight continuous rectan-
gular ridges, there was less overshoot for the
two oscillations at 26 and 45 seconds. Also,
secondary ripples of the bath-metal interface
were smaller for that second group. Yet, of all
five cases, the same interface positions were
obtained at the same time after 50 seconds.
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Fig. 11: Velocity field in the front symmetry plane after 10 seconds for the

model with a single continuous trapezoidal ridge

Fig. 10: Position of the bath-metal interface
after 10 seconds for the model with a single
continuous trapezoidal ridge
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Clearly the presence of eight continuous
rectangular ridges had some effect on the dy-
namic evolution of the bath-metal interface.
It can also be argued that the 160 x 125 mm
ridge size is very slightly more effective than
the 100 x 200 mm ridge size, yet those higher
and narrower ridges might erode faster.

Future work

The 3D transient lateral slice model has dem-
onstrated that continuous longitudinal ridges
stabilized the bath-metal interface somewhat.
Thus additional studies seem to be warranted
in order to:
* optimize the mesh size, time step,

Courant Number, turbulence model, etc.
e explore other dimensions of the

rectangular ridge
¢ explore other ridge shapes like triangular

or semi-circular
e develop a 3D transient model of the

entire reduction cell.

The GY420 cell design has 48 anodes. Thus
a 3D transient model of that entire cell would
be about 50 times bigger than the present 3D
transient lateral slice model. The bath and met-
al layers would be subjected to time-varying
MHD Lorentz forces, in addition to the con-
stant gravity forces. Constant gas release drag
forces could also be added to the bath layer.

We have already demonstrated that the
OpenFoam code can handle MHD flows suc-
cessfully [21,22]. We ex-
pect that a 3D transient
OpenFoam VOF formu-
lation based cell model
would be an excellent
tool for the analysis of
cell stability, especially
to study the impact of ir-
regular cathode surfaces.
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The computing time on the same Dell Xeon
ES-2697 V3 computer would be about 1500
CPU hours, or about two months. Clearly us-
ing an even faster computer with more than
28 cores would be required in order to reduce
the turn around time. Even nowadays, CPU
resources are still too expensive to be able to
carry out such 3D transient cell stability analy-
sis without a very significant R&D budget.

Conclusions

Lateral gravity waves were successfully simu-
lated in a 3D transient slice model of a re-
duction cell. The simulation investigated the
effect of the cathode surface on the bath-metal
interface. The results showed that multiple
continuous longitudinal ridges promote some
level of extra wave damping, while other types
of irregular cathode surface irregularities have
no observable impact.

The lateral slice model was solved using the
VOF formulation in the OpenFoam code on
a Dell 28 cores Xeon ES-2697 V3 computer
having 128 GB of RAM at its disposal. The
calculation took about 30 CPU hours to calcu-
late the transient evolution of the bath-metal
interface during 60 seconds.
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