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Abstract 

A phenomenological model for the creation and transport 
of anodic gas bubbles in Hall-Héroult cells is presented. 
Due to the large variation in length scales and bubble 
topology, a multiscale approach is introduced in which 
molecular gas is assumed to be formed as supersaturated 
CO2 in the electrolyte. This paper describes models and 
constitutive relations that are intended for the simulation 
of anodic bubbles, ranging from the generation of molec-
ular gas species through Faraday's law and subsequent 
bubble nucleation, to the evolution of macroscopic bub-
bles by means of a Volume of Fluid (VOF) model. The 
coupling between macro- and micro scales is performed 
by means of a population balance. The complete model 
is implemented in ANSYS FLUENT. 

The model is applied to a 2D-cross section of a lab 
scale electrolysis cell, showing that essential properties are 
well represented by the proposed approach. Finally, the 
influence of Lorentz forces on the global bubble behaviour 
is investigated. 

Introduction 

As stated in the introduction of the recent review by 
Cooksey et al. [1], "the contribution of gas bubbles to 
electrical resistance in aluminium reduction cells is be-
coming increasingly important as smelters attempt to re-
duce energy consumption". The importance of anodic 
gas bubbles arises from their negligible conductivity, ef-
fectively screening out sections of an operating anode. For 
aluminium reduction cell operation, the bubbles can be 
responsible for as much as 10% of the voltage drop, which 
is a pure loss of energy through Ohmic heating. 

The Hall-Héroult cell has a strong dynamic nature due 
to buoyant bubbles and strong MHD coupling. Hence, it 
should come as no surprise that the anodic voltage varies 
with time. A special frequency band ranging from 0.5 
to 5 Hz has been credited to bubbles and the produced 
signal denoted as bubble noise (cf. for instance [2]-[4]). 

A detailed experimental description of growth and evo-
lution of single bubbles is given by Xue and 0ye [5], iden-
tifying three distinct stages. Initially, spherical or semi 
spherical bubbles are nucleated and grow due to mass 
transfer. As the inter-bubble distance decreases smaller 
bubbles begin to merge by coalescence, forming flattened 
spheroids. Finally, large bubble sheets covering a large 
fraction of the anode are formed, which, due to buoy-
ancy, release from the anode, marking the end of one 
bubble cycle. 

In practical models the influence of the bubbles is of-
ten treated as a gas coverage factor È and a bubble layer 
thickness d&. A microscopic (Lagrangian-type) model for 
the bubble layer has been developed by Kiss et al. (cf. 
for instance [3]) over the last decade, allowing for detailed 
predictions of the gas coverage fraction, which in turn can 
be used to determine the voltage as a separate calculation. 

A principal challenge with Lagrangian models is that 
one cannot easily handle dynamic interfaces. As a result, 
Lagrangian bubbles are commonly assumed to be spher-
ical (or circular in 2D), differing from the large bubble 
sheets believed to form under the anode. In addition, a 
closure relation for drag-forces must be supplied, if the 
correct bath-bubble momentum exchange is to be pre-
dicted. These relations will necessarily introduce errors if 
an inadequate bubble topology is used. 

An alternative multiphase formalism is the Volume of 
Fluid (VOF) method, a method developed for the simu-
lation of flows involving interfaces. As the VOF method 
is a direct approach, momentum exchange terms are ob-
tained as a result of the calculated flow field, and closure 
relations are thus not needed. Furthermore, the VOF 
method allows for a dynamic evolution and tracking of 
interfaces with arbitrary shape, as long as the interface is 
sufficiently resolved. 

A transient, fully resolved, VOF modelling approach 
has recently been introduced (Klaveness et al. [6]), based 
on molecular gas transport in a porous anode, reproduc-
ing the essential voltage behaviour of a laboratory cell. 
However, due to relatively high computational cost and 
instabilities for large 3D anodes, an alternative frame-
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work based on multiscale modelling and gas transport in 
the electrolyte has been developed by Einarsrud and Jo-
hansen [7]. In the following sections, a brief introduction 
to the multiscale model is given. 

The recent study of Bojarevics and Roy [8] suggest that 
the presence of electromagnetic forces could significantly 
influence the overall bubble flow under the anode. In 
this paper, we follow up these findings by including MHD 
forces in our proposed model. 

Features of proposed model 

The proposed gas evolution model is a multiscale ap-
proach in which molecular species are produced and trans-
ported through a supersaturated electrolyte. Sub grid 
bubbles are allowed to form through nucleation and the 
resulting bubble population evolves through mass transfer 
and coalescence. As sub grid bubbles reach a certain size 
they are transferred to a macroscopic phase which evolu-
tion is governed by a VOF method. Details regarding the 
model can be found in [7], and only a brief summary of 
the main features are given in the following. 

Gas generation and transport 

For simplicity, the production of molecular CO2 is as-
sumed to be governed by Faraday's law, written in volu-
metric form as 

sco2 

McoJ · A 
veFV ' (1) 

where j is the local current density across a unit area A 
and V is a unit volume. Although the literature agrees 
upon the fact that the resulting molecular CO2 produced 
on the anode surface (neglecting Boudouard- and back 
reactions), the path taken by the gas is unclear. As 
sketched in figure 1, two possibilities exist, namely trans-
port through pores in the anode, or through the bath. 

Both processes rely on the fact that either the anode 
or the bath operates as a gas reservoir. Excluding glassy 
anodes (cf. for instance Leistra and Sides [9]), both pro-
cesses are most likely present and the dominating mode 
will vary, depending upon operational parameters and the 
relative diffusivities of the bath and anode. From a mod-
elling perspective one mode can be included in the other 
by adjusting the mass transfer parameters accordingly, 
yielding the two transport mechanisms equivalent. Thus, 
until experiments can rule out either of the two modes, 
the choice of model is of a practical nature based on 
predictive power, numerical stability, compatibility with 
other models and computational cost. 

xwnvki 
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7 1 
Produced CO, 

Figure 1: Sketch of the two possibilities for transport of 
molecular CO2. 

In the proposed model, the bath transport mode is 
chosen, resulting in the following governing equation for 
molecular CO2 

dCco2 

dt +V'(uCco2 - VeffVCco2) = SP
C02 ~öco2 

edrnt 
~öC02i 

(2) 
where Cco2 is the gas concentration in k g / W , u is the 
bath velocity and Veff is the effective diffusivity. The 
source- and sink terms on the right hand side represent 
production (as of equation 1), nucleation of bubbles and 
direct mass transfer to existing bubbles, respectively. The 
production and nucleation sources are active only in com-
putational cells adjacent to the anode surface. 

Nucleation of microbubbles 

Little is known regarding nucleation in Hall-Héroult cells, 
regarding both experimental and theoretical investiga-
tions. A phenomenological description can however be 
extracted from the overall information found in the liter-
ature. Xue and 0ye [5] identify a linear relation between 
voltage and time during the initial growth of bubbles, 
corresponding to a linear increase in the projected bub-
ble area with time, i.e. the bubble diameter D^ub should 
obey 

Dbub oc y/t, (3) 

which is the classical result for a bubble growing in a 
supersaturated solution. In addition, the short time be-
tween release and generation of new bubbles (cf. Xue and 
0ye [5] and Einarsrud and Sandnes [4]) suggests that low 
to moderate levels of supersaturation are sufficient to ini-
tiate bubble nucleation. 

This indicates that nucleation relies upon a steady pro-
duction of gas, rather than abrupt flashing of bubbles ex-
pected from classical nucleation. That is, non-classical 
nucleation as described by Jones et. al [10] appears to 
describe steady state nucleation in Hall-Héroult cells on 
a phenomenological level. 
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According to Xue and 0ye, the typical diameter of nu-
cleated bubbles is 0.4-0.6 mm, imposing strict require-
ments on the mesh if the microbubbles are to be resolved 
by means of a VOF model. As these requirements make 
simulations on anything other than a single bubble highly 
impractical, a multiscale approach is introduced, mod-
elling microscopic sub-grid bubbles up to some size by 
means of a population balance model (PBM) and large 
(resolved) bubbles by means of the VOF model. 

Evolution of microbubbles 

The conservation equation for the number density of the 
z-th bubble class, rii(x,t) is given as 

- ^ + V · (/ (u) m - VpBM^rii) = bi-di, (4) 

where / (u) is an advection function and T>PBM,Í is a 
diffusion tensor. The source and sink terms on the right-
hand side respectively represent birth and death rates for 
the bubble class in question. For the current application, 
these are determined from nucleation as of Jones et al. 
[10] (for the smallest bubble class), coalescence as of Luo 
[11] and mass transfer. 

The microbubbles are assumed to be spherical, and are 
allowed to grow as long as the local bulk concentration ex-
eeds the (prescribed) saturation concentration. The mass 
flux to a microbubble is given as 

M = k'(CC(h,B - Cco2,s) = k'ACCo2, (5) 

where CCO2,B is the local bulk concentration, obtained by 
equation 2, and Cco2,s is the saturation concentration of 
CO2. The mass transfer coefficient k' depends upon the 
local Sherwood number of the flow, thus including both 
convective and diffusive mass transfer. 

In order to span a large range of bubbles using few 
classes, an exponential discretization based on volume is 
used, relating the bubble volume of neighbouring classes 
by 

Vi+i = qVi. (6) 

In the current application, q = 2. 

Coupling to macroscopic bubbles 

Given the fields describing the dissolved molecular gas 
and microscopic bubbles, a coupling model must be in-
troduced in order to handle the transition to macroscopic 
VOF-bubbles. Considering a population of M bubble 
classes, the transition can be treated by extending the 

population with an additional bubble class, which repre-
sents the smallest possible concentration of the continu-
ous bubble phase. The additional bubble class is not a 
true entity of the population it is denoted a ghost class. 
The volume of a ghost bubble is determined by 

VG = qVm = Vm+1 (7) 

which is analogous to the PBM treatment. The number 
density of ghost bubbles is not determined by a transport 
equation, but from the volume fraction of the continuous 
phase, i.e. 

n G = | . (8) 

The rate of change of the ghost class is analogous to that 
of the microbubbles, that is, ghost bubbles can be formed 
from growing bubbles or coalescence of two bubbles with 
volume smaller than VQ. In addition, macroscopic bub-
bles are allowed to engulf smaller bubbles as they sweep 
along the anode, in accordance with phenomena observed 
in water model experiments (cf. Fortin et al. [12]). 

The rate of change of the ghost class serves as a mass 
source for the continuous macroscopic bubbles, defined as 

Sg = pgVGnG (9) 

Thus, once an entity of the population has evolved to 
the ghost class, it is transferred to the continuous bubble 
phase from which the VOF model handles the further 
evolution. 

Complete model 

In addition to the dissolved gas and dispersed microbub-
bles treated so far, the continuous flow and electromag-
netic fields must be treated. The complete model is shown 
schematically in figure 2. As seen from the figure, all fields 
considered are coupled. 

The evolution of the k-th phase with density pk is gov-
erned by a phase fraction equation on the form 

Oi (oLkPk) + V · (akpku) = Sk (10) 

where a source on the form of equation 9 is present for the 
continuous bubble phase. A single flow field is shared be-
tween the phases, governed by the incompressible Navier-
Stokes equations, that is, gas expansion is neglected. Tur-
bulence is modelled in the continuous phases by means of 
the realizable k-e model. 

Faraday's law (equation 1) requires an electrical current 
as input. This is obtained from Ohm's law reading 

j = -aV<f> (11) 
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where ó is the electrical conductivity of the mixture and 
ö is the electrical potential, which is shared between all 
phases present. 

Figure 2: Sketch of elements in complete model and their 
interaction. Continous- (VOF) and flow-fields are avail-
able from ANSYS FLUENT, while remaining nodes and 
interactions are treated by means of user defined func-
tions and scalars. 

Induction currents are neglected as these typically are 
small in the bath. The electrical potential is determined 
by the Laplace equation resulting from the conservation 
of electrical charge. The electrical conductivity of the 
electrolyte is modelled by the Bruggeman equation (cf. 
[1]) 

ae = ó9áñÂÌ + &e (1 - OLPBM) , (12) 

where apBM = X)¿=i çÍÀ *s the dispersed bubble phase 
fraction and ó̂  is the conductivity of the i-th pure sub-
stance. The mixture conductivity is computed as an 
arithmetic average; 

ó = GgOig + áâ (1 - Oig) . (13) 

Equation 12 thus describes the conductivity of a bath 
filled cell with a given fraction of microbubbles, while 
equation 13 describes the conductivity of a cell which in-
cludes bath, microbubbles and macroscopic bubbles. 

MHD forces 

A detailed treatment of the dynamic magnetic field aris-
ing from the changing electrical currents under the anode 
is beyond the scope of the present work. Instead, sim-
ilarly to Bojarevics and Roy [8], a simplified magnetic 
field is used in order to qualitatively investigate its ef-
fect. Considering a uniform current density j = — joz, 

the magnetic field is 

Â = -!ø(÷$-í÷). (14) 

The resulting Lorentz force, fL=jxB,is thus directed 
towards the center of the system, as sketched in figure 3. 

Resu l t s 

In the following, the proposed model is applied to a lab 
scale electrolysis cell described by Eick et al. [13]. 

In the experiments a 10 by 10 cm anode was made from 
industrial carbon and placed in a cylindrical graphite cru-
cible lined with SÍ3N4 with inner diameter 230mm. The 
anode was fixed to a steel rod so that the anode-cathode 
distance could be varied. Two of the sides of the an-
ode where fitted with SiaNi-plates in order to force gas 
bubbles to escape in a preferred direction. The whole lab-
oratory cell could be tilted to enhance gas escape further. 
A simplified sketch of the experimental setup is shown in 
figure 3. 

Figure 3: Sketch of experimental cell. A conduit forces 
bubbles to escape through a designated gas escape chan-
nel. The magnitude and sign of the simplified magnetic 
field and resulting Lorentz force is indicated in bottom of 
the figure. 

All the following simulations are performed using FLU-
ENT version 13.0 (ANSYS Inc., Canonsburg) running on 
a HP Z800 workstation equipped with two W5590 pro-
cessors, running at 3.33GHz and 24 GB of RAM. Simu-
lations are transient and restricted to the 2D geometry 
shown in figure 3. The typical spatial resolution on the 
anode surface is 1 mm and a time step of 1 ms is used for 
all simulations. Further details regarding solver settings 
can be found in [7]. 
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Validation case Influence of MHD forces 

As described in Eick et al. [13], several experiments 
where performed in order to investigate different oper-
ational conditions. For the current simulations, the ACD 
is retained at a constant value of 4 cm, while the anode 
is tilted at an angle of 2°. The current density is investi-
gated at two levels; j 0 = 0.8 A/cm2 and j 0 = 1.1 A/cm2, 
resulting, approximately, in a twofold difference in the 
mean Lorentz-forces. 

An analysis of the resulting voltage curves reveals that 
bubbles typically are responsible for fluctuations of ± 1-
3% around the mean voltage, independent of the current 
density. 

As a higher amperage yields a higher gas production 
rate (as of equation 1), the voltage curves obtained from 
the high current density cases are expected to have higher 
dominating frequencies. A FFT of the experimental sig-
nals confirms this, typical frequencies being in the range 
of 0.29-0.37 Hz for j 0 = 0.8 A/cm2, and 0.39-0.61 Hz for 
jo = 1.1 A/cm2. 

Figure 4 shows the typical simulated evolution of volt-
age for each of the two current densities without the pres-
ence of Lorentz forces. 

20 25 30 35 40 
time (s) 

Figure 4: Typical simulated voltage behaviour for j 0 = 
0.8 A/cm2 (blue solid line) and j 0 = 1.1 A/cm2 (red 
dotted line), both with no Lorentz forces present. 

Evidently, as seen from figure 4, simulated voltage 
curves correspond well to those obtained from experiment 
(cf. Eick et al. [13]). The observed sharp drops in voltage 
are simultaneous to the release of a bubble into the gas 
channel, as previously deduced by experiments [4]. 

The main frequencies for each of the cases considered 
are 0.27 and 0.68 Hz, respectively, which is very close to 
the measured frequency ranges. 

Figure 5 corresponds to the simulations shown in figure 4 
with Lorentz forces activated. 

"2cj 25 30 35 40 
time (s) 

Figure 5: Typical simulated voltage behaviour for j 0 = 
0.8 A/cm2 (blue solid line) and j 0 = 1.1 A/cm2 (red 
dotted line), both with active Lorentz forces. 

Comparing figures 4 and 5, the two cases are qualita-
tively similar. The inclusion of Lorentz forces does not 
influence the typical magnitude of the oscillations signifi-
cantly, although localized differences are readily observed. 
The main frequencies are 0.29 and 0.76Hz, for the two 
cases considered, that is, the Lorentz forces appear to 
enhance bubble departure by 7 and 12%, respectively. 

As shown by Bojarevics and Roy [8], the pressure con-
tribution from the Lorentz forces is of the form 

PL = Po O'o, Lx) - a (Jo, Lx) x2, (15) 

where Lx is the length of the anode. Thus, the Lorentz 
forces yield a slightly favourable pressure gradient on the 
right half of the anode (cf. figure 3). This results in 
an increased buoyant force in the region where the con-
centration of macroscopic bubbles is the greatest, thus 
promoting increased departure rates and higher frequen-
cies in the voltage signal. Furthermore, due to increased 
current densities around the shielding gas bubble, strong 
localized MHD forces potentially contribute to enhanced 
motion of large bubbles. 

Discussion and concluding remarks 

This paper describes models and constitutive relations 
that are intended for the simulation of anodic bubbles 
in Hall-Héroult cells, in which molecular gas is assumed 
to supersaturate the electrolyte. Microscopic bubbles are 
treated by means of a population balance which is coupled 
to a VOF model for treatment of macroscopic bubbles. 
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A multiscale approach such as the one presented here 
involves several parameters which are difficult to measure 
in a dynamic experimental setting. This is for instance 
the case for the saturation concentration, gas diffusivity 
and the number of active pores on the anode surface, both 
strongly dependent upon local features such as bath com-
position and temperature. Considering for instance the 
saturation concentration, Cco2,s (cf. equation 5), chang-
ing the value from 0.4kg/m3 used in the current work to 
0.2 kg/m3, the frequency of the jo = 0.8 A/cm2 case in-
creases to 0.49Hz. Due to the strong coupling between 
various phenomena, it is not possible to determine a sin-
gle parameter which is more important than the others. 
Instead, a set of relevant parameters which adequately 
describe the process must be determined by means of a 
parametric study, an issue which will be an important 
point for future research. 

Comparing to experiments, the behaviour of the anodic 
gas bubbles is well reproduced, illustrating the potential 
of the proposed model. For the current study, the inclu-
sion of Lorentz forces does not appear to influence the 
global bubble behaviour significantly, although local ef-
fects are readily observed. Bubble departure is found to 
be slightly enhanced, due to a favourable pressure gradi-
ent in regions with high bubble density. 

On an industrial scale, Lorentz forces will vary signif-
icantly in different regions of the cell, introducing com-
plex 3D-effects not accounted for in the present study. 
Furthermore, larger scales will involve stronger magnetic 
fields than the ones considered here, possibly altering the 
gas transport in a more significant way than that observed 
in the current setting. Future work will focus on the ex-
tension of the proposed model to larger scales, in which 
these phenomena can be studied. 

Finally, it should be emphasized that although the 
choice of the bath transport mode appears to produce 
sensible results for the current case, detailed experimental 
investigations are required to determine its the physical 
significance compared to the anode transport mode. 
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