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a b s t r a c t

The exact prediction of both the melts flow and metal–bath interface deformation is critical to the design
of commercial aluminium reduction cells which operate steadily at high current efficiency (CE). An inho-
mogeneous flow model of three phases, metal, bath and gas bubbles, was established in this study. The
flow in a 300 kA cell was numerically computed with the model by using the finite volume scheme, and
the results reveal the relation among the motion of the three phases and prove that the globality of the
flow in cells could not be neglected. An improved calculation model of CE, based on the surface renewal
theory, was also developed by connecting the melts flow with the mass transfer of reduced entity at the
metal–bath interface. Using the model, the local CE in the 300 kA cell was predicted, and the calculated
CE value of the whole cell is reasonable.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Aluminium is manufactured by reducing alumina in a Hall–
Héroult cell, in which a layer of electrolyte (bath) floats a pool of
molten aluminium (metal) and gas bubbles, generated on anode
surfaces, induce the liquid motion in the process of floating up-
ward to escape. In addition, the intense current, passing the cell
and bus bars, and associated magnetic field cause electromagnetic
forces (EMFs), which act on the whole fluid region. Therefore,
regardless of the minor influence of alumina solid particles, the
system under research is a three-phase flow, driven by EMFs, with
one dispersed gaseous phase and two continuous liquid phases
that can be treated as Newtonian viscous incompressible fluids
(Ai, 1985). A transverse cross-sectional schematic of a modern alu-
minium reduction cell is shown in Fig. 1.

Previous studies either neglected the gas bubble phase (Severo
et al., 2005) or adopted the method of flow partition first proposed
by Ai (1985). For the latter, as the fluid region in a cell is artificially
divided into two or three layers according to the fluid characteris-
tic, the metal flow and the bubble-included bath flow were usually
computed and studied separately, which transform the subject into
the models of single-phase or two-phase flow (Robl, 1983; Wu
et al., 2003; Zhou et al., 2003; Doheim et al., 2007). However, the
metal flow and the bath flow are affected by both the momentum
transfer between the two continuous phases in horizontal direc-
tion, through a shear layer at the interface, and that in vertical
ll rights reserved.
direction, enhanced by the considerable vertical EMFs that derive
from horizontal current in a cell. Moreover, the interphase force
between the two phases plays a significant role in the deformation
of the metal–bath interface, which determines the distribution of
anode–cathode distance (ACD), one of the most important param-
eters in aluminium electrolysis. A model of inhomogeneous three-
phase flow can introduce the interrelations among the motion of
the three phases, and compute the volume fraction of each phase
so as to obtain the metal–bath interface, which was estimated in
the model of one or two-phase flow, using an approximate method
on the basis of the principle that pressure in fluid is continuous
(Blanc and Entner, 1980; Wu et al., 2003; Zhou et al., 2003). On
the other hand, a model covering the whole fluid region needs to
study, since a local one may fail to characterize the overall flow
in a cell due to the asymmetry of electric and magnetic fields. In
one word, the whole three-phase flow model, presented in this pa-
per, coincides with the real fluid system in cells and adequately
takes account of the globality of the melts motion.

The current efficiency (CE), referred to the production of alu-
minium, is considered one of the key technical targets described
the performance of the cells, and CE decreases caused by the mass
transfer of metal in some electrochemical process, which has cer-
tain relation with the melts motion in cells. Sterten (1988) studied
the mechanism of current loss and developed a CE model not
involving the effect of the melts flow. Assuming the metal–bath
interface was a solid wall, a simplified model connecting current
loss with the mass transfer coefficient of the reduced entity, calcu-
lated with some results from the bath flow simulation, was re-
ported by Haarberg et al. (1998), while, in this paper, an
improved model of CE based on the surface renewal theory is
presented.
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Fig. 1. Cross section of a modern aluminium reduction cell.
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2. Computational model

2.1. The governing equation

In our study, the three-phase flow in aluminium reduction cells
was computed based on the Euler/Euler approach by solving the
time-averaged Navier–Stokes equations which was widely used
in large-scale engineering problems for its practicability. In this
case, an inhomogeneous equation for conservation of mass can
be written as:

@

@t
ðraqaÞ þ r � ðraqaUaÞ ¼ 0 ð1Þ

where Ua, ra, and qa are velocity, volume fraction and density of
phase a, respectively. The corresponding equation for conservation
of momentum is given as:

@
@t ðraqaUaÞ þ r � ðraðqaUa � UaÞÞ
¼ �rarpa þr � ðralaeff ðrUa þ ðrUaÞTÞÞ þ SMa þMa

ð2Þ

where laeff is effective viscosity of phase a, a sum of molecular vis-
cosity la and eddy viscosity lT, Ma describes the interfacial forces
acting on phase a due to the presence of other phases (interphase
drag force was only considered in this article), and SMa describes
the momentum sources due to external body forces, which mainly
include EMFs and buoyancy for this study. In addition, the volume
fraction sum to unity:

X3

a¼1

ra ¼ 1 ð3Þ

For the bath and metal, the two liquid phases, the terms (laeff, Ma and
SMa) in Eq. (2) is different and given as Table 1, where FEM is volume
density of EMFs and Co,b is a coefficient for describing drag force
between phase a and phase b. In this article, the subscript ‘b’, ‘m’
and ‘p’ denote bath, metal and gas bubble (particles), respectively.
Table 1
Variables of the momentum conservation equation.

a laeff SMa Ma

Bath lb + lT rbFEM Cb,m(Um � Ub) + Cb,p(Up � Ub)
Metal lm + lT rm(qm � qb)g + rmFEM Cm,b(Ub � Um)
2.2. Calculation of the interphase drag force

2.2.1. The drag force between the melts and bubbles
Assuming that the bubble phase is present as particles with

equivalent diameter dp, the coefficient Cb,p depends on the drag
coefficient (CD

b;p) and the interfacial area density (Ab,p) between
phase a and bubbles, as follow:

Cb;p ¼
CD

b;p

8
Ab;pqbjUp � Ubj ð4Þ

with

Ab;p ¼
6rp

dp
ð5Þ

The bubbles are moving under the influence of gravity, surface
tension, and friction exerted by the liquid on their surface. To mea-
sure the ratio between gravitational and surface tension forces, the
dimensionless Eötvös number (Eo) was used:

Eo ¼
Dqg � d2

p

rst
ð6Þ

Here Dq is the density difference between the phases, g is the grav-
itational acceleration, and rst is the surface tension coefficient.

Then the drag coefficient (CD
b;p) between the liquid and the bub-

bles was calculated, referring to the correlations proposed by Ishii
and Zuber (1979), as follows:

CD;sph
b;p ¼max 24

Rep
1þ 0:1Re0:75

p

� �
;0:44

� �
CD;dist

b;p ¼min 2
3 Eo1=2; 8

3

� �
CD

b;p ¼max CD;sph
b;p ;CD;dist

b;p

� � ð7Þ

where Rep = qb|Up � Ub|dp/lb is particle Reynolds number, accord-
ing to which the flow regime is determined, and CD;sph

b;p and CD;dist
b;p

are the drag coefficient, respectively, under undistorted particle re-
gime and distorted particle regime.

2.2.2. The drag force between metal and bath
Aluminium and electrolyte tend to separate out for the differ-

ence in their densities, and the metal–bath interface was regarded
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as a free surface. The drag force between the two liquid phases was
calculated with the coefficient Cb,m which was given by:

Cb;m ¼ CD
b;mqb;mAb;mjUb � Umj ð8Þ

Here the drag coefficient between the metal and bath CD
b;m is sup-

posed to be determined by experiments, however, it has not been
reported so far that any experiment was carried out to measure
the coefficient. Allowing for the intense turbulence at the metal–
bath interface in industrial cells and referring to the inertial regime
of multiphase flow, the coefficient CD

b;m ¼ 0:44 was approximately
used. The mixture density qb,m and the interfacial density Ab,m are
defined as, respectively:

qb;m ¼ rbqb þ rmqm ð9Þ

Ab;m ¼
2jrrbjjrrmj
jrrbj þ jrrmj

ð10Þ
Table 2
Physical parameters (960 �C).

Metal Bath Bubble

Density (kg m�3) 2270 2130 0.398
Dynamic viscosity (kg m�1 s�1) 1.18 � 10�3 2.513 � 10�3 5.055 � 10�5
2.3. Calculation of momentum source

The three-dimensional EMFs in the whole fluid region were
introduced as a source term in the governing equation. FEM can
be calculated from the cross product of electric current density
(J) and magnetic induction intensity (B), as follow:

FEM ¼ J � B ð11Þ

The details for obtaining the distribution of electric field and
magnetic field by solving corresponding models are given else-
where (Li et al., 2008).

Another significant external body force affecting the flow is
buoyancy aroused by density differences. The buoyancy on the li-
quid was shown in Table 1, where the density of the bath was fixed
as the reference one.

2.4. Turbulence model

Inhomogeneous multiphase flow can be solved with fluid-
dependent turbulence model. Whereas a more general and compu-
tationally less expensive approach is to adopt homogeneous turbu-
lence model, where a single turbulence field is solved instead of
two or more separate fields and the mixture density and viscosity
are used. Due to its low computational cost and good numerical
stability, the homogeneous k–e turbulence model was applied in
this study. The isotropic eddy viscosity (lT) is characterized by tur-
bulence kinetic energy (k) and its dissipation rate (e), which are gi-
ven by:

lT ¼ cl
k2

e
ð12Þ

@qk
@t
þr � ðqUkÞ ¼ r � lþ lT

rk

� �
rk

� �
þ Gk � qe ð13Þ

@qe
@t
þr � qUeð Þ ¼ r � lþ lT

re

� �
re

� �
þ e

k
ðC1Gk � C2qeÞ ð14Þ

with

q ¼
X3

a¼1

raqa ð15Þ

l ¼
X3

a¼1

rala ð16Þ

and

Gk ¼ lTrU � ðrU þrUTÞ ð17Þ
Here the empirical constants appearing in the model are cl = 0.09,
C1 = 1.44, C2 = 1.92, rk = 1.0, re = 1.3 (Launder and Spalding, 1972).

2.5. Boundary condition

In accordance with the actual situation, anode surfaces were
treated as no-slip walls for the liquid, while, inlet boundaries for
gas bubbles, and the top face of the bath was regarded as a free-slip
wall for the liquid, while, a outlet boundary for gas bubbles, which
means a bubble release from the channel when it reaches the sur-
face and then the computation for it is terminated. Other bound-
aries were taken as no-slip walls for all phases, where wall
function (Grotjans and Menter, 1998) was used for the turbulence
equations. It is well known the anode gas bubbles mainly consist of
CO2 and CO, and the latter is generated by both Boudouard reaction
and the reoxidation of reduced entities by CO2, called the back
reaction. The gas bubble was treated as a homogeneous phase,
and a mass generation rate of the bubbles was defined for the inlet
boundaries, despite a small part of CO2 may transform into CO in
the bath rather than on anode surfaces. Assuming the mole fraction
of CO2 and CO are a% and b%, respectively, the local mass genera-
tion rate of gas bubble mloc (kg s�1 m�2) was approximately calcu-
lated without regard to current efficiency, as follow:

mloc �
Ja

103F

22aþ 14b
2aþ b

ð18Þ

where Ja is local current density on the anode surface (A/m2), and F
is Faraday constant.

3. Application case and numerical analysis

3.1. Case examined

The fluid system of a 300 kA aluminium reduction cell was
studied as an application case in this article. The cell, loading the
melts, is a rectangular steel shell with the volume of 14.74 m long
by 3.74 m wide by 0.44 m high. The metal height is 0.21 m, and the
height of the bath, into which 18 � 2 anodes are inserted, is 0.23 m
involving 0.05 m interpolar distance. This ACD may be a little large,
but it is still in a normal range for many operating cells in China,
and a larger ACD is in favor of achieving a steady state for compu-
tation. The widths of the interanode channel, the side one, the end
one and the center one are 0.04 m, 0.25 m, 0.35 m and 0.10 m,
respectively. The main physical parameters used in the computa-
tion are shown in Table 2, where the gas bubble consists of 78%
CO2 and 22% CO by volume and the parameters of the liquid phases
were proposed by Ai (1985). The bubble diameter, obtained by
physical modeling, decreases from 18 mm to 7 mm with current
density growing from 0.2 A/cm2 to 1.6 A/cm2 (Cassayre et al.,
2002). In view of the industrial current density around 0.8A/cm2,
the mean diameter of bubbles dp = 10 mm was approximately
adopted in the computation.

The numerical technique for solving the conservation equations
was based on the SIMPLEC algorithm. In order to use the finite vol-
ume scheme, the computational domain was discretized by an
eight nodes hexahedral element. The computational mesh used,
shown in Fig. 2, contains 125,744 elements and 141,219 nodes.
Nearby the metal–bath interface, dense nodes in vertical direction



Fig. 2. The computational mesh of the 300 kA cell.
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were arranged to improve the accuracy of the numerical computa-
tion for the free surface. The convergence is indicated by root mean
square (RMS) residuals, which are checked for all elements at each
time step to ensure the conservation of each variable is attained.
The RMS residual of volume fraction must be no more than 10�4

and those of other variables must be no more than 10�5 in the
computation.
4. Results and discussion

To prove the necessity of adopting the three-phase model, two-
phase models (bath–bubble model and bath–metal model) of the
same cell were also computed, and a comparative study was done
by analyzing the calculated results of different models.

Fig. 3 shows the horizontal velocity of electrolyte layer calcu-
lated with each model, and the average and maximum velocities
are given in Table 3. Contrasting (b) and (c) of Fig. 3, one can see
that the bubble phase somewhat disarranges the flow pattern in-
duced by the EMFs, since the bubbles generated on each anode
move in separate regions and form a series of small eddies. The
behavioral feature of bubbles makes the flow intensity enhanced
only in some regions nearby the wall but weakened in the other re-
gions, and consequently the average velocity of the bath decreases
to some extent, as shown in Table 3. Comparing (a) with (c) of
Fig. 3, it can be seen the influence of the bubble phase on the bath
flow is impaired due to the presence of the metal phase that rein-
forces the flow loops induced by the EMFs, and the result of three-
phase model predicts lower velocity. The horizontal velocity vec-
tors on the mid section of the metal layer, shown in Fig. 4, indicates
the bubble phase also has certain effect on the metal motion
through disturbing the flow loops of the bath, and the bubbles re-
duces the average velocity of the metal, given in Table 4.

Focusing on the aspect of global flow, the effect of various dri-
ven forces, gas bubbles, EMFs, do not complement each other,
but show different features independently. The effect of bubbles
is greater than that of EMFs in the bath layer, in the metal layer,
while, the latter plays a leading role obviously. In the case of the
flow under combined effect of bubbles and EMFs, the velocity of
the melts is relatively high when any force acts dominantly, never-
theless, the velocity decreases when the intensity of the two forces
became closer.

The differences between the predicted metal–bath interface
deformation performed by the bath–metal model, shown in
Fig. 5, and that performed by the three-phase model, shown in
Fig. 6, further confirms each phase is non-negligible. As a result
of the bubbles motion, the profiles of anode projection can be
observed in Fig. 6, and maximum deviation of the interface from
its equilibrium position predicted by the three-phase model is rel-
atively larger.

5. An improved model of CE

5.1. The mechanism of current loss

The current efficiency normally varies from 87% to 96% in com-
mercial cells (Solli et al., 1997). It is well known that aluminium re-
acts with cryolite melts at the interface through the formation of
reduced entities soluble in the electrolyte, which makes actual pro-
duction of aluminium lower than theoretical production, defined
as current loss. Dissolved sodium (Na(diss)) and monovalent alu-
minium compounds (AlF�2 ) are the main reduced products, and
the former probably originates from the reaction (Haarberg et al.,
1993):

Alþ 3NaF ¢ AlF3 þ 3NaðdissÞ ð19Þ

As pointed in relative study (Sterten, 1988), the equilibrium be-
tween Na(diss) and AlF�2 is established in the boundary layer at the
metal–bath interface by the reaction:

NaAlF2 þ NaF ¢ AlF3 þ 2NaðdissÞ ð20Þ

Since Na(diss) appears to have a high diffusion coefficient and
transfers through the boundary layer much faster than the other
compounds, a rapid transformation of AlF�2 to Na(diss) takes place
in the boundary layer, which means Na(diss) is probably the most
important reduced species concerning the current loss. Thus, the
local current loss iloss can be approximately calculated according
to:

iloss � FkNaðc�Na � c1NaÞ ð21Þ

where c�Na and c1Na are the concentrations of dissolved sodium,
respectively, at the metal–bath interface and in the bulk of the bath,
and kNa is the mass transfer coefficient of dissolved sodium.

Apparently, in order to calculate the current loss of the cell, the
concentrations and the mass transfer coefficient of Na(diss) need to
be resolved first. Combining theoretical derivation with some
empirical equations, Sterten (1988) have presented a method to
obtain the concentrations of dissolved sodium and developed a
CE model as:

iloss ¼ FkNacNa;eq �aþ exp � F
RT

g
� �� �

ð22Þ



Fig. 3. Horizontal velocity vectors of electrolyte layer in the 300 kA cell. (a) The result of bath–bubble model. (b) The result of bath–metal model. (c) The result of three-phase
model.

Table 3
Maximum and average velocities of bath predicted by different models.

Umax (m s�1) Uavg (m s�1)

Bath–bubble model 0.2119 0.0637
Bath–metal model 0.1331 0.0598
Three-phase model 0.1572 0.0521

Fig. 4. Horizontal velocity vectors of metal melt layer in the 300 kA cell. (a) The result of bath–metal model. (b) The result of three-phase model.

Table 4
Maximum and average velocities of metal predicted by different models.

Umax (m s�1) Uavg (m s�1)

Bath–metal model 0.2003 0.0696
Three-phase model 0.2173 0.0591
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Fig. 5. Metal–bath interface deformation obtained by the bath–metal model.

Fig. 6. Metal–bath interface deformation obtain by the three-phase model.
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where T is temperature, g is the concentration overvoltage of alu-
minium deposition reaction, cNa,eq is the equilibrium concentration
of Na(diss), a function of temperature and melt composition, in the
closed system, and a is the degree of saturation of Na(diss) related
to the equilibrium value cNa,eq in an open system.

A relationship between g (V) and local cathodic current density
ic (A/cm2) is described by the empirical equation, as follow (Solli et
al., 1997):

g ¼ 0:0015R� 0:147Ric

1:97R� 1
ð23Þ

where R is molar ratio of electrolyte.
In Sterten’s model, the mass transfer coefficient kNa was taken

as constant. In commercial cells, however, kNa varies somewhat
from one region to another on the metal–bath interface, depending
on local melts flow.

5.2. Mass transfer coefficient

There are two main classes of theories concerning mass transfer
at fluid–fluid interface, which are differentiated by the argument
whether the convection can reach the interface (Welty et al.,
1984). Haarberg et al. (1998) treated the metal–bath interface as
a solid wall, where the convection decreases and falls to zero when
the surface is approached, and pointed that the choice is supported
by the small ratio between the turbulence energy and the energy of
the surface, represented as the metal–bath interfacial tension coef-
ficient of 0.55 Nm�1. Based on this, the shear stress on the bottom
surface obtained from the two-dimension computation of the bath
flow was used to calculate mass transfer coefficient according to a
relative model (Davies, 1983). Whereas, the intensely turbulence in
cells, at high Reynolds number in magnitude of 105, is capable of
bringing bulk fluid to the interface and breaking the stagnant film
above the interface, and the numerical predicted turbulence ki-
netic energy on the interface, in magnitude of 10�2 J/kg, is high en-
ough to overcome the surface energy, which is also approved by
the fact that strong interface perturbation is commonly observed
in commercial cells. Consequently, the surface renewal theory in
time-average sense is probably more suitable for describing the
mass transfer of reduced species at the interface in cells. To calcu-
late the time-average local mass transfer coefficient kL,av the fol-
lowing model was applied (Jajuee et al., 2006):

kL;av ¼
ffiffiffiffiffiffiffiffiffi
4Ds
p

r
ð24Þ

where D is diffusion coefficient and s is mean rate of production of
fresh surface. Thus, the problem comes down to solve s, which can
be defined as (Banerjee et al., 1968):

s � v
l

ð25Þ

where v and l are, respectively, the length and velocity scales of ed-
dies. The turbulence was assumed to be isotropic and sufficiently
dissipated at the interface, and the following relationships were
established according to Kolmogoroffs theory:

v ¼ ðt � eÞ1=4
; l ¼ ðt3=eÞ1=4 ð26Þ

where t = l/q is kinematic viscosity and e is turbulence eddy
dissipation.

Combination of (25) and (26) provides an expression for s, and
hence the time-average local mass transfer coefficient becomes:

kL;av ¼ 4D
p

ffiffiffi
e
t

r !1
2

ð27Þ
5.3. CE calculation

The CE of 300 kA cell was evaluated at the electrolyte composi-
tion R = 2.3 and the temperature T = 1233 k. The kinematic viscosity
of bath tb = 1.3 � 10�6 m2 s�1, the diffusion coefficient of Na(diss)
DNa = 1 � 10�8 m2 s�1 and the degree of saturation of Na(diss)
a = 0.5 (Sterten, 1988) were used in the calculation. The turbulence
eddy dissipation on the interface, shown in Fig. 7, was obtained from



52 J. Li et al. / International Journal of Multiphase Flow 37 (2011) 46–54
the computation of the three-phase flow model, and then the time-
average local mass transfer coefficient of Na(diss)on the interface
was solved referring to the Eq. (27). Combining the computed distri-
bution of current density on the interface, shown in Fig. 8, with the
Fig. 7. Turbulence eddy dissipation

Fig. 8. Current density on the meta

Fig. 9. Time-average local mass transfer coefficient of
local mass transfer coefficient of Na(diss) kL;av
Na , shown in Fig. 9, the lo-

cal current loss and CE were calculated successively. Figs. 10 and 11
present the predicted current loss and CE, respectively. One can see
that the current loses heavily nearby the tap and duct ends, where
on the interface in 300 kA cell.

l–bath interface in 300 kA cell.

dissolved sodium on the interface in 300 kA cell.



Fig. 10. Calculated local current loss in 300 kA cell.

Fig. 11. Calculated local current efficiency in 300 kA cell.
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the turbulence dissipates rapidly, as shown in Fig. 7. The low local
current density results in the small current loss in center and side
channels, where the comparative low CE presents, which indicates
that increasing local current density is in favor of improving CE. As
a result of both the low current density and high mass transfer coef-
ficient, the CE nearby the two ends is excessive low.

Overall, the CE distribution feature is that the regions beneath
the anodes present a comparative high CE and CE in the half of
the cell closed to the downstream side is higher than that in the
other half. The maximum and minimum local CEs are 97.1% and
82.7%. The predicted CE of the whole cell is 95.0%, which is a rea-
sonable value but may be a little higher than the actual CE due
to some extra small parts of current loss not covered in the model.
The further validation for the predicted local CE is hindered by the
huge difficulty in industrial measurement.

6. Conclusions

An inhomogeneous three-phase model was established to solve
the melts (bath and metal) flow in aluminium reduction cells. As
an application case, the flow in a 300 kA cell was numerically com-
puted with the model by using the finite volume scheme, and the
results show that both the flow field of the melts and the metal–
bath interface deformation predicted by the three-phase model
present some important characteristics, which the two-phase
models fail to predict. The globality of the flow in cells is approved



54 J. Li et al. / International Journal of Multiphase Flow 37 (2011) 46–54
to be non-negligible. The improved model of CE relates turbulence
eddy dissipation on the metal–bath interface with local current
loss, based on the surface renewal theory, which is more befitting
for describing the mass transfer of reduced entities in cells. With
the model the distribution of CE in the 300 kA cell was predicted,
and the calculated CE value of the whole cell is reasonable. The
models presented in this paper can be used in the design and opti-
mization of large-scale aluminium reduction cells, so as to realize
the target of raising current efficiency and saving energy.
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