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ABSTRACT

The reaction zone in the aluminium electrolysid bak a
special geometry. While the length scale for thagport

of the electric charge and metallic aluminium idyoa
few centimetres in the vertical direction, while gprimary
material, the alumina and the thermal energy need t
traverse horizontal distances in the order of aemetn
this shallow, liquid filled reaction zone the hamital
convective loops play an important role in the
homogenization of the intensive parameters like
concentration and temperature. There are two itapbr
momentum sources present: the magneto-hydrodynamic
and the buoyancy forces acting on the gas bubbld®
focus of the present paper is on the bubble-dril@n.
While providing an important contribution to the
horizontal mixing in the cell, the bubbles play egative
role by increasing the ohmic resistance and theggne
consumption. A simulation method, based on the
description of the behaviour of the individual bldsbwas
developed at UQAC. The bubble layer simulator feio
the bubbles from the beginning of the nucleaticough
the detachment, coalescence etc. to the instant dtey
escape from the molten bath. The output of thehatkt
includes the covering factor, bath velocity undbe t
anode, gas volume fraction, and bubble size digioh as
functions of time. The influence of the design and
operational parameters on the spectrum of the g®lta
fluctuations is also reproduced.

NOMENCLATURE

Fo(v-v;) drag force acting on or by tlia bubble

Fvisc(Vv;) viscous resistance force acting on itte
associated mass

m; ith associated mass

v velocity of the liquid layer under the anode

v; velocity of theith associated mass

v;  velocity of thejth bubble

a advancing contact angle of a bubble

b receding contact angle of a bubble

Fi=vi/v velocity ratio of théth associated mass

INTRODUCTION

Although the Hall-Héroult process for the reductioh
aluminium has been known for 120 years, the detaile
gquantitative description of the underlying physiasd
chemistry started to develop only with arrival of
appropriate computing power and numerical methods i
the past few decades. One of the first examplethef
application of mathematical modelling to tackle uetibn

cell problems was the determination of the thicknasd
profile of the frozen sidewall ledge. Then, wittettrend

of increasing amperage, the need for a better

understanding and mastering of the magneto-
hydrodynamic (MHD) effects arose. Beside the MHD
forces, the other important source of momentumhia t
electrolysis cell is the buoyancy forces acting the
bubbles generated under the anode. On one hand thes
bubbles play an important, positive role by helpthg
homogenisation of the alumina distribution and the
temperature field in the electrolyte. On the othand they
contribute to the increase of the ohmic overvoltageat

is to the increase of energy consumption — of #lkeand
they represent risks for the stable operation byupgng

the bath-metal interface and under certain conutiby
provoking the so-called anode effects. The prepaper
deals with the mathematical modelling of the spatia
structure and temporal fluctuations of the bubhldeh
layer. The modelling approach is different from the
general way CFD methods describe two-phase flows.
Instead of working with the statistical averageapaeters
that characterize a great number of disperse pestithe
present method is based on the description of tidblbs
individually, on a so-called “microscopic” level.hib
approach permits the computation of characteristidhe
gas-liquid two-phase layer such as the detaileé siz
distribution of the bubbles, its temporal fluctaais, the
distribution of the bubbles along the anode bottomd the
simulation of the voltage fluctuations as a functaf the
design and operational parameters of the cell etc.

TRANSPORT PROCESSES IN THE ALUMINIUM
ELECTROLYSIS CELL

The basic features of the schema of the Hall-Héroell
(or pot) have not changed much in the last hungiesds
(see Figure 1). The balance of the extensive ptieger
includes the mass inputs of alumina and carbon, the
electric charge and energy input while the outpuésthe
liquid aluminium, gases and thermal energy (hddagure

2. The solid alumina (ADy) is introduced vertically into
the molten electrolyte (also called bath) either tlhire
sidewall channels or between the anodes. It nezdset
transported and distributed horizontally in the
interelectrode space. The separation of the nretall
aluminium and the evacuation of the gas producethby
electrolysis are done by gravity effects.
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Figure 1: Schema of an aluminium electrolysis cell

Figure 2: Mass, energy and electric flows in the cell

The geometry of the reaction zone in this electeoaical
reactor is special: the electric charge and thealiet
aluminium travels along a vertical distance of 4-5
centimetres only, while the alumina, the heat dedgases
need to be transported horizontally to a distarmta20
times longer. The horizontal transport of mass amergy

is very important to ensure optimal operation by
homogenizing the intensive parameters (concentratio
temperature). The mechanism of the horizontal prariss
convection, driven by the MHD effects and by the
bubbles. The bubbles play the role of a motor that
converts gravitational energy into the kinetic gyeof a
horizontal movement. While convection in the honizd
plane is vital for the good operation of the cebytical
convection is not welcome. Vertical movements eithe
the form of interface waves or turbulence in theyve
shallow electrolyte layer lead to negative effestish as
reoxidation of the metallic aluminium, electric stooits
etc. Minimizing the vertical movements, while praing
mixing in the horizontal plane, represents a great
challenge for the design of the cells.

Bubble related phenomena in the reduction cell

Gas is generated under the anode and it formsatvedy

thin (about 4-5mm, up to 10-12mm under dynamic
conditions) bubble-laden layer. The bubbles escape
around the edge of the anode, accelerating thélliogth

and inducing horizontal movement. The size of thaps

of the bubble driven flow is in the order of therizontal
dimensions of the anode, while the other main sowfc
momentum, the MHD effect creates loops on the kengt
scale of the cell itself.

The gas under the anode restricts the passageeof th
electric current, increases the electric resistanoel
ultimately the energy consumption. The so-calleddan
effect is an extreme example when the gas blocks
completely (or near completely) the bottom surfatéhe
anode.

Length and time scales

One of the difficulties of modelling the transport
phenomena in the electrolysis cell is related te th
different length and time scales. Using the exanopléne
bubble driven flow, the overall flow pattern exisia a
length scale of about one meter, while the thickredghe
bubble layer is about 200 times smaller. Many intgoar
details of the momentum exchange between bubblds an
flow, and between bubbles and solid wall, can dndy
described correctly on the millimetre scale. (Imlerto
describe the nucleation of a bubble one needs soetel

to the micrometer scale, to the order of the paressin

the anode.) Another example is the distributiontioe
nucleation sites along the anode bottom. On thée safa
the whole anode surface, one can say that gaseraed
uniformly everywhere. However analysis of the dises
between the neighbouring nucleation centres (tderas
about a centimetre) shows very important differendee

to the non-homogeneous structure of the aggregate
material of the anode.

Considering the population of the gas bubbles utider
anode, their size covers a range of about fourrerdé
magnitude. Although the bubble related effects are
dominated by the big bubbles, the dynamics of the
morphological changes cannot be followed without
consideration of the small ones.

Under steady state operation conditions, the ratgas
produced under the anode is equal to the rate of ga
exiting from the bath. Under real operating cordis,
this is true for the mean values averaged for asegonds
period, but the cell voltage shows fluctuations the
millisecond scale.

Gas covering and ohmic overvoltage

Although the production and evacuation rates ofghe
are equal on an appropriately long time period, the
quantity of the gas which stays under the anodediven
instant can vary widely. In chemical engineerings th
phenomena is generally characterized by the sedtall
gas-holdup rate i.e. by the volumetric ratio of thees in
the mixture. In aluminium electrolysis the coveriiagtor

— the gas covered portion of the anode bottom uséxl
very frequently, as it gives an indication aboue th
resistance increase caused by the presence ofitixels.
However, the covering factor is directly linked ptb one
part of the resistance increase due to the bubbéaagely

to the so-called screening effect, which is theiltesf the
reduction of the electrically conducting sectionheT
presence of the bubbles contributes to the resistan
increase also by other mechanisms: they deform the
originally homogeneous current density vector fiald
they shift the balance between the current paghirmygh

the bottom and sidewall of the anode.

MATHEMATICAL MODELING OF THE BUBBLE
DRIVEN FLOW

The importance of modelling the bubble driven flbas
been realized for a long time (Solheim et al., Chisand
Lacamera, Purdie et al., Bilek et al.). The muidtisc
character of the transport phenomena in the reglugiot
makes mathematical modelling difficult. Most of t8&D
methods solve the flow problem for the continuagsitl
phase and account for the disperse phase by usiag m
values (volume fractions, equivalent density, if@ee
density etc.), statistical averages (mean diametethe



bubbles) or quasi-continuum representations. Thiy,w
the details of the geometry and physical mechanisms
the level of individual bubbles are incorporatetbithese
phenomenological, macroscopic values. The populatio
dynamics can be followed by using empirical kinetites
for the break-up and coalescence of the disperisasep

Microscopic modelling approach

As an alternative to the above mentioned methdasso-
called “microscopic” approach, based on the degorip

of the evolution of every individual bubble as wadl that

of their interactions, was introduced. The baseail are
common with those used in the modelling of “multi-
agent” systems with a large number of interactintities
(see for example Czirék et al and Lerman et al).iAs
statistical mechanics, the behaviour of a grancmbse

of particles emerges from the description of thaiviidual
particles and interactions.

In the microscopic description, the life of a bubbb
followed from the beginning of the nucleation thgbuhe
growth at the nucleation site, detachment, movement
interactions with other bubbles, escape from betbe
anode, and vertical rise in the side-channel, fasthe
final escape at the upper free surface of the diqlihe
continuous phase creates a link between the bulkddesn
one hand, the liquid is brought into motion by thébles
and on the other hand, the liquid is acting onlthbbles

by detaching them from the solid and by accelegatin
them.

The success of such an approach depends on the
knowledge of the details of the underlying mechasis
on the appropriate description of the physics of th
interactions. For this reason, the development raf t
mathematical model started with the analysis of the
evolution and movement of single bubbles and their
interactions and finished with the development of a
simulator that incorporates all that knowledge.

Evolution and movement of single bubbles

The life of a bubble in the molten electrolyte che
divided into different evolution periods, separatby
rapid, nearly instantaneous events. Such eventstiage
beginning of a growth cycle, the detachment frora th
nucleation site, collisions (coalescence) with haot
bubble etc. The fundamental difference between the
events and periods is in their time scale: the &vhave
such a short duration that it seems to be instaoiam
compared to the time scale of the periods.

Diffusion controlled growth

The period of growth of individual bubbles has aosth
and continuous character before detachment, exbept
relatively short initial latent period. The growtf the
bubbles is controlled by diffusion. When the gastred
in the liquid electrolyte (as it is the case in egus
electrolytic systems) the volume-time history caa b
described analytically by a 3/2 power law, Figure 3
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Figure 3: Diffusion controlled growth of bubbles:
diffusion in the liquid &), diffusion in the solidlf)

The character of the bubble growth in an aluminium
reduction cell where the storage and transportsftgkes
place in the porous anode is also shown in Figumes3t
was obtained by numerical simulation (Poncsak 1999)
For an easier comparison of their shapes, the twees
were normalized with the duration of the growthleyand
with the detachment volume. During the diffusion-
controlled growth, the increase of the diameterttod
bubbles covers 2-3 orders of magnitude, from a few
micrometers to about half a centimetre. Correspaigin
the bubble volume increases several million timesnd

this period. Thet, period of the diffusion controlled
growth is estimated to be somewhere between 100 and
400 milliseconds, depending on the design and tipgra
conditions of the cell.

Detachment

The detachment is the event that separates twndatist
periods of growth from each other. During the diftin
controlled period the bubble sits at the nucleatientre.
It is continuously deformed under the action of yamcy
and hydrodynamic forces (Figure 4 and Figure 5jfterA
detachment it is moving horizontally while sepagdafi@m
the anode bottom by a thin liquid layer, the sdechl
wetting film.

A bubble starts to move when it is not able to
counterbalance the detachment forces by further
deformation of its shape. Although the beginningticeé
movement is instantaneous, the formation of thetimget
film takes a finite time. Under laboratory condit®with

a single bubble in a water-air-plexiglass systenthwi
motionless liquid phase, the formation of the wmgftfilm

can take few seconds as shown in Figure 6 (Petral).e

Figure 5: Detachment under the effect of liquid flow
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Figure 6: Variation of the bubble velocity after departure
and during the formation of the wetting film (detatent)

However in a real electrolysis cell the strong flow
fluctuations and surface inhomogeneities acceletiate
formation of the wetting film, so the detachmennh dze
considered as an instantaneous event.

Coalescence controlled growth

After detachment, the growth of the moving bubblkes
basically controlled by coalescence. The law ofaghois

not continuous, as shown by the simulated curves in
Figure 7; each sudden increase in bubble volume
corresponds to a coalescence event.
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Figure 7: Coalescence controlled growth of five randomly
selected bubbles

In the coalescence controlled period, the horidonta
diameter of the bubbles increases about 20 times -
depending on the anode size — but their volumesasas
only about 500 times, due to their flattened shayter
detachment, the volume of the bubbles increaseglymos
by spreading horizontally; the vertical dimensidntioe
bubbles is practically constant.

There are several types of coalescence events diegen
on the relative size, position and approach veloaftthe
bubbles. The two most important coalescence clemses
triggered by a collision due to velocity differesce
between two moving bubbles and by the contact batwe
a moving bubble and a generally smaller, steadybleub
during the diffusion controlled growth of the latte

Collective behaviour of the bubbles

A schematic representation of the structure oftthieble
layer — based on observation of low-temperature
laboratory models — is given below (Figure 8).

Figure 8: Schematic structure of the bubble layer

During movement of the bubbles, the covering factor
fluctuates. The character of the fluctuations delpeon
many factors, but the number of the bubbles playsrg
important role. In the case of one single bubbla &tne
under the anode, a regular, periodic temporal Hebav
can be observed that corresponds to the indiviguaiith
law of the bubble (Figure 9). If there are many lidab
present, their combined effect on the covering diact
generally results in a random-like fluctuation hswn in
the second graph in Figure 9. However, under certai
conditions, the bubbles can manifest a concerted
movement (bottom graph in Figure 9). The formatidn
very big gas pockets and their sweeping actiontiigger
events like nucleation and a kind of “self-orgatima’
occurs in the two-phase flow.
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Figure 9: Character of the fluctuation of gas covering as a
function of the number of bubbles
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In our microscopic model, there is a one-to-one
correspondence between the nucleation sites and
elementary gas-generating surfaces, e.g. a suefangent
always feeds the same nucleation centre. An impbrta
issue that influences the temporal character ofisitad
voltage fluctuations is how the individual nucleati
centres are arranged along the anode surface anthiey

are triggered. If the bubbles are generated imtdes of

a regular, uniformly spaced mesh and all of theant $he
nucleation cycle at the same instant, the fluctumatiof the

gas covered portion of the anode will be very ragul
including a few harmonic oscillations. In realigithough

the structure of the anodes is homogeneous on the
centimetre scale ("meso-scale"), below that saatethe
millimetre and micrometer level ("micro-scale”) theare
large variations in the properties of grains andepoTo



reflect the effect of the real anode structurehia model,
the meso-scale homogeneity was respected by titieg
anode surface with uniform elementary gas geneyatin
cells (Figure 10).

2
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Figure 10 Mesh of the nucleation sites with hexagonal
elements along the active anode surface

Square and hexagonal elements, like those shown in
Figure 10, were chosen for the vast majority of the
simulations. As in the real world, the nucleatidies are

not aligned along straight lines like the dottede$ in
Figure 10. The nucleation centres were randomlgegula
inside a circle around the nodes of the mesh. Tameter

of the circle inside the elementary cell charazesithe
scale of inhomogeneities in the anode. The diamste
the circle was chosen to respect a certain mindisaéhnce
between the neighbouring nucleation centres.

Momentum balance

In order to keep the bubble model computationally
effective while keeping all the advantages of the
microscopic  approach (detailed morphology and
dynamics), the flow calculation was simplified. Tligid
velocities are computed by a lumped parameter agpro
The flow domain is divided into individual entitiéke the
bubble layer under the anode, rising bubbly columtihe
side-channel, sidewall vortex etc. These entitiessps
associated masses and characteristic (variablegitiek.
The division is based both on experimental measentsn
on bubble-driven flow models and on numerical
simulations of the flow field. The momentum balarnse
then written in the following form:

) (FD(Vj '#iv))-

i j i

m/fi % = F\/ISC Wiv)

The left side is the variation of the momentum Ibftlze
associated masses, while the right side is thdtaesof
the accelerating and decelerating forces due tbubble-
liquid interaction and the viscous dissipation lie fiquid
phase. As the position, velocity, size and shapevety
bubble are available in the model, the variationttof
associated liquid masses can be easily determmeddh
time step of the computation:

m=mr V- V
]

J

The first term on the right side of the balanceatiqun can
have different signs +/- depending on the velooitythe
bubble relative to the liquid. Slowly moving or aty
bubbles dampen the flow; only bubbles moving fatan
the liquid accelerate it.

crossover points

Figure 11: Schema of the momentum transfer between the
bubbles and the liquid layer; flat, horizontal bott (left)
and the curved bottom of a used anode (right)

The change of the sign of the momentum exchange is
shown schematically in Figure 11. The cross-oventge
fixed to the anode corner in the case of a horaoffiat
bottom anode, while its position needs to be dyocahyi
re-calculated at every time step in the case ofirmedl
anode bottom.

The bubble layer simulator

A bubble layer simulator has been built using theve
outlined principles. It uses the design and openafi
parameters of a cell, like geometry, bath tempeeatu
current density etc. as input parameters and bgviaig
the evolution of thousands of bubbles, determires t
instantaneous and time averaged values of the gdsgh
covering factor and bath velocity. The spatial rifisition
of the gas volume fraction and covering factor als
available as well as the bubble size distributiom @
graphical representation of the morphology of thble
layer. These data then can be used to determinghtine
overvoltage by a separate calculation, withoutrtéed for
hypothetic equivalent resistance models of the tubb
layer.

RESULTS

In Figure 12 we present three images of the bulatyler
that were obtained by the mathematical model for
industrial-size anodes. The images reflect well the
intuitive expectations that under horizontal (nemmpdes
very big gas-pockets can be formed (first two insage
Figure 12) and that even small inclination helpseduce

of the gas hold-up effectively.

The following results (Figure 13 and Figure 14jistrate
the effect of the length of travel of the bubblésng the
anode surface. The shorter anode has a length ohit®
along the direction of the movement of the bubbidsle

the longer one is 20 units long. The doubling &f legngth

of travel affects the character of the fluctuations
remarkably. The amplitude of both the coveringdaeind
that of the velocity increases. The longer traveinmtes
the formation of big bubbles that abruptly acceterte
liquid layer during their escape and rise in thaewiall
channel. This is why the sharp increase in the ciglo
coincides with the rapid decrease of the coveraxgadk.
The mean value of the covering factor also increase
while the mean velocity decreases, in harmony with
physical expectations. Furthermore, one can obstmee
emergence of a dominating, relatively low-frequency
fluctuation in the case of the longer anode. As bit
bubbles sweep along the anode surface they renmeve t
smaller bubbles in their diffusion controlled grbwihase

at the nucleation centres. This way the bigbtes
“synchronize” the beginning of the new nucleatigcles
along the surface.
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Figure 13: The effect of anode length on the fluctuations
of the covering factor and bath velocity
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These phenomena can also be illustrated by therapec
of the covering factor and velocity fluctuations, shown
in Figure 14.

CONCLUSION

A mathematical model using a detailed descriptibthe
individual bubbles in the gas-liquid two-phase layeder

a solid surface has been developed (so-called
“microscopic” approach).

The primary application of the method is the analys

the anodic overvoltage and its fluctuation in alnionin
electrolysis cells.

The simulated fluctuations can also assist the
interpretation of the measured voltage fluctuations
supporting the diagnosis of electrolysis cells.
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